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ABSTRACT

Machinability tests that closely simulate production conditions,
such as automatic screw/bar machine tests, are commonly regarded as
the most reliable ones and are usually utilized for evaluating
free-cutting steel machinsbility. They are, however, of the long-term
type and, in turn, can not be engaged in the steel mill production
lines for checking daily machinability level. The majority of the
short-term tests developed were aimed al replacing the long-term ones.
Also, l,hei; results have not correlated well with those of the screw
machine (ests. From a disscusion with Bethlehem Steel Corporation,
Homer Research Laboratories, it was, initially, decided to develop a
short-term test that would correlate well with the results of the
Bethlechem's test, an automatic screw machine test, and could be utilized
in the steel mill preduction lines for daily machinability ’assurance.
However, examination of the machinability dilemma, in terms of the
many definitions and descriptions, various predictive models, and
developed tests indicated that machinability should stand for machining
efficiency and should be viewed as a probabilistic input/ouiput system.
Based on this approach, three short-term tests, a Power Hacksaw Test
(PHT), an Eand Milling-Slotting Test (EMST), and a Cutting Forces Test
(CFT). were developed to test different aspects in the machinability
space of the free-cutling stee! with the least possible ssurces of error.
The tests were also designed to provide capability for assuring the
machinsbility level in the produciion lines. Fifteen work materials,
basically different designs of two grades; 1213 and 12114, were utilized

1



for this investigation. The results indicated that the three shori-term
tests have high repeatability, high seasitivity (o variations in
machinability, and correlated well with the results of the long-term test
as well as among themselves. They also indicated that the ranking of
the work materials is independent of culting conditions, and that the
feed force is the most sensitive resultant force component in
differentiating between the work materials. Finally, a quality control

procedure was developed for the Power Hacksaw Test.

la



Chapter 1: INTRODUCTION

In the ares of metal cutting operations, a subset of the general
field of manufacturing processes, machinability is usually regarded as
one of the most important concepts. Yet scientists and investigators do

nol agree on how it should be defined and/or measured.

Machinability is sometimes considered as the ease with which
materials are cut using apbropria&e cutting tools, and at other times as
the material resistance to machining. Either way, terms such as ease,
resistance and appropriate are themselves subject to individuals'
definitions. For example, what is appropriate for a certain machining
operation is not appropriate for another. Ease and/or resistance can be
expressed in terms of obtained part qualities and/or material effects on
tools. In addition, machinability data are usually given in the form of
& single index where a standard material is assigned 100 per cent aad
the others are ranked relatively (1) Questions regarding how
machinability should be defined and tested. whether machinability
results should be provided in absolute or relative values, etc. are

discussed in Sections 2.1 1o 2.4,

With the increasing trend towards the application of automation in
manufscturing, the machinability of work materials is becoming
increasingly important. The consistency of work materials, cutting
tools and cuutting fluids are vital factors to the reliability of modern

maqufacturing systems (i.e., Flexible Manufacturing Systems). The high

2



domand for consistency in the input factors of metal cutting operations
intensifies pressure on the manufacturers of work materials, cutting
tools and cutting fluids. This dissertation is thus concerned with one
materials manufacturer, Bethlehem Steel Corp. - Homer Research
Laboratories (HRL), whose problem is not only how to design new
materials that would provide better physical properties and/or
machinability, but also how to control improved machinability in

production (ie., within and among batches).

The machinability evaluation system of HRL (described in more
detail in Section 2.3) includes a production performance test (PPT) for
evaluating free-cutting stee! machinability [2). It is a long-term test in
which the production of a certain part is simulated on an automatic
screw/bar machine of the multiple spindle type. Ancther long-term
test, the Taylor test [3), is often excercised before the PPT where the
time to catastrophic tool failure and the cutting forces are determined
for & series of speeds. However, HRL had concluded tha: the Taylor test
does not screen among the materials, and that no correlation exists
between the two tests’ results ([2] & [3]). As s resuit, HRL was
confronted with the following:

(1) Because of economical considerations, the PPT is limited in
applications to those mnewly designed materials with the
highest expected potential.

(2) Since the PPT is a very long-term test (five weeks are usually
needed to evaluate one material), it can not be engaged as a

quality control too! in their production lines for checking

3



daily machinabifity level.

(3) There are several publications that present a summary of
various short-term tests ([4] to [11]), and it is questionable
whether these or other tests would provide 2 high correlation

with the PPT results.

in addition, HRL was an active member on the committee that led
to the publication of a standard method for evaluating the steel
machinability on an automatic screw/bar machine ([12]. The test
procedure was examined by several researchers [13], and some of the
problems were identified. For example, modifications w the
single-spindle machine indicators are required to allow for comparisons
with the multiple-spindle types. Recommendations, if aay, on this

method were then required.

The main requests of HRL were thus:

(1) To find/develop a short-term test that correlates well with
the PPT and can be utilized in production flines for daily
machingbility evaluation.

(2) To provide recommendations on their machinability evaluation
system with an emphasis on the Automatic Screw/Bar Machine

Test [12), a standardized PPT.

There are certain requirements that must be first fulfilled by any
test in order to be considered as having the potential for satisfying the

first request. Based upon these requirements, given in Chapter 3, none

4



of the published machinability testing procedures qualified. At the
same time, examination of the PPT procedure and results pointed to
possible flaws in the HRL machinability evaluation system. For
example, it is questionable how two materials’ results differ by only
five pieces per hour (383 & 388 pcs/hr), given that there are so many
input factors that can sometimes be beyond control in such & long-term

test (ie. cutting fluid variations).

The main objectives were, therefore, to develop three short-term

tests that would;

(1) test different aspects in the machinability space of the
free-cutting steel with the least possible sources of error,

(2) screen among the materials under investigation with high
sensitivity and repeatability (fifteen materials were utilized
which are basically different designs of two grades 1213 &
12L.14, described in detail in Section 3.1),

(3) provide reasonable correlstion with the PPT results, and

(4) be capable of evaluating the machinability level in daily

production.

The three developed tests are named; the Power Hacksaw Test
(PHT), End Milling-Slotting Test (EMST), and the Cutiing Forces Test
(CFT). Questions regarding why these three tesis, WAy fifleen maierials,
etc. are explained in Chsapter 3 along with the testing methodology
utilized. Chapters 4, 5, and 6 cover the three tests respectively in

terms of objectives, setups, results, and conclusions. In Chapter 7, a

S



cross correiation analysis between the tests’ resulis and HRL data, and
recommendations on HRL machinability system are given. Finally, a

summary cof the conaclusions and possible future work are provided in

Chapter 8.



Chapter 2: MACHINABILITY

Machinability is an important and complex concept which has
acquired a variety of connotations that can be unclear or cohﬂusing to
the uninitiated. The difficulty is not only how it should be defined,

but also how it should be measured accurately.

The machinability dilemma, in terms of the many definitions and
descriptions, various predictive models and developed tests, and its
current date disadvantages, is viewed in the first three sections. A new
approach for defining and describing the term machinability along
with & proposal for improved machinability data is given in section 2.4.
In section 23, the HRL machinability evaluation system is briefly
described with an emphasis on the PPT. Finally, the argument of
quality testing and the reasons behind the high demand for short-term

tests are discussed in section 2.6.

2.1 Machinability - Definition and Description

As early 2s 1924, the term machinability was defined by Kessner
[14) as & material property that represents its resistance to machining
by cutting tools which depends om a combined effect of two other
properties, hardness and plasticity. Kessner also stated that information
on machining qualities cannot be obtained from a hardness test. Since

then, the term has conveyed several meanings and has been defined in

7



various ways. Some authors had two definitions for it ({7] & [8]). while

others had changed their definition over time ([4) & [21]).

Henkin and Datsko {13] reported that in 1928, the term was used
by Hebert [16] to refer to the Taylor speed-life relationship. In this
same year, 1928, Boston [4] considered machinability to be like hardness
in that it is not clearly defined but could be expressed in differeni and
independent ways to demote a metal-structure resistance to a culting
tool action. He also mentioned that it may refer to the relative
machining qualities of several materials obtained uader the same
cutting conditions or to those of a certain material under various
cutting conditions. Although he had pointed to the possibility of
having materials regarded machinable by one process while not by
another, a year later (5], he coacluded (based upon the obtained results
of four different machinability tests applied on eighteen ferrous metals
and twenty-one nonferrous metals) that the four tests' results were
similar and independent of hardness. However, his work was indirectly
criticized in the written disscussion by B.H. Blood [3, pp. 698-700), who
pointed out that no ons tool geometry nor one cutting speed exists for
the practical or optimum machining of this range of metals. In 1939,
Cook and Davis [17] used the term ease instead of resistance and
demonstrated that the machinability of a material is dependent on the
employed test. They thus advised that caution should be exercised in
interpreting machinability results. In 1949, Boulger, Shaw and Johnsoh
[18] defined machinability from a metallurgical point of view to be a

complex material property that controls the facility with which it is

8



machined. A year later, Boulger [19) quoted AB. Xinzel, who defined
machinability as the ability of a workpiece to go through a machine
shop without causing problems to the machinist. Meanwhile, Field and
Ziatin (20) had chosen to restrict its definition to tool life, surface

finish and consumed power in machining metals.

In 1951, Boston [21] changed his earlier definition (given above)
to the machining response of a metal which involves the cutting tool
performance that is usually assisted by a cutting fluid. He also stated
that good machinability can be indicated by one or more of the
following factors; tool life, surface finish, chip breakability, consumed

power, dimensional accuracy, metal removal per tool grind, etc.

In 1958, Boulger [22] defined the term as the material effects on
machining operations. Five years later, Murphy and Aylward (2]
mentioned that machinability is often employed to designate the
machining performance of a material, yet they simply defined it as the
capability of being machined by an appropriate cutling tool. In 1965,
Brown and Tao [23) stated that the term does not have a precise
definition, but it may relate o chip-formation type, consumed power.
produced surface finish or tool life. In 1968, Davies [6] stressed that
machinability can only be defined in terms of specific criteria that are
chosen because of their relevance te cutting operations normally
applied on the material, and that & more fundamental approach was not

practical at that time.



In 1973, Chisholm, Mills and Redford [7) suggested that neither
cutting energy nor machined surface quality should figure in the
meaning of machinability, and that the term should only refer to the
way a material wears away a cutting tool during machining. They
even went further to suggest a new name for this material property,
"wearproducibility”. They also mentioned that machinability is a
function of the test itself and not of other material properties. The
same year, Redford and Miils [8) mentioned that the most acceptable
definition was in terms of machining parameters, where a material
would have a good machinability if it satisfied certain conditions; low
tool wear rate, good surface finish, low power requirements, and high

metal removal rates.

In 1973, after Cook [24] had looked up the meznings of
machinability, machinable and machine in a dictionary, he concluded
that they are of little value to a manufacturing engineer. He also
mentioned that the problem of defining machinability lies in the fact
that it has different meanings for different situations. At this same

time, Tipnis and Joseph [23. p. 11) stated the following:

The machinability response of a given workpiece material depends
on many metallurgical factors and on the machining operation
being performed including the specific machine tool, cutting tool,
cuiting fluid and operating conditions of speed, feed and depth of
cut. Since the machinability response is known to be different for
different operations and operating conditions, machinability shouid
probably be viewed as an interaction rather than a property.

10



They also mentioned that there is no universally accepiable definition
for machinability. Two vyears later, Tipnis [26] stressed that
machinability is not a property like tensile strength or yield strength
and that it stands for the outcome of a machining operation under
specific conditions. In 1980, Naylor [27] considered machinability as an
interaction between work material, cutting tool, cutting fluid and
machine tool. In 1982, Redford and Mills [11] mentioned that because
of the high energy cost, cutting efficiency could now be a reasonable
measure of machinability, but again they suggested that the term

should be restricted to the material effects on cutting tools.

Examination of the above references indicates that machinability;
(1) has no standard definition

(2) is not a property of materials

(3) should be viewed as an interaction

(4) depends on several input factors

(3) can be indicated by several criterion.

In addition, some definitions overiook some users’ interests while
others oversimplify the term until it is no longer a technical
(quantitative) definition. All users' points of view should, therefore,
figure in the definition of machinsbility without any simplification.
Any autempt to restrict its meaning to some users and/or oversimplify

it would only add confusion to an already existing problem.

1



22 Machinability - Prediction and Testing

Machinability Prediction

The main objective of Taylor's pioneering work was to provide the
machinist with answers to three questions: which tool, speed and feed
should be applied in a given metal cutling sitvation [28). His other
objectives included the determination of facts or laws that govern the
art of metal cutting and the establishment of simple mathematical
models for daily usage. Since then, several mathematical models
(theoretical and empirical) have been developed to aid involved
disciplines (metallurgists, designers, manufacturing engineers, etc.) in

predicting the outcome of a given machining condition.

A single theoretical model that describes the metal cutting process
even in its simplest case (turning with a single-point tool) does not
exist ([29] to {31)). The majority of established theories are restricted to
arthogonal cuiting while the rest are based on unrealistic assumptions,
such as a zero nose radius. Further, most theories require some kind
of machining or testing to obtain values for the input factors, and the
only way to branch between orthogenal or oblique culling and actual

machining is through empirical models.

The literature contains many empirical models for predicting tool
life, cutting temperature, surface finish, chip breakability, etc. based on

cuiting condition, chemical composition, microstructure, physicat

12



(mechanical, thermal, and/or electrical) properties, or a combination of

these.

The first empirical model is the Taylor speed-life relationship
(VT2=C). It is based on the assumption that the logarithmic transfer
of the power relationship. between the tool life and the cutting speed.
is linear. If the mode! parameters are determined over that speed
range in which the assumption is valid, it can be used in predicting
the tool life for a given speed or visa versa. However, the estimated
constants can be invalid when predicting the machining outcome of a
different batch of the same work material. This is due to possible
variations among batches. Further, any extrapolation outside the testing
domain (cutting conditions under which the mode! parameters were
determined) could be invalid. because the linearity assumption may no
longer be true. Another important factor to the accuracy of any
predictive model. and one that is rarely reported, is the variances of
the estimated parameters. These are a reflection of the data varisbility

and should be considered before any predictive model is utilized.

Since the cutting speed is the main contributing factor to the tool
wear, it would, therefore, pay to machine at a low speed and high feed
rather than the other way around for obtaining the same removal rate.
As a result, the modified Taylor equation (speed-feed-life power
relationship; VI2fM=C) was iatroduced to accommodate both speed aad

feed effects ([10] & (21]). Other investigators ({32] to [35])) preferred
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the general or extended Taylor equation (speed-feed-depth of cut-life

power relationship; vIormgls C). Whether the logarithmic traansfer of
these assumed power relationships would stabilize the tool life variance
((36] & [37]). or whether a first logarithmic order. second logarithmic
order or a nonlinear model is more appropriate ([35]. [38] & (39)).
would all depend on the data obtsined [40). Therefore, a standard tool
life model based on cuiting conditions does not exist. The model type is
dictated by the experimental results, and the obtained constants are

limited to the used batches. tesiing domain and employed setup.

Although a material microsiructure depends on its chemical
composition, machinability prediction through chemical comiposition
would only be valid when all other factors that can influence the
structure are held coanstant. Any small variations in bar size. final
rolling temperature. cooling rate, heat treatment. etc. could lead to a
variation in microstructure and, thus. unknown machinability rating.
Nonetheless, such early studies (given in references [11} & [22]) pointed
to the importance of controlling the range of each element. It has
been shown that small varistions in chemical composition can have
significant effects ona machinability which could, thus, vary between
the high and low ends of each element [22). This has led to the high

demand for narrower chemical composition range.

Despite the numerous studies that have addressed the

microsiructure of materials, there are no predictive models based on
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microstructure analysis, but rather general treands to microstructure
effects on machinability ([2], [3), [11], [22] & {41] to [48]). This is due
to the possibility of having twe microstructures that can have no
significant differences in their structural properties, but yet provide

different machining performances [42].

The utilization of physical properties for machinability prediction
is another approach that has led to various predictive models. Based on
the room-temperature properties of twenty different steels, Janitzky [49])

developed a model to predict the speed for a 60 - minute tool life

through hardness and area reduction {Vgg= D/ (Hp.A,), where D is a

constant dependent on the size of cut}. He also pointed out the
importance of the yield-tensile ratio for steels. Henkin and Datsko [15)
applied the dimensional analysis technique to derive a relatisnship for
caiculating the speed for a given tool life. The utilized materials
ranged from steel to leaded red brass. Although they stated that no
one tool geometry is the optimum for all materials, they stiil used one
tool geometry. Their final model shows this machinability indicator to

be a function of hardness. area reduction and thermal conductivity
(Vgo = 1130 k (1 - (A./100))3 / Hp, where k is the thermal conductivity).

With the exception of thermal conductivity, the above two models are
similar in that hardness and area reduction are the required
mechanical properties for estimation. For the plain carbon and alloy
steels, Takeyama and others {33] developed relationships for the rough

estimation of the speed for a 60 - minute tool life through hardness.
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However, in the developing stage of the Henkin and Datsko model,
they found the yield-tensile ratio to be insignificant and to have no
general validity. This is supported by the results obtained for the work
materials under investigation, see Appendix-B, where there is no
correlation between the production rate and this ratio. They also
discovered that room-temperature properties do not provide good
correlation with machinability as indicated by the speed for a 60 -
minute tool life. The elevated temperature properties, determined at the
average cutling-zone temperature that was implicitly assumed to be the
same for all materials, were hence utilized and gave better correlation.
This is partially in agreement with Boulger's comment (19] that tensile
lests are made on specimens taken paraliel to the rolling direction and
at room temperature, while cutting metals is done in the transverse or
thickness direction and at elevated temperatures and faster strain rates.
For this reason, Boulger stated that reliable machinability indicators
cannot be obtained from hardness and tensile tests. He also mentioned
that the most misleading generality is that smaill differences in
hardness can be correlated with machinability. Examination of the
hardness and machinability data given in reference {1) confirms that
machinability is independent of hardness for at least this group of
materials. Yet hardness is used as a rough measure of machinability.
For each group of materials, hardness should be within a certain range
to achieve good machining [9], but within this range, machinability is
independent of hardaness. Finally, the above three models were
developed to predict machinability in terms of the spead for a 60 -

minute tool life, while Boston {30] found that the ranking of materials
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based on the speed for a 60 -minute tool life is different than that for

a 20 - minute tool life.

Because of the amount of heat generated during metal cutting,
thermal properties have been used as basis for prediction. For the
rough estimation of the practical cutting speed, especially for newly
designed materisls, Ewell [51] recommended a new machinability index
based on the work material thermal conductivity, deasity and specific
heat. The index is based on two coefficients; the thermal dispersion
and absorption. The thermal dispersion coefficient, conductivity per
deasity, is for external type operations, such as face miliing. The
thermal absorption coefficient, conductivity times specific heat, is for
internal type operations, such as drilling. The higher the coefficients'
values, the higher the estimated machining speed. He, however, stated
that these coefficients are not the complete answer nor equal to
empirical data. They reflect rough estimates based on thermal
properties that could be used in conjunction with other factors (ie.,

mechanical properties) especially in designing new materials.

Others {52] investigated the affects of (ool material thermal
conductivity on cuiling forces and crater wear, where the lower the
tool thermal conductivity, the better the machinability. Due to the
difficulties and costs associated with the measurements of thermal
conductivity, the electrical resistivity which correlates well with it was
used by Lorenz (53). The higher the electrical resistivity, the lower

the machinsbility, as indicated by the permissible speed. Lorenz's
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objective was to investigate whether electrical resistivity, thermoelectric
potential or their combined results would yield a non-destructive test
method for assessing batch to batch variations in the machinability of
8 free-machining brass (383 % Cu, 3 % Pb - type) and free-cutting Al-Cu
alloy (type 2011). Some success was achieved only for the free-
machining brass. He mentioned that this approach is in its infancy
and that when tool performances on various commercially manufactured
batches are available, the desired correlation may result. Whether
thermal or electrical properties are the answer or not, the cost of
equipment and staff required to accuraiely measure these praoperties

should be weighed carefully.

Due to cutting temperature influence on tool wear, it has received
considerable autention in terms of its measurement, prediction and
relationship with tool life or wear. Although there are several
techniques for measuring cutting temperature (given in [354)), the most
commonly used method is the tool-work thermocouple in which the
tool-work interface is the hot-junction. This provides a good measure
of the average cutting temperature when all other junctions in the
system are secured, and the produced 'emf’ is accurately calibrated.
Levy and Thompson [535] investigated the presence of & general
predictive model based on cutting conditions. They assumed a
speed-feed-temperature power relationship and used previously
published data obtained by the thermocouple technique on steel to
determine the model parameters. Due to differences among other

cutting conditions in the data sources (i.e., tool geometry), the constants
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varied from one set of data to another. They concluded that a higher
order equation which would consider all pertinent variables is required
in order for a predictive model to have any general validity. Cook [32]
utilized the dimensiénal analysis technique and empirical data to
develop a temperature predictive model. The modei shows the

temperature to be a function of speed (V), feed (f), specific cutting

energy (u), volumetric specific heat (density times specific heat, vg,)

and thermal conductivity (k); (8=(4u/vgu)(VE/ k)1/3). He, however,

stated that his model provides a crude approximation and mentioned
other work that may provide better estimation, but with a8 higher

degree of computational difficulty.

Others ([10], [34] & [56] to [58]) related tool life or wear to cutting
temperature or to the inijtial cutting temperature. An assumed speed-
temperature power relationship was combined with Taylor's model to
predict tool life through cutting temperature (reported in [10]). Based
on the obteined parameters, it was concluded that small changes in
temperature would have large effects on tool life. However, the
influence of temperature on tool life or wear iS usually neglected at
low cutting speeds or below critical temperature wvalues (I571 & [S8]).
Further., the chance of BUE formation increases at low cutting
conditions and. thus, lowers the cutting temperature religbility. For
this reason. Levy and Thompson [55] did mot include the low cutting

speed data in their analysis.
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Other predictive models inctude surface finish, chip breakability,
etc. prediction. Bhattacharyya and others [39] developed a surface
roughness regression mode! based on machining data of plain carbon
steel. The surface roughness was dependent on feed, tool nose radius,
work material hardness, complimentary angle of SCEA and speed, while
the model parameters were dependent on the feed and speed range.
However, system rigidity and BUE formation are also major factors to
the obtained surface finish. Schmidt, Ham and Witson (61] concluded
that varisble surface finishes would result when the same tool is used
- on different lathes. Furiher, others (reported in [6)) found the surface
finish to be dependent on the tool position with respect to the
workpiece, where the best finish in machining free cutting brass was
achieved when the tool was slightly below the workpiece center-line.
Based on a computer simulation of chip formation, Spaans and
Goedemondt [60] concluded that either the chip fracture strain or its
reciprocai can be used as a powerful criterion for chip breakability
and, thus, machinability. Afthough ease of chip disposal or breakability
is important, especially for automated manufacturing systems, a good
chip-breaker design [62] and/or slight modification te¢ the cutting

condition [6] make this machinability criterion least important.

From the above, the following conclusions can be drawn:

(1) A singie theoretical model that describes the metal cutting
process even in its simplest case (turning with a single-point
tool) does not exist. Existing theories are restricted to

orthogonal or oblique cutting.
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(2)

(3)

(4)

(3

(6)

A standard model for tool life or cutting temperature
prediction through cutting conditions does not exist. The
model type is dictated by the experimental results, and the
obtained constants are limited to & work material batch, tool
material batch, cutting fluid batch (if used), testing domsin
and & given setup.

A valid predictive mode! based uon the analysis of chemical
composition and/or microstructure does not exist. Their
effects on machinability can be only assessed in terms of
general trends.

Although room-temperature mechanical properties are usually
avaiiable for esch work material batch, machinability
evaluation through hardness and tensile tests’ results is not
reliable. Mechanical properties are only useful for product
design. Neither hardness nor tensile strength is a rough
measure of machinability.

There is not enough evidence that room-temperature thermal
or electrical properties can be used as a basis for
machinability evaluation. Even so, the cost of measuring
these properties should be considered versus other inexpensive
alternatives (i.e., the Power Hacksaw Test).

Machinability evaluation, through current theories or
empirical models, provides, if anything, a crude estimation of
a single aspect of machinability. These rough estimates
should not be used in a decision making process unless the

cost of being in error is considered. There are two types of
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errors that are costly to determine, the probability of

predicting good machinability when it is bad, and visa versa.

In summary, & commonly accepted theoretical or empirical model
that can be safely used in predicting the maechinability of a work
material does not exist. Further, the statement of Tipnis and Joseph
(25, p. 12] that "a predictive theory for machinability has not yet
evolved”, Ham's comment [63] that existing theoretica!l and empirical
relations are inherently difficult to apply to actual production
operations, and Bouliger's comclusion (22] that machinability is best

evaluated by machining studies are, to date, stifl valid.

22



Machinability Testi

Over seven hundred references were retrieved when Reiter (10]
searched the Metals Abstracts for machinability tests conducted within a
ten-year period. He concluded that due to the complezities of the
machining process and the wide variety of methods used for testing,
there is no universally acceptable test for mechinability. This was
supported by & similar search conducted by the author which retrieved
one hundred and forty references from English publications spanning
the years 1979 to 1984. The majority of machinability tests described
in these publications are appropriate for the investigation of work

materials, cutting toois or cutting fluids.

Some authors viewed the tests in terms of two criteria; machining
or non-machining and absoiute or raanking [11). Noan-machining tests
represent chemical composition. microstructure and physical properties
analysis. They are assumed (o provide input data to empirical models
for the objective of predicting machinability. As mentioned earlier,
this machinability evaluation approach is the least reliable one, since it
provides crude estimations, if any at all. This does not mean that the
investigation of chemical composition snd/or microstructure effects on
physical properties and/or machinability is not important. The absolute
tests are those aimed at the machinability evaluation of two or more
tool-work combinations over & range of cutting conditions. The
ranking tests are the ones that investigate these combinations at &

given set of conditions.
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Others described the tests in terms of output criteria, such as tool
life, cutting temperature, etc. [9]. However, & universslly acceptable
system for classifying these tests does not exist. Further, there are no
standard cut-off values (based om consumed material and/or time) to

identify whether a test is of the long-, medium-, or short-term type.

Based on the above mentioned approaches and others, several
attempts were made by the author to classify the machinability tests.
Unfortunately, an scceptable system was not found. If the procedure of
2 ranking test is applied to more than one set of conditions, it would
fall under the absolute type. Similarly, if the shsolute test procedure is
applied o a single set of coaditions, it would fall under the ranking
type. Two tests can have identical testing procedures but one measures
tool life while the other measures surface finish. A testing procedure

could hence be classified under many output criteria.

Other classification factors included the objective of testing.
workpiece geometry and operatice type. Tests thai investigate a new
work material design ought to be different than those that check the
incoming raw materials, or than those that determine the machinability
ievel in production lines. However, with a slight modification to the
testing procedure of & given test (i.e., the Power Hacksaw Test), it can
serve more than one objective. Although some tests are suitable for @
very wide range of workpiece geometries and others are only
applicable in a narrow range., an overlapping could occur. A system

based on operation types such as turning and drilling does not reflect
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the employed machine (ie. conventional or non-conventional lathe)
nor setup requirements, including the degree of workpiece preparation.
The last attempt was to utilize different combinaticns from the sbove
mentioned factors. However, it was soon discovered that this would be
& substantiai task which would require more than one investigator's
effort. It was, therefore, decided to view the tests in terms of what
had been done on lathe, milling, drilling, etc. machines (i.e., according
to the machine type). The tests reported below are by no means the
complete list. Nevertheless, they reflect the many approaches that
were used in testing for machinability. Since the msjority of these
lests can be used to investigate work materials, cutting tools, or cutting
fluids performances, the cited tests are not limited to those that

investigated the machinability of work materisls.

(A) Lathe Machine Tests

Among metal cutting operations, turning with a single-point
tool is the simplest case. As a result, the majority of machinsbility
tests were developed on & lathe machine. Informastion obtained from
this simple case is ususlly assumed applicable to other operations (ie.,
drilling and milling). However, this assumption is questionable. In
drilling. the chip has to find its wey out threugh the drill flute and
against the gravity force. In milling, the cutting is of the interrupted
(discentinucue) type and, thus, therma! faciors (or cycling) couid piay a
paramount role [64]. Therefore, sany informstion obtained from the
following tests should be restricted to turning operstions. Any

generslizaticon of their results to other operations is invalid.
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(A1) Taylor Type Tests

Tests that compare tool wear data or determine the speed
for a given tool life are related to the pioneering research of F.W.
Taylor that was done on a lathe [65]. The comparison of tool wear data
is usually limited to plots showing the obtained tool wear versus cutting
time under a given set of conditions. Tool wear (TW) is usually
indicated by the mean flank wear land when it is regularly worn, the
maximum width of the flank wear land when it is irregularly worn,
and/or the depth of crater wear. Other indicators could include tool

nose wear, surface roughness (especially for finish turning), etc.

The determination of the speed for a given tool life requires
obtaining tool wear data at different cutling speeds and using Taylor's
formula (vTR =C. where v is the cuiting speed in meters/ minute. T is
the tool life in minutes. and n & C are constants). Tool life end-point
is of itwo types; calastrophic failure, usually limited to HSS tool
materials, and non-catastrophic (or predetermined) failure, for all tool
materials. The predetermined too! life failure requires establishing a
threshold value (TWo) for the tool wear indicator under measurement.
Figure 2.1 shows typical tool wear curves at different cutting speeds.
The logarithmic transfer of Taylor's model is usually linear within a
certain range of speeds. Figure 2.2 shows the speed-life (v-T) curve

when plotted on doubfe logarithmic paper.
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The first problem in utilizing the Tayior test is the selection of 2
range for cuRing speeds. Since extrapolation outside this range is
invalid, the desired speed for a given tool life must fall within this
range. The second problem is the number of data points required to
establish each tool wear curve, unless catastrophic tool life failure is
used. This number would depend on the desired accuracy in
determining the intersection points between the threshold value aand
the tool wear curves. Fach intersection point can be considered as a
sample of size one (ie., no replications). The third problem is the
linearity assumption. Three or more data sets would, hence, be needed
to assure that the v-T curve is at least linear within the testing
domsin. If all the above is overcome, the desired speed for & given
tool life can be estimated from the graph or through the calculation of
Taylor's constants based on regression analysis. If regression analysis
is used. a confideance interval ibat would reflect the dats variability can
be found. Unfortunately. neither the variances of the estimated
constants nor confidence intervals are given in most publications.
Further, replications would be necessary when the gradual wear zone
of the tool wear curve is not clearly established (i.e.. for smail tool life

values).

The Taylor test cen be used for two broad objectives; comparison
of work msaterials, culting tools or culting fluids, and determination of
practical cutting data. Either way, testing would be expensive and time
consuming and, hence, it is usually regarded as a long-term test. Ia

addition, any slight devistion in the testing procedure from one
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investigator to another would preves! ray comparison to be made
between the obtained results. Also, the obtained results of one
researcher would be limited to the used batches. For example, if the
machinability of two work materials was investigated using, say. one
batch of & certsin HSS tool grade, one cannot assume that other batches
of the same tool material would yield the same results. From the abave,
it is not surprising that as early as 1950, Boston [50] started the
standardization attempts. In 1977, the International Standardization
Organizetion (ISO) published a standard tool-life testing procedure that
was approved by the member bodies of all countries except Austria and
Japan [66]. The main objective of the ISO procedure is to obtain
comparable results among different sources and with the least possible
dispersion. The procedure was used before its publication by Akhtar,
Redford and Mills [67] on 14 casts of low carbon free machining steel.
Based on the observation that the width of the flank wear land prior to
the catastrophic failure of am M2 HSS tool decreases with incresse in
cuiting speed or flank wear rate, they established a short-time method.
Simply stated, catastrophic tool life failure is predicted through the

messurement of a portion of the gradual tocol wear zZone.

Although the ISO test is the only internationally accepted testing
procedure, it is not widely used. This is, perhaps. due to several
reasons: (a) it is a very long-term test, (b) it limits the testing
variables flexibility in order to achieve comparsble results, and (c) it
does not consider the feed effects on tool wear or life. Furthermore, 2

variable speed drive system is usually required.
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Several short-term tests were, hence, developed to reduce the cost
(in terms of consumed material and/or time) of the Taylor test. These

asre:

(1) Facing Tests
Facing tests can be classified into two groups; coaventionsal

and non-conventional. The conventional facing tests are those that
utilize a regular facing operation (23] in which the tool starts cutting
from an outer diameter (0.D.) and feeds inwards to an inner one (ID.).
The majority of facing tests are, however, of the non-conventional
type, where facing starts from an 1.D. and feeds outwards ([68] to [72]).
This is to allow the same HSS tool (or tool holder) to be used for both
face and longitudinal cutting so that valid comparisons can be made.
Either way, the underlying assumption is that information obtained
from 2 facing cut can be related io an equivalent longitudinal cut. The
Taylor's constants were obtained from a single fecing pass, using a HSS
tool material and the cetastrophic tool life failure as a criterion [69],
and from several facing passes (ie., multi-pass facing tests), using
different tool materials and too!l life criteria ([23) & ([70) w0 ([72)).
However, only those tool life criteria that are based on flank wear

were used.

Since tool life is highly dependent on cutting speed, the resulting
tool wear in a given facing pass (with disregard to the type of facing)
would be more dependent on the work material characteristics near the

0.D. than near the ID. Lorenz and Gibson [72) claimed that for the
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non-conventional facing tests, the flank wear is affected oanly by the

too!l travel between a critical I.D. and the O.D. For the conventional
facing tests, Brown and Tao (23] claimed that the initial 35 % of the
distance traveled by the tool from the 0.D. to the I.D. accounts for 83 %
of the tocl life. Therefore, the assumption that variations in work
material properties across the bar are insiginificant seems valid,

especigally for a non-cold-drawn, but homogenuous work material.

Although these tests may not consume a great amount of material,
the testing time can be as loag as that of the Taylor test depending on
the tool life criterion, desired cutting conditions and workpiece
geometry. The minimum O.D. that can be used depends on the available
spindle speed and facing type. For example, when a carbide tool is
used in a non-conventional facing test, the 1.D. must be large enough
to provide & clearance for the tool holder. Also, the lost time in facing
below the critical I.D. should be considered versus the amount of time
required to driil and perhaps bore the I.D. to a critical size. Therefore,
the facing tests are not as flexibie as the Taylor test with regard o
workpiece geometry. and cold-drawp bars cannot be tested using these

tests.

Most investigators who used a facing test claimed its general
validity as & replacement to the Taylor test. This was based on some
results and simple mathematical relationships that related the Taylor's
constants (or other models’ constants) obtained from facing cuts with

those of normal tursning, through workpiece geometry and cutting
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conditions. However, these mathematical proofs ignore many aspects of
the metal culting process. In conventional turning, steady or even
semi-steady state conditions are achieved as socon as the tool starts
cutting. These are in terms of cutting temperature, forces and stresses,
acting tcol wear mechanism or mechanisms, presemce or shsence of
BUE formstion (including type [73] and stability), etc. Although Sun
[74] concluded that the adjustment to equilibrium conditions when face
cutting should be quite rapid, in & work by Redford [34), the steady
state temperature was reached after 25 seconds of conventional wurning.
It is then questionable how rapid the adjustment is, given that the
speed is continuously increasing or decreasing. Therefore, noane of the
facing tests is a replacement to the Taylor test. Further, they are
limited to some workpiece geometries, non-cold-drawn bars, and neither
surfece roughness nor crater wear, which is ususally temperature
dependent, can be used. Nevertheless, they can be utilized as short-
term tesie within a certain testing domain given that they have & good

correlation with Taylor's results of this domain.

(2) Taper and Varisble Raie Turning Tests

in order to overcome some of the facing tests disadvantages,
Heginbotham and Pandey ([75) developed s taper turning test that
employs the same principle of the non-conventional facing tests, linear
increess in cutting speed with time. Although the test requires
preparing a tapered workpiece, it has the advantage over the facing
tests in that through the proper choice of the taper angle, it is

possible to control the required taper turning time between two desired

32



cutting speed limits. Also, possible variations in work material
properties across the taper are far less than that when facing between
the outer and inner diameters. But, again, cold-drawn bars cannot be
tested, and for small bar diemeters, there will be a limitation on the

laper angle range.

Other facing tests disadvantages that were aiso overcome include
the assuraace of the acting tool wear mechanism and the stability of a
BUE type. A tool material that possesses a good crater wear resistance,
but a reasonable flank wear rate was selected through pilot tests for
the investigated work material. For each feed value, a cutting speed
range in which a BUE type is constant was established. This was
achieved through the analysis of the chip microsections (a8 quick tool
withdraw device was used). In addition, specisl considerstions were
taken to achieve two identical replications on roughly the same

diameters and lengths of traverse.

They determined Taylor's constants from taper turning at two
different spindle speeds, but st the same taper angle (ie., constant
gradual speed increase). Their results indicated that pre-worn wools
should be used w0 reduce the effects of the non-constant tool wear rate,
which occur during the tool wear break-in period, on the obtained
results. Based on their analysis of the resuits, they clsimed that the
taper turning characteristics seems to correspond with those of the
steady state turning. Yet, they also mentioned that a further work is

being carried on to investigate when the rate of increase in cutling
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speed will produce inaccurate results due to temperature iag or lead.
Instead, they developed the Variable Rate Test (76) w0 eliminate the need
for preparing the tapered workpiece and the possibility of radial
variations in work material properties. The test utilizes the same
principle, turning at gradual incresse in speed, but requires a special
drive system. The system must provide an accurate gradual increase in

speed as soon as the cutting starts.

They estimated the consumed material and testing time for the
conventional, taper and varisble rate turning tests. The ratios are
roughly 4:2:1 respectively, where their conventional testing required
270 Ib (12235 kg) and 3 hours and 23 minutes. These estimates are
actually a good indication to the advantages of conventional turning
over their developed tests. That is, in conventional turning; (1) there
are not limitations for workpiece geometry, (2) a special drive system
which can be a source of error is not needed, (3) the influence of
temperature lag or lead., which is to date still unanswered, does not
exist, (4) pilot tests that assure the type of tool wear mechanism and/or
the stability of a BUE type are not needed, (3) sny tool life criteria can
be used, including surface roughness, and (6) the establishment of a
threshold vaiue st which the tools should be broken-in is siot required.
It might be noted here that perhaps current microprocessors which
can aquire data in nano-seconds could be utilized to collect temperature
and force measurements so that questions regarding temperature lag or

lead, etc. can be answered.
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Therefore, it can be concluded that these tests which employ a
gradual incresse/decrease in cutting speed have several disadvantages
and limitations. Such tests are not, by any means, a replacement te
the Taylor test. They cannot even be used as shori-term tests without
establishing & valid correlation with the Taylor test results of & given
icsting domain. In such an applicstion, a conventional facing test

could be very practical.

(3) Step Turning Tests

Because of the shortcomings in the sbove mesntioned tests, step
turning tests were developed. The basic idea is to represent the range
of a gradual speed increase by discrete speeds. Poduraev and
Yaroslavisev [77] used two steps (ie., information obtained from
machining at two speeds would represent a range of those gradual
speed increases), white Kiang and Barrow (78] proposed o increase the
number of steps. Either way, Taylor's constants are determined from

mechining at two different speed reanges (i.e., two tests).

In Kiang and Barrow's experimental work, five steps were used to
cover each speed range. Although the higher the number of steps, the
better the approximstion, it is not wise to engage and disengage the
tool some 20 or 30 times within, say, 10 minutes of cutting. At each
step, the cutting time should be long enough so that most of the time
interval would represent s steady-state condition. They used a 2 minute
time interval, and it was sufficient for their tool-work combinations as

indicated by some temperature tesis. The selected cuiting speeds were

35



high enough to avoid aay BUE effects. The obtained resulis indicated
that pre-worn tools must be used. Actually, ail the above mentioned
short-term tests should employ pre-worn tcols. They are based on two
assumptions; (1) flank wear versus time is in the gradual wear zone
(ie.. constant tool wear rate), and (2) log T versus log v is linear. Any
violation to these sssumptions would produce inaccuraie results. Again,
only toel life criteria that are based on flank wear can be used. An
infinite variable speed drive system would be needed to reduce the
degree of computational caiculations. They recommended the use of
their test only in cases in which coaventional tests are impossible (ie.,
8s & replacement). The test seems to have a great potentiai for
checking incoming raw materials, once a correlation is established with

& conventional turning test.

(4) Other Short-Term Taylor Type Tests

1- Sliding Wear Tests
The sliding wear tests provide sliding wear rates under

conditions slightly similar to those in metal cutting [41). The
tool, in the form of a cylindrical specimen, is fed along a
rotating workpiece, held in a lathe, with the desired feed and
approach angle. Since tool wear depends on other tool
geometry, the obtained rates are only a crude approximation
to possible geaeral trends.
2- Micro Wear Tests

These tests can be used to determine Tsyior's constants

from information on the flank wear rate at various cutling
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speeds [79]. However, special precasutions are needed in
preparing the tools so that micro flank wear increments can
be measured within short durations. Furthermore, pre-worn
tools must be utilized.
3- Softened (Degraded) Tool Tests

The basic idea of these tests revolves around hardness
reduction of HSS tool materials so that high wear rates on the
flank or face of the tool can be reached in short periods of
time [80]. However, the thoice of the hardness level to which
the tool should be degraded and the maintenance of this level
among tool replicates require special considerations. For
example, any chance for tool failure due to deformeation must
be avoided.
4- M‘ ioactive Tracer Tests

Radioactive elements are added to the composition of tool
materials so that the tool flank and/or crater wear can be
determined from the workpiece and/or chip radioactive
contents ([81] to (83]). These tests are subject to several
criticisms that are given in [84].
5- Shortened Conventional Tests

As soon as the graduai wear zone of a tool wear curve is
established, linear regression analysis techniques are utilized
10 extrapolate tool wear values for a8 given tool life threshold
value. This approach was used by Thomas and Lambert [85]
and was based on the assumption that the linear part of the

tool wear curve would remain linear for longer cutting
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periods. Unless this assumption is validsted for a desired
testing domain, the obtsined results would have & 05
probability of being right. At low cutting speeds, there is a
chance for an inflection to occur in the gradual wear rate
zone (ie., the zone is divided into two wear rates). This was
observed by Kshng and Patterson [86] at low cutting speeds
and feeds. At high cutting speeds. this linear zone can be
very short and sometimes difficult to distinguish.

It might be noted here that the work of Thomas and
Lambert was simed at comparing two short-term tests (facing
and taper turning) with a conventional wi'ning test. Their
shortened conventional test was extracted from the
conventional one. They recommended a statistical procedure
for the comparison, but it is similar to that used by
Heginbotham and Pandey [75]. Either way. it is a questionsble
approach because it implies that the conventional test is a
probabilistic case while the others are of the deterministic
type. Assumed confidence limit lines were drawn parallel to
the comventional turning v-T line. If the v-T line of @&
short-term test (without its own limits) was within thess
assumed confidence limit lines, the test was considered as
accurate as the conventional one. Yet the v-T lines of the
three tests had different siopes. If s reguiar regression
analysis is used, the confidence limits will be in the form of
curves. It is not known why they assumed the confideace

limits to be lines, given that it is not a quality control
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procedure where lines are applicable. A bewter approach is to
test the hypothesis of equal slopes given that the tests have
equal variances.
6- Extrapolated Cutting Conditions Tests

These tests are similar to the previous ones in that
extrapolation beyond the testing domain is utilized. The v-T
curve is first determined at severe (hesvy) cutting conditions,
usually in terms of the speed, and then the desired speed for
a8 longer tool life or visa versa is extrapolated. This implies
that the v-T curve is assumed linear over the entire v-T
space, which is not the general case but rather the exception.
Further, tool wear mechanism or mechanisms are dependent
on cutting conditions, especially the speed.

Another type of test that could fall under this group is
the use of unconventional tool geometry to accelerate tool
wear. For example, Wager and Barash [87] utilized & negative

reke angle for an HSS tool material.

It might be mentioned here that some of the above mentioned

tests are sometimes called accelerated (instead of short-term) tests. This

can be a source of confusion. The tool wear can be accelerated by

many methods, but not all of them are of the shori-term type. For

example, when dry cutting is utilized to avoid cutting fluid variations,

the tocl wear is accelerated. However, the degree of acceleration is not

usually high to be considered as of the short-term type.
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In conclusion, none of the above mentioned short-term tests is s
replacement to the Taylor test. The Tayler procedure is based on
certain assumptions (ie., the v-T curve is linear) that must first be
validated for the desired testing domain. Further, the acting tool wear
mechanism(s) can only be investigeted at conventional turning
conditions. VWithout these validations, say short-term test would oanly
provide a likely general trend thst may or may not be true. Otherwise
stated, they should pot be used in isolation but rather in comjunction

with Taylor's results of 8 given testing domain.

(A2) Cuiting Forces Tests
Cutting forces are measured in almost every machining

study. In addition to their importance for the design of machine tools,
cutting tools and fixtures, as well as for calculating many cutting
parameters (ie., required power, coefficient of friction and specific
culting energy), they can be used either directly or indirectly for
machinability evaluation. Figures 2.3 and 2.4 show the resistance
forces that must be overcome by the cutting tool during normsl
turning and orthogonal cutting respectively. In normal turning, the
resultant force (R) is resolved into three components; cutting force
(Fc), feed force (Ff) and radial force (Fr). Ian orthogonsal cutting, it is
resolved into two components; cutting force (Fc) and thrust force (Ft).
Normelly, Fc is the Jargest component and Fr ic the emallest one.
However, in some cases, Ff can be the largest component depending on

tool-work combinstion, tool geometry and cutting conditions.
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Fig. 2.3 ical Normat Turning Forces
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It might be noted here that the power consumed in machining

depends only on the cutting force and culting speed (ie.., Pm = Fcv).

That is, there is not any tool travel in the radial or thrust directions

(ie. vp.=0,80d vy, =0). Also, the power required to accomplish the

feed motion is very small (the speed of the tool travel in the feed
direction is very small in comparison to the cutting speed). and can be
sefely disregarded. The metal removal rate (MRR) is the product of
speed, feed and depth of cut. The specific cutting energy (Us) is the
ratio of consumed machining power (o metal removal rate, or the
cutting force per cross-sectional ares of the uncut chip. Both metal
removal rate and required power are proportional to cutting speed,
while the specific cutting energy is independent of speed. When
orthognal cutting, the coefficient of friction can be determined from

the measurements of cutting and thrust forces.

Fersing and Smith [88] indicated that the feed force increases
faster than the cutting force with tool wear. This was also observed by
De Filippi [89). And in a work by Colwell, Mazur and DeVries [90], the
feed force was a better indicator of the beginning of the accelerated
tool wear region than the cuiting force. Otherwise stated, the feed
force is more semsitive to variations in the machining process than the
cutting force. Perhaps due to that and the small magnitude of the
radial force, the majority of cutting forces tests are based on the feed

force.
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Cutting forces tests can be classified into two main groups:;
conventionai and non-conventional. The first group would include all
of these tests that directly utilize the cutling forces measured on &
conventional set-up in their analyses. The second group would ianclude
those tests that require an unconventional set-up and utilize either
directly or indirectly the measured forces in their analyses (ie,

turning at constant feed force tests).

(1) Conventional Cutting Forces Tests
Fersing and Smith [88] employed the feed force in their study

on tool life and wear of culting tools. Mayer and Stauffer [(91] utilized
the resultant force and its three components (where the measurements
were taken at the start and end of a given tool life criterion) along
&it.h measurements of surface roughness, in their analysis of different
fool geomeiries. Measurements at the start or end of a tool life ususally
mean that a new (reground) or worn tool is used and cutting proceeds
only for the few seconds required to record the force measurements.
However, the above studies overicok a simple fact. Despite the high
rigidity and seasitivity of current dynamometers, they are less rigid
than a standard tool post. Their utilization in any setup decreases the
system rigidity, and, thus, the results obtained on tool life and wear,
surface roughness, etc. are less reliable. A better approach is the one
_used by Schmidi, Ham and Wiison [61] where the tool forces were
measured in separste tests than those that were aimed at other

indicators (i.e., tool wear and surface roughness).
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Loria and Walker [92] investigated whether force and temperature
measurements can be a rapid guide to tool life evaluation and, thus,
machinability. Four cast irons that were previously tested by a tool
life test were utilized for a force and tempersture test. The amount of
metal removed for & certain flank wear value was the indicator in the
tool life test. Both cutting and feed forces as well as the average
cutting temperature obtsined by the thermocouple techmique were the
indicators in the force and tempersture test. Based on their results,
they concluded thsat the four indicators give same ranking. Béu!ger
[18) applied the constant feed force test (described in detail on page 48)
on these same materials. Although he obtained similar ranking, he
concluded that the ranking of the materials by the different indicators
differ quantitatively. For example, culting temperature measurements
showed the smallest spread while tool life values gave the largest
range. However, these resulis were determined under non-conventional
face cutting (i.e. non-constant cutting speed). Further, there are no
indications to the number of replications, and a sample size of four
materials is too small for a valid correlation. Nevertheless, examination
of these results indicates that the ranking of the four cast irans based
on the feed force differed guantitatively from that of the cutting force,
but was in agreement with that based on the tool life indicator.
Perhaps this is an indication of the better accuracy of the feed force

over that of the cutting force in ranking materials.

Because of the small magnitude of the radial force, Murphy and
Aylward (2] omitted it from their analysis. For different feeds, the
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cutting and feed forces were measured st the beginning of the tool
life. They mentioned that from the plot of cutting or feed force versus
feed, an indicator based on the feed which produced s desired cutting/
feed force value, or visa versa (cutting/feed force obtained at & certain
feed) can be used in machinability evaluation. The bigher the feed
value for a desired force level or the lower the force value for a given
feed, the better the machinability. Without aay justification, the feed
which produced a desired feed force value was chesen as an indicator
to the machinability of steel in their comparison with commercial
performance ratings (ie., PPT resuits). Examination of their results
indicates thsat the feed force dsis show better spread among the
materials than those of the cutting force. Perhaps because of that,
they selected that indicator. Besed on their results, they concluded that
the cuiting forces test does not correlate well with the PPT. This same
conclusion was reached by Troup (93] using a similar procedure. Troup
also utilized what he called & modified force test, where a form tool was
used instead of a single-point turning tool. Although his setup was on
& screw machine, it can be done on a lathe. The indicator of the
modified force test was the consumed machining power calculated from
the cutting force measurements. Agsin, the results did not correlate
well with commercial ratings. It might be mentioned here that a
direct method of mesasuring the required power is with the aid of a
wattmeter. Further, the underlying objective of the above investigators'
work was to prove that results obtained from Taylor or cuiting forces

tests do not correlate well with commercial performance ratings.
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De Filippi [89] proposed two testing procedures that depend on feed
force measurements. When testing for the machinability level among
batches of same material, he suggested keeping the cutting conditions
constant and to use the percent increase in the feed force within two
minutes of cutting as an indicator. However, the cutting speed must be
selected so that this increase is at least 50 %. He stated that wken the
increases are somewhat below 50 %, the method is no longer reliable.
He ran preliminary tests on various batches of three materials to
determine the particular cutting speed that would provide at icast 50 %
feed force increases for each material batch. Even with that condition,
the correlations obtained between this method's results and the speed
for & 30 - minute tool life existed only for two materials and were as
follows: - 063 and - 0.64. In addition to determining the mean values of
the machinability level among batches, one should check whether their
corresponding variances are constant or not. The machinability level
can vary from one batch to another in terms of its mean and/or
variance value. For evaluating the machinability of different materials,
he proposed to use the speed that provides exactly 50 % increase in the
feed force as an indicator. However, in this case, trial and error
attempts would be required No experimental results to the latter

procedure's validity were given.

Shaw, Smith, Loewen, and Cook [94] investigated the influence of
lead on forces and temperature. The tool-face friction force, specific
cutting energy. and the tool-face temperature (obtsined from high

speed flash pictures) were the indicators. Although their results were
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determined under orthogonal cutting and had not been correlsted with
normal turning, the problem of sources of errors was addressed. For
example, before utilizing the re-sharpened HSS tools, they were tested to
insure they give results close to the mean of the batch. They also
advised to use pre-worn tools to avoid possible errors during the tool
break-in period, and to start recording once the forces and temperature
reach the equilibrium/steady-state condition. A cut of half inch (123
mm) was enough in their work. Based on additional results, they
concluded that tool life prediction can not be estimated directly from

the above mentioned indicators.

Other investigators ([47] & [95]) limited their comparisons of work
materials to plots showing the tool forces obtained versus speed. In
one study (47), the cutting and feed forces first decreased and then
increased as the speed increased. Ian another study [93). the cutting
force continued decreasing while the feed and radial forces first
incressed and then decreased as the speed increased. Therefore, a

general trend to the effect of speed on cutting forces does not exist.

(2) Non-conventional Cutting Forces Tests

Non-coaventional cutting forces tests are those that require a
special setup to provide & constant feed force or to measure tool forces
under gradual speed incresse. Machining at constant feed force (load
or pressure) is one of the most important concepts in the machinability
evaluation of work materials. When machining at constant feed force,

the work material becomes the dominant factor to the outcome of the
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cutting process. This is in terms of the amount of metal removed per
ugnit of time ([986] & ([97]), resulted feed rate ([18] & [92]), etc. The
notion is, for example, that ihe heavier the feed rate obtained, the

better the machinability.

Boulger, Shaw and Johason [18), in their study on the
machinability of free-cutting steels, used the number of spindle
revolutions per 2-inch (508 mm) cut as an equivalent to the obtained
feed rate when machining st constant pressure. A machinability index,
defined as the ratio of the average results obtained for a standard
reference material to that of & given steel, was then calculated for
each materiai tested. The HSS tools utilized were ground to s certain
geometry (both back rake and side cutting edge angles were equal t
Zero) because it was easy to reproduce and gave a satisfactory useful
life. Also, some of their preliminary results pointed to the in-
significance of the back rake angle on materials ranking. The tools
were honed and broken-in before being utilized, to achieve uniform
performance and to avoid erratic readings in the first few cuts. After
each tool had been used in cutting around 4 ft (122 m) of steel, it was
lightly reground with precautions taken to avoid overhesting. Using
one tool, a group of materials was tested in a series, sequence of tests,
that also included three tests on the standard material. The order of
testing vacied from one series to another to compensate for tool wear,
and each materigl was included in six series (i.e., six replications) in
order to minimize possible variations among tools. The tests were

gither conventional turning or facing depending on the materials’
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diameters. This was perhaps to achieve a good utilization of the work
materials. The conventional turning tests were first employed. The
facing tests were then applied on the remainder from the first tests.
The depth of cut utilized in the facing tests was larger than that of the
conventionsal tests. No explansation was given on why the depth of cut
was different among the two types of operations. Further, for some of
the resuits reported, the type of operation was clearly stated. The
other resuits were given without any indication to the operation type

aor to the degree of mix between these two operations results.

Their results indicated that high speeds and heavy loads caused
large changes in chip and cutting temperature during testing. The
spread among the materials was best at low speeds. The machinabitity
indicies were independent of both hardness and pressure. Some of
their results correlated well with data based on the speed for a 60 -
minute tool life, while others gave a poor correlation with those based
on the commercial performance ratings. They claimed that some of the
lots (batches) were not sufficiently uaiform (ie., variations within
batches were high). It might be noted here that any machinability
index should not be based on mean values only. Some consideration
should be given to their variances which are a refiection of the dats

variability.

Others [98] developed a short-term test that depends on cutling
force measurements while turning at increasing speed. Briefly, when

the cutting force had reached a certain constant value upon tool
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contact, it activated & gradual speed increase circuit. Both cutting force
and angular speed (RPM) were recorded versus time. When the cuiting
force doubled that intial constant value, the cutting was stopped. This
was an indication to total tool failure. Preliminary tests were run on a
stainless steel material using a selected tool geometiry (zero back rake
angle) on an HSS tool material. Among the three indicators (time and
distance traveled to tocol failure, and cutting speed calcuiated from the
angular failure speed) that were subject to investigstion, the cutling
speed at tool failure gave the least dispersion and was independent of
the initial cutting speed. Other preliminary results indicated that the
dispersion of the results was independent of feed, but increased with a
larger depth of cut. The speed at tool failure increased with an
increase in the rate of the gradual speed increase, and decreased with
an increase in workpiece diameter. This was thought to arise from
thermal effects. Although other tool geometries were investigated, they
gave irregular force increase at tool failure. The results obtained with
that particular tool geometry correlated well with those based on the

speed for a 60 - minute tool life.

In conclusion, none of the sbove mentioned cutting forces tests
has shown excellent correlation with commercial ratings. Evea so, they
cannot be used in isolation as indicators to the machining quality. The
feed force seems more sensitive than the cutting force to varistions
during machining and among materials. The main drawback to the
fnoa-conventional cutting forces tests is the very special setup required.

Such setups are not even available in most lsborstories. It might be
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mentioned here that one of the short term tests developed in this study,
called the Cutting Forces Test (CFT), is a conventional cutting forces
test. The test was primarily developed to justify the mentioned
conclusions that cutting forces tests do not correlate well with the PPT
(or commercial performance ratings). It alsc addressed the sensitivity
of the resultant force components (cutting, feed and radial foeces) in
differentiating among the machinability of different work materials.
The results indicate that the feed force is the most sensitive component
to variations among the machinability of work materials. This is
followed by the radial force. The cutting force compoment is the least
reliable indicator to the machinability of work materials. Ia addition,
the feed force results correlate well with the PPT results, contrary to

the above reported conclusions.

(A-3) Cutting Tempersature Tests

The mechanical energy required for metal culting is
converted into heat as the tool shears its way through the workpiece.
The main heat sources are the shear and tool-chip interface zones.
Since the cutting tool edge is buried in the workpiece, controlling the
cuiting temperature through cutting fluid application has little success.
The majority of the heat generated is dissipated into the chips. The

remsinder is dispersed into the cutting tool and workpiece.

Because of the strong relationship between tool wear mechanisms,
especially the thermslly activated cnes (e.g., mass diffusion), and the

tool-chip interface temperature, many attempts have been made to
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measure it Uafortunately, all direct methods, such as radiation
pyrometers, temperature sensitive paints, or embedded thermocoupies,
measure the average temperature rise in the vicinity of the interface
rather than the actual temperature at the interface ([10] & [54)). For
this reason, the tool-work thermocouple technique, which is the easiest
to employ and measures the average cutting temperature, is the

commonly used direct method.

As mentioned earlier, on page 44, Lorie and Walker (92] utilized a
force and temperature test to evaluate the religbility of different
machinability indicators on four cast irons. The main drawback to
their work is that their results were determined under non-
conventional face cutting (i.e., variable cutting speed). The cuiting
temperature is directly dependent oa the cutting speed. Further, the
conversion process of mechanical energy into heat requires time. In a
work by Redford (34). the steady state tempersture was reached after 25
seconds of cutting. Iz ancther work by Mills and Akhtar [41], 20

seconds of cuiting was required to reach the steady-state condition.

Kane and Groover [99] investigsted whether the culling
temperature is & more consistent and reliable measure of the
machinability of steel than tool wear or surface roughness. Nine
grades of steel that ranged from easy-to-machine to difficult-to-machine
were utilized in their study. Among the three machinability indicators,
rankings bssed on cutting temperature results were the least influenced

by changes in cutting conditions. Their results were compared against
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commercial ranking as well as ranking based on ratings from the
ASME manual on cutting of metals [100). Unexpectedly, the industrial
ratings have shown a poor correlation (034) with the ASME ratings.
Meanwhile, ratings based on cutting temperature have correlated well,
0.86, with both commercial and ASME ratings. They were also in better
agreement with these ranking sources than those based on tool wear
and surface roughness. The only drawback to Kane and Groover's work
is the time required to accurately calibrate each combination of tool

and work material.

Redford [34] investigated the reliability of the cutting forces and
temperature as indicators for on-line tool wear assessment. Preliminary
tests were run to ensure that there was no BUE formation. The cutting
forces showed more scatter, particularly at larger flank wear lands,
than the culting temperature. The rate of tempersture change with
flank wear changes was independent of culting conditions, speed, feed

and depth of cut.

The utilization of the cutting temperature alone as an indicator to
the machinability of work materials or as a simple sensor for adaptive
coatrols can be misleading ({94) & (101]). The presence of BUE during
cutting lowers the cutting temperature reliability. Nevertheless, the
average cutling temperature measured by the thermocouple technique
can be a reliable indicator to the machinability of work materials if,
and only if, the following cosnsiderations are met;

(1) ail junctions in the system except the tool-work interface are
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secured,

(2) each combination of tool and work material is sccurately
calibrated,

(3) cuming is performed in the absence of BUE.

(4) cuuting is continued until the steady-siate temperature is
reached, and

(3) & valid correlation betweem the cutting temperature and, say,
commercial ranking is first established for the desired testing
domain (extrapolation outside this domain should be avoided).

One of the questions that was raised during the initial stage of
this study was: why cutting forces, which are the main sources of the
heat generated, do not correlate well with commercial ratings while the
cutting temperature does? Perhaps this can be attributed to the high
scatter in the cutting forces readings. This was indirectly indicated in
Redford's work [34] where cutting forces readings gave more scatter
than cutting temperature readings when the tool was worn. If this
scatter is the only reason for not having a correlation between the
cutting forces and commercial ratings, it can be overcome by a good
experimental design. Several advantages can be realized; (1) the setup
of cutting forces tests is easier than that of the culting temperature
ones, and (2) the machining time required for the cutting forces to
reach the sieady-state condition is less than that needed for the cutting
temperature. That is, the conversion of mechanical energy into heat

which raises the cutting temperature takes time.
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(A-4) Other Lathe Machine Tests

Other lathe machine tests would include those of the
orthogonal-cutting type, double tool, snd go no-go feed ones. The
literature contains maay orthogonal-cutting type tests ([22], [45], [S2),
(541, [87), [94). & [102) w0 [104]). There are advantages as well as
disadvantages lo orthogonal cuiting. The advantages can he summarized
in that orthogonal cutting provides a better control over the input
factors than normal machining. The mechanics of the metal couing
process is simpler. Some indicators can be only estimated with
orthogonal cutting, such as the coefficient of friction. The main
disadvantage is that the results oblained are limited to this testing
domain, which is rarely found in manufacturing shops. Conclusions
drawn should not be generalized unless a correlation between
orthogonal and actual machining is first established. Normally, to
achieve orthogonality on a lathe machine, some workpiece preparations

or certain workpiece geometries would be required.

Double tool tests are based on the same principles of the tool-chip
thermocouple technique {106). Twe cutting tools of different
compositions, connected to an electro-motive-force (emf) measuring
device, simuitaneously, machine the work material. The cutting speed
is increased until an e.m.f. of 85 mV which corresponds to some initial
calibration is recorded. The idea of this type of testing was originally
suggested by Reiche! in the 1930's [{105]. The main drawback to these
tests is that they are based on the wrong hypothesis of identical

temperatusre in the two culting zones [89).
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The machinability group of LaSalle Steel Company developed a test
which can be called & go no-go feed test ({107] o {109]). Ia order w0
save material while testing for the machinability level in daily
sroduction, they recommended to use the test as an integral part of
preparing s tension test specimen. The test requires establishing two
threshhold-feed values for each material. The go feed value is the one
al which the tool does not fail catastrophically. The no-go feed value
is the one at which catastrophic tool failure occurs. For example, for a
given material lot, the go and no-go feed values were 0.0024 ipr (0.0610
mm/r) and 00025 ipr (0.0635 mm/r) respectively. These values were
determined by machining on a CNC machine and under constant cutting
conditions, while incrementing the feed vaiue by a 0.0001 ipr (0.00234
mm/r) from one cut to another. For 31 heats a 0735 correlation value
was found between the maximum go feed and the twenty minute tool
life (V20). However, there are some conflicting issues. The go no-go
feed vslues should have confidence intervals that reflect variations
between lots. Further, the go feed value was considered the desired
norm although it was determined from past lots. The machinability of
various batches of a material can be assumed to have a normal
distribution with two parameters, mean and variance Also, variations
from one lot W another can be in terms of means (machinability
levels) and/or variances (homogeneities). The true mean and variance
of a material (norms) should be the ones for which the material was
originally designed. Any quality control test should, then, be capable
of identifying any mean and/or variaance deviation from these norms.

Also, the cost of using a CNC machine should be weighed versus the
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other alternatives, such as the Power Hacksaw Test.

Finally, the concept of the cuiting rate-tool life function was

developed on a iathe machine equipped with a circular saw attachment

[(38]. Briefly, the function would piovide a tradeoff between the metal

removal rate and tool life, if, and only if, either the material removal

rate, ool life or both are at least second order or nonlinear functions

in the log transformed culting variable space.

From the ahove mentioned lathe machine tests, the following

conclusions can be drawn:

(1)

(2)

(3)

(4)

None of the short-term Taylor-type tests is a replacement for
the Taylor test. The Taylor procedure is based on certain
assumptions that must first be validated for the desired testing
domain.

The ISO test, which is & standardized Taylor test, is the only
internationally accepted testing procedure. Still, it is aot
widely used and considered a long-term test.

None of the cutting forces tests examined has shown good
correlation with commercial ratings. Even so, they cannot be
used in isolation as indicators to the machining quality.

The cutting temperature, measured by the thermocouple
technique, has shaown good correlation with commercial
ratings. However, the testing procedure requirements,
especially the calibration process, could disqualify it from

being a short-term machinability assurance method.
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(B) Drilling Machine Tests

Drilling machine tests can be classified inwo two main groups,
conventional and non-conventional. The conventional type would
include those Llesis that drill under constant feed rate. The non-
conveantional tests, usually called penetration tests, are the ones that
require drilling under constant feed force (or load). The majority of

the drilling machine tests are of the non-conventional (penetration)

type.

(B-1) Non-conventionsl (Penetration) Drilling Machine Tesis

Non-conventional drilling tests can be dated as far back as
1900 when Keep introduced a penetration test (115]. Kessner (14) used
the drilling depth obtained by 100 revolutions of the tool as an
indicator to the machinability of brass. He claimed that the test can
detect the hard spots in a material. One of the four tests ihat were
applied by Boston [3) om eighteen ferrous metals and twenty-one
non-ferrous metals was a penetration test. His drilling indicator was
the same as of Kessper. He used one drill on all metals in order to
avoid the difficulties encountered in regrinding a drill with exact
angles. After all tests were completed, he ran many duplicate tests to
check the influence of the dulling of the drill on the results. Cook
and Davis {17), in their study on the machinsbility of free-turning
brass, employed a different indicator. They fixed the drilling time to
15 seconds. The ratio of the hole depth obtained to that obtained on &
standard materiai was the machinability indicator. However, in

selecting the time interval, they advised that the drill should penetrate
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to a depth of at least one inch (234 mm) into the standard material.
They also used one drill on all materials, but frequent tests were run
on the standard material to check the infiuence of the dulling of the
drill on the results. Crampton [110), in his study on the machinability
of copper alloys, used the time required to penetrate 1 inch (254 mm)
as an indicator. He also measured the torque while drilling under
constant feed force. His torque resulis indicated that the rate of torque
increase varied inversely with the time required for penetration. He,
thus, advised that the results obtained from short-term tests, such as
the penetration test, should be interpreted and applied with judgement

since they may not tell the complete story about machinability.

Schmidt, Gilbert and Boston [111] revised the penetration test in
order to overcome the regrinding problems. They used a special
single-point tool that could be reground accurately. The tool bit was
rotated in a spindle under constant load while cutting & stationary
tsbular test bar. They mentioned that their setup is similar, but
simpler, than the one used by Herbert in 1914 t0o measure tool wear.
However, they concluded that the revised penetration test had several
possibilities of error. For example, they questioned whether the feed
remained positive during testing. It might be mentioned here that the
main objective of their paper was to compare the horsepower obtained
by a calorimetric method with that determined from measurements of

torque and thrust under conventional (constant feed rate) drilling.
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In Dagnell's penetration tests ([112] & [113]), a special flat drill
was used to drill in a pre-drilled (wbular) specimen. This was to
eliminate the chisel edge effects. The hole depth was divided into
equal disumcés, and air was blown in from below to remove the chips.
The time required to drill each unit length, 8 reflection of the
penetration speed (or feed rate), was recorded. The feed rate (inverse
of time per unit length) decreased as the drill wear increased. Wear
diagrams were constructed from the piot of time per unit length versus
unit length aumber. These so called wear diagrams were, then, used as
indicators to the machinability of some ferrous and non-ferrous metals.
The ranking of the msterials was independent of cutting speed, and the
data scatter was less for small drill diameters. The results were
compared with other results determined from turning and milling tests.
The turning test indicator was the speed for a 30 - minute tool life, and
the milling test indicator was the volume of material removed for a
given flank wear value. He claimed that the drilling test had shown

the greatest selectivity.

Lindgren [114] investigated Dagnell's test. Measurements of force
and torque were taken on Dagnell's setup. Based on the results
obisined, several revisions were required. For example, the method of
applying the constant feed force had to be changed. Other setup
alterations included the use of a cuuting fluid, instead of asir, to obtain
less scatter in the results. FEven so, he mentioned that accurate
knowledge of the magnitudes of the feed force and cutting speed and

knowing that their variations remain within reasonable limits is a
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must. For example, if large variations were observed for a test run,
this test point was rejected. Other modifications included the
machinability indicator. A machinability number was evaluated by first
plotting the inverse of feed versus drilling time on a log-log paper.
From the plot, the inversed feed for a given drilling time, which could
correspond to a certsin material removal rate (or tool life criterion),
was considered the indicator. Lindgren claimed that after all these
modifications, the testing procedure can now be applied for the
invesitigation of work masterials and tool materials. However, he also
stated that the main drawback is the low obtainable feed rate. When
the feed force was increased to increase the feed rate, the drill gave
torsional vibrations. A year later [115), he used a spade drill and
claimed that the test can, also, be used for the investigation of cutting
fluids. However, the usage of toel wesr while drilling under constant
feed force as an indicator is questionable. For example, how would one
assure that the wear mechanism under such a testing condition would
be the same in aclual machining ? In summary, the main drawback to
the non-conventional (penetration) drilling machine tesis is the special

setup required to provide a constant feed force in drilling.

(B-2) Conventional Drilling Machine Tests

In conventional drilling operations, the criteria commonly
used for machinability evaluation are the number of drilled holes to
total failure of the drill tip, drill wearland, and the resultant drill
thrust and torque. Other indicators include the surface roughness,

reduction of hole diameter, and burr height ([116) & [117]).
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De Chiffre [116] developed a testing procedure for evaluating the
overall performance of cutting fluids. Four subsequential operations;
drilling, boring, reaming and tapping, that form a machining cycle
were utilized. The number of drilled holes to total drill failure was the
drilling indicator. The reduction in hole diameter was the indicator for
both boring and reaming operations. A go no-go gauge was utilized
for the tapping process. Measurements of thrust and torque, and the
resultaat surface roughpess were also taken during testing. From the
results obtained, he concluded that the ranking of cutting fluids is
strongly dependent on the type of operation as weil as the performance
indicator. Others [36], in their evaluation of the stability of the
coefficient of variation, utilized the number of drilled holes obtained
for a given drill wearland value as & tool life indicator. Siemonsen
(117] investigated the machinability of extruded aluminum alloys under
deep-hole drilling. The chip size was the primary indicator. Second
indicators included the hole size, burr height and surface finish.

Response surface contours were developed for these indicators.

In conclusion, conventional drilling machine tests are of the
long-term type. Although non-conventional drilling machine tests
(penetration tests) are of the short-term type, they require a special
setup to provide a constant feed force (load) in drilling. Even so, they
should not be used in isolation as indicators of the machining quality
of work materials. A valid correlation between their results and actual

machining resuits of a desired testing domain is a must
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(C) Milling Machine Tests
Milling methods are of two basic types, peripheral (siab) and

face milling. In slab milling, the periphery of the cutter is used to
generate surfaces paralie! to the cutter axis. In face milling, the face
and the periphery of the cutter are used to generate surfaces at right
angles to the culter axis. End mills have an end face and a periphery,
and are usually used for cutting pockets or slots (slotting operstion).
W¥hen they are not used to cut slots (full immersion), the operation is
called peripheral end milling (e.g., half immersion).

In milling machine tests, the criteria commonly used for
machinability evaluation are the cutter life (in minutes or inches cut
for a given wear vealue on the clearance face) and surface roughness.

Other indicators include the cutting forces obtained.

One of the examplies that Friedman and Ziatin [36] gave in their
study on the variability of tool life as a function of its mean value was
2 peripheral ead milling (half immersion) test. Other examples
inciluded turning, drilling, and tapping. An HSS M-2 end mill of |
inch (25.4 mm) diameter was utilized on a stainless steel material. The
tool life criterion was based on a desired flank wear value and was
givenn in inches. Their cxamples showed larger variances for the
regions of short tool life. They, hence, advised that in building
predicting equations like the Taylor equation, which includes data in
the range of short tool life, special precaution should be given to the

assurance of constant variance.
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Tipnis and Friedman ([119] applied the concept of the cuiting
rate-tool life (R-T) characteristic function, described in [38], on a
peripheral end milling operation. An HSS M2 end mill of | inch (254
mm) diameter was used on 12-in. (305 mm) blocks of AISI 4340. Their
tests were run at different combinations of speed and feed, while other
variables were held constant. The end mill life was based on & desired
flank wear criterion. From the results, 8 multiple regression model was
found using a stepwise procedure. The partiai differentials of this
model with respect to speed and feed rate were set equal to similar
differentials applied to the logarithmic transformaticn of the material
removal rate equation. From that, the equation of the R-T curve was
determined. Figure 2.3 shows the R-T characteristic curve obtained for
their peripheral end milling operation. From figure 23 it can be
noticed that any slight varistion in the material removal rate could
result in drastic tool life reduction. This was also observed during the

preliminacy tests of the End Milling- Slotting Test (EMST).

Tipnis and Christopher [120) reported several case studies, three of
them were on end milling operations, that were performed at Metcut
Research Associates Inc. In one case study, the performance of brazed
carbide end mills was compared to those of HSS material based on a tool
life criterion. In another case study, the effect of cutting fluids on
high cycle fatigue and other mechanical properties of end milled and
ground specimens of an aerospace alloy was examined. The last case
study addressed the selection of machining conditions for adaptive

control end milling operations. A cutting force sensor system was used.

64



(mm3/min) x 103

40 60 80 100
¥ ] 1 L]
90 }
8o }
<
E -0 R-T CHARACTERISTIC
w CURVE FOR THE
S PERIPHERAL END
a i MILLING OPERATION
S 60
(@]
(.
50
40
30 |
zo i i [ {

3 4 5 6
MATERIAL REMOVAL RATE (in3/min.)

Fig. 25 Cutti -Tool Life racteristic Curve in R-T Domain For

A Peripheral End Milling Operation [119, p. 489]

65



Wijenayake [121] investigsted the performance of different coated
‘end mills, in terms of the wearland of cutters, cutting forces abtained,
and the quality of machined surfaces. Seven solid film Jubricants
(coatings) were evaluated on three work materials. The coated end
miils were tested under a constant cutting condition, which was
previously selected to yield a tool life of 30 to S0 minutes. Although
earlier laboratory tests had shown the coated end mills to have better
lives than the uncoated ecnes, under production eavironament, there

were no significant differences in performance.

In a study by Yellowley and Barrow (64), the influence of thermal
cycling on tool life in peripheral end milling was examined. They
mentioned that for some combinations of tooi and work materials, the
feed/tooth had shown no influence on too! life and, thus, the varying
undgformed chip thickness could be ignored. Under these conditions,
any variation in tool life could only be related to mechanical or
thermal effects, or a combination of both. They also mentioned that
previous opinions on these two effects are divided. German
investigators consider the entry conditions all importaant, while Japanese
and Russian workers emphasize the thermal effects. For this reason,
they utilized an end milling process where entry and exit conditions
could be kept constant. An HSS M-2 end mill of 1 inch (254 mm)
diameter was used in peripheral end milling with half immersion.
However, their preliminary tesis addressed the effect of the mode of
milling (up and dowa milling), and the differences between peripheral

and slotting operations in terms of thermal effects. Both milling
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operations did not show any significant differences due to the miiling
mode, but the siouting operation had shown considersbie increase in
tool life over the peripheral milling process. This was attributed to the
thermal effects. From their analysis of the periphersl end milliag
results, a thermal fatigue parameter was developed to characterize the
influence of the thermal cycling at constant peripheral speed on tool
life.

Others [106] utilized a milling test to simulate gear cutting. An
HSS milling cutter of 16 - teeth was employed to cut gear teeth on flat
surfaces of billets from four different casehardening steels. Some
savings in work material consumption was achieved through the
utilization of another face cutter to remove the machined teeth so that
the test can be continued on a new surface on the same billet. The
number of machined teeth (or cutting time) for a given tool life

criterion was the machinability indicator.

Okusa, Kitagawa, and Akasawa {118] developed what they called a
short-term face milling testt A face mill of 10 inch (254 mm) in
diameter was utilized in face milling cylindrical workpieces of plain
carbon and low alloy steels. The tool life criterion was based on s
desired flank wear value. The constants of Taylor's tool-life equation
were determined using this method and two other methods. These were
turning of cylindrical specimens and face milling of rectangular
workpieces. The last two tests were cailed standard cutting tests. The

tool life results for a given material varied between turning and
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miliing. They, hence, concluded that this variation is am indication
that & material could have a differeat performance under different
processes. However, this is an uanrealistic conclusion since it is based
on one material only. This difference in performance could be due to
the fact that turning is of the continuous culting type while milling is
of the interrupted one. They claimed that their shori-term method can
determine the Taylor's v-T curve with less material removed than the
standard milling test. [Examination of their resuits indicate that the
slopes of the v-T lines of the two tests are different enough to give a
large difference between the values of the C constant. No wvalid
statistical analysis was utilized. Also, the entry and exit conditions of
milling cylidrical and rectangular workpieces are different enough to

result in different tool failure modes.

In conclusion, none of the sbove mentioned milling machine tests
is of the short-term type, in terms of required testing time and/or
material consumption. Further, the majority of these tests are of the
Taylor's type where a tool life criterion based on a certain flank wear
value is utilized. In addition, the end milling-sloiting operation has
never been utilized for evaluating the machinability of work materials.
It might be mentioned here that one of the short-term tests develeped
in this study, an End Milling-Slotting Test, utilizes a slotting operation.
Briefly, the width of the machined slots was measured over twenty
minutes of cuuting. Three replications were taken on each material.
For each replication, the rate of the slot width variation (an indicator

to dimensional stability) was determined using simple linear regression.
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Although the required testing time would seem as long as that of the
Taylor test, the test is still regarded as a short-term test. The material
consumption is far smaller than that required fo; an equivalent Taylor
test. This was achieved through machining four slots on the work
materials’ bars, one inch (254 mm) in diameter and four inches (102
mm) long. Several advantages were realized from using the
dimensional stability of the machined slots instead of the tool wear rate.
For example, materials with a high tendency to BUE formation were
easily identified. Other advantages along with the results obtained are

given in Chapter 5.

(D) Sawing Machine Tests

Sawing machines are of three types; (1) power hacksawing,
(2) band sawing, and (3) circular sawing. They can be further
classified based on the feeding mechanism into; (1) Constant Feed Rate
(CFR). and (2) Constant Feed Force (CFF), or Constant Pressure.

As mentioned earlier, on page 37, the concept of the culting
rate-tool life function was developed on & lathe machine equipped with
a circular saw attachment [38). Simply stated, the function provides a
tradeoff between the metal removal rate and tool life. The circular
sawing test was based on cutting-off slugs 0.125 inch (3.175 mm) apart
from a 13 inch (38.1 mm) diameter steel tube under different feeds and
speeds. The slugs were sawed until total saw failure. However, this
concept is only valid when the material removal rate, tool life. or both

are at least second order or nonlinear functions in the log transformed
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cutting variable space. Other circular saw tests were mentioned in

reference [122).

Colwell and McKee (123] investigated the capability of a band
sawing machine in cutting-off titanium materials and its alloys. Their
preliminary results indicated that neither hand nor dead-weight (CFF)
feeding mechanisms were capable of sawing titanium alloys. A positive
displacement feeding mechanism (provides a CFR) was, hence, employed.
The workpieces were machined to certain dimensions prior to sawing.
This was to achieve constant thicknesses and to remove surface oxides.
Cutting forces were continuously recorded under differeat feeds and
speeds. The saw life was based on the cutting time required for the
feed force to reach an arbitrary value. From the sawing results and
other turning results, they concluded that the relative machinability of
the work materials studied was about the same for band sawing as it
was for turning. Other investigators [124] developed relationships
between the wear rate of different bandsaw blades and relevant sawing
parameters, such as speed, machine load and workpiece geometry. The
tests were performed on a certain material, which is frequently used
by English manufacturers of bandsaw blades in their quality control
wear tests. It might be mentioned here that Thompsom and Sarwar
[122] stated that for large sections of difficult-to-machine metals, power

hacksawing wss quicker and cheaper than band sawing.

The feeding mechanisms employed in power hacksawing machines

are of the CFF type except for the positive displacement (CFR) ones,
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which are not commonly used ({122] & [123]). Boston and Kraus [126]
investigated the performance of eleven cutting fluids when power
hacksawing eight metals. The bars were machined to a section 1 1/2
inches (38.1 mm) square. A medium feed pressure and a speed of 120
strokes per minute were held constant during all tests. The time
required to saw a 0.123 inch (3.2 mm) thick slice from the bars was
the indicator. They, however, ran preliminary tests, dulling tests. The
performance of three cutting fluids was investigated on one material
using tungsten- and high-speed- steel hacksaw blades. A new hacksaw
blade was assigned for each cutting filuid, and seventy slices were
sawed. From the results, they concluded that a cutting fluid giving a
short sawing time with a new saw blade does not necessarily continue
to give relatively short times after the saw has become dull. For their
comparison tests, a new HSS hacksaw blade was sssigned to each cuiting
fluid. For each cutting fluid, three series of cuts were taken on the
eight metals (one after the other). The sequence of the materials in
the second series wss in reverse order to the first and third ones. This
was to obtain three replications while minimizing the effect of the
bilade wear rate on the obtained results. The performance of the
cutting fluids was evaluated based on the averages of these three
replications. However, it is questionable whether the effect of the
blade wear rate on the resuits had been reduced using these three
series of cuts. The results of the first series were far smaller than
those of the second and third omes. Further, the findings from the
dulling tests seem to contradict the design of the experiment for the

comparison iests. Also, no valid statistical analysis was utilized.
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Cook and Davis [17], in their investigation of the free-turning
brass machinability, utilized a power hacksawing test. A HSS hacksaw
blade was utilized in sawing eight materials. The number of strokes
required to cut through one inch (254 mm) dismeter bars was the
indicator. Six replications were taken on each material. Frequent
checks were made on a standard material to insure that the blade wear
rate did not influence the results. The averages of these replications
were compared with other resuits obtained from a penetration test
(described on page 58). The sawing results were in reverse order to
the drilling ones. They, hence, concluded that the machinability of a
materigl is dependent on the employed test, and that caution is required
when interpreting the resuits of machinsbility tests. However, it is
questionable whether | the materials had equal variances. The
variability of the data should be first analyzed before any conclusions
based on the averages can be drawn. It might be mentioned here that
Crampton (110} wutilized both penetration and sawing tests in his
evaluation of the machinability of copper alloys. The results obtained

were similar.

Thompson and Sarwar [122] investigated the mechanics and
economics of power hacksawing. Their objective was to develop a
quality controi test for blade manufacturers. They mentioned that
because of the traditional method of manufacturing hacksaw hlades, the
cutting edge profile differs considerably from one tooth to the next on
the same blade. However, when the average of all profiles of a blade

was compared with the average for other blades having the same teeth
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pitch, small varistions were observed. The varistions were significant
when the blades had different pitches. A hacksaw machine with a
hydraulic feeding mechanism of the CFF type was utilized for their
tests. The culting forces were measured using s dynsamometer. They
mentioned that the typical criteria used by blade manufacturers are; (1)
8 certain number of cuts, given that the sawing time does not exceed
some value, or (2) the number of cuts needed for the sawing time to
double its initial value. From their results, they conciuded that the
feed load should be measured when using hydraulic type machines.
They claimed that the variastions in the results of different
manufacturers can only be explained with the measurement of thrust

loads.

Thompson and Taylor {127] investigated the factors influencing the
wear rate of power hacksaw blades using dimensional analysis. Their
results indicated that if the stroke rate was to be doubled, the wear rate
would have increased more than six-fold. Others [128] used the number
of sawed sections required to achieve a certain cut-off value for the

cutting time per section as an indicator to the useful iife of the blade.

Ia conclusion, with the exception of a few studies ([17]. [110), [123]
& [126)). the majority of sawing machine tests was directed towards the
investigation of the blade wear rate and/or sawing wear mechanisms
under certain conditions. Three of the few studies were performed on
sawing machines of the power hacksaw type ({17], [110] & [126}. One
of the three tests {126) addressed the performance of cutting fiuids,
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while the other twe investigated the machinability of free-turning
brass and copper alloys. However, there are disadvantages to the
experimental designs of these tests. None of the three tests utilized a
valid statistical analysis. The data variability was never analyzed.
Possible sources of error, such as the tolerances of the workpieces, had
not been addressed. Differences due to tolerances can be significant at
jow feed pressures. A better indicator which takes these differences
into account and minimizes other sources of error (mentioned in

Chapter 4) is the number of strokes per cross section area.

Finally, none of the previous studies has evaluated the free-cutting
steel machinability on a8 power hacksaw machine. Also, the potential of
this machine as a quality control tool for evaluating the machinability
of a work material in daily production has never been addressed.
Although there were attempts to develop & power- hacksaw
quality-control test for assuring the quality of manufactured blades, a
quality control test for the machinability of a work material requires
different considerations. The work material variations should be
minimized for a blade quality test, while blade variations should be Ekept
minimum when the quality of a8 work material is of concern. In &
blade quality test, the cutting would be under practical sawing
conditions, while in &8 work-material quality test, the cutting would take
place under low pressure. This is to increase the dominance of the
work material on the obtained results. Due to the above reasons and
other considerations mentioned in Chapter 3, one of the tests developed

in this study, a Power Hacksaw Test, utilizes a power hacksaw machine
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for evaluating the free-cutting steel machinability. The results

obtained along with a quality control procedure are given in Chapter 4.

(E) Automatic Screw/Bar Machine Tests

Automatic screw/bar machines are ecither of the single or
multiple spindle type. They are usually utilized t6 produce parts in
finished form, and, hence, commonly regarded as finishing processes.
For this reason, automeatic screw/bar machine tests utilize a measure of
the machined part quality (surface finish, size accuracy, or both) along
with a reasonable tool life value (6-8 hours), in their machinability

evaluation.

Murphy and Aylward [2) mentioned that during Weorld War II, a
four-spindie machine, in the Ishoratory of Bethlehem Steel Corp. (HRL),
was utilized for the commercial production of a part. This situation
geve them an opportunity to study the operation day-by-day. After the
war, the concept of simulating the actual production of a part (in the
laboratory) on an autoematic screw/bar machine began its wide spread
usage among the manufacturers of work materiasis. This was, perhaps,
to overcome the shortcomings in the machinability tests that do not test
under conditions close to production environment. Also, it is commonly
accepted that the closer the testing conditions to actual production, the

more relisble the results.

Although the literature contains many automatic screw/bar

machine tests ([2), (3], [12], [13]. [108]) & [129] to [132]). also called
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production performance tests (PPT) [2), or simulated production tests [9],
their testing procedures are almost identical. The differences could be
in terms of parts produced and/or testing domain where feed, speed, or
both feed and speed are varied. Basically, these tests simulate the
actual production of a certain part on an automsatic screw/bar machine
of the single or multiple spindle type in a laboratory (ie.. under
controlled input factors, such as tool material, tool geometry and cuilling
fluid). Normally, the objective is to determine the maximum production
rate (pcs/hr) for each material. This is through searching the feed,
speed, or both feed and speed cutting domain by trial-and-error and
under some constraints. Usually, these are an upper surface-roughness
(size-accuracy, or both) limit and an average tool life of some 6-8

hours of actual running time (cutting and indexing times).

Since the main objective of this study wa.é to develop & short-term
test that would correlate well with the production performance test
(PPT) of Bethlehem Steel Corp. their testing procedure will be
explained in some detail. A six-spindle automatic screw/bar machine is
utilized for the PPT. Figure 26 shows the original test piece [2].
Current tests employ the same test piece, but without the tapping
operation [3]. The surface roughness of the surfaces machined by the
three form tools (rough, medium, and finish form tools) and the
diameter increase (part growth) of the rough-formed surface are

usually measured {3].
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Fig. 26 The Test Piece of The PPT [2]

77



Murphy and Aylward [2] utilized the following testing procedure

for the PPT:

(1)

()

(3)

A certasin work material is first declared as a standard steel
(fe., its performance would be taken as the base in
determining the comparative rating of the performance of
other materials). Since different production heats would
provide different machining performances, the standard (or
base) material is varied from a study te another (heat to
another). That is, it is desirable, if possible, to produce the
materials including the base metal, subject o machinability
evaluation, from the same heat.

The maximum productica rate of this standard steel is
determined through searching the feed and speed cutlting
domsin by trial-and-error and under specified constraints.
These are in terms of specified surface roughnesses for the
three form tools over a 6-8 hour tool life. Typically, for the
rough form tool, the surafce roughness limit is 300 micro-
inches (7620 micro-mm), while it is 150 micro-inches (3810
micro-mm) for both the medium and finish form tools. The
maximum production rate (pieces/hour) is based on zero-index
time. Simply stated, it is equal to the inverse of the cycle
time (hours/piece), excluding indexing.

For each test meterial, the feed and speed cuiting domain is
searched through trisl-and-error and under the same specified
constraints for the standard steel until its maximum operating

conditions is found. These are the conditions at which the
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parts produced of the test material have approximately similar
quality to that of the standard steel, and for which a 6-8 hour
tool life was attained.

(4) When the above conditions have been met, the performance
of the test material is compared to that of the standard steel
on the basis of maximum production rates (pcs/hr). This is
through calculating a machining productivity index (MPI),
which is the ratio of the production rate of the test material

to that of the standard one.

Iastead of the trial-and-error search procedure, Litwa [3] employed
an experimental design with three levels for each of the feed and
speed (maximum, middle and minimum). A slightly different end-point
criterion for the PPT was utilized. The surface roughness resulting
from either the rough or finish form tool should not exceed 300 micro-
inches (7620 micro-mm) during the first eight hours of production.
Part growth was also measured and showed a similar trend to that of
the surface roughness evaluation. The production rales, also called
theoretical hourly production rates [12], of the fifteen work materials
under study are given in Appendix B. Figure 2.7 shows the rough-
form-tool test resulis obtained under a production rate of 302 pcs/hr
for four materials [3]. These are the 9T, 10T, 11IT, and 12T as indicated
in Appendiz B, where the 9T was the standard steel. The test was
terminated for both the selenium materisls, while it was concluded that

the other two are of equal machinability.
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Fig. 27 The Rough-Form-Tool Test Resulis For a PPT [3]
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Since the production rate (or cycle time) depends on the test piece
geomtery and other factors, efforts were made to standardize the test
piece as well as the testing procedure [12). The ultimate objective is to
provide a basis for valid comparisons among the manufacturers of work

materials, who are the only users of such a simulated production test.

The standardized method is similar to that of the PPT. The method
calls for the production of a certsin test piece from & cne inch (234
mm) bar diameter using specified tools in a specified sequence. Other
bar sizes could be used provided that the material removed and the
material remaining was in the same cross-sectional proportion a&s in the
test piece. 1t also sllows for varying the form tool rake angles when
changes of cutting speed and feed fail to produce test pieces of similar
quality among different materials. Other specifications cover the
method of determining the machine capability and the requirements in
the surface roughness messuring instrument. Recommendstions for the
surface roughness limits as well as for the maximum diameter increase
are given for the two form tools, specified for the production of the
test piece. For example, the maximum dismeter increase (part growth),
from the starting size on a test piece in a sample set of Six test pieces,

recommended for the rough-formed surface is 0.005 inch (0.13 mm).

Watson, Davies and Ramslingam [13] utilized the standard test
method on twelve heats of AISI 12L14 free-cutting steel originating
from the USA, UK, Japan and Australia. A single spindle machine

equiped with a dynamometer to measure the thrust force on the rough
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form tool and a heat exchanger fitted to the coolant sump to maintain
the coolant temperature constant was used. The standard method has
shown considerable uncertainty as to the appropriate manner in which
to present and interpret the results obtained. First, in caiculating the
theoretical production rate for a single-spindle machine, the cycle time
excluding the time when no tools are cutting should be changed to the
cycle time excluding the inactive time of the rough-form tool only.
Second, a 6-8 hour tool life based on the total running time shouid be
chenged to that based on the cycle time excluding indezing (for a
multispindle machine) or inactive time of the rough-form tool (for a
single spindle machine). These changes would allow for comparisons

between the single-spindle and multispindle machines’ results.

Watson, Davies and Ramalingam also had a problem with the
meaning of maximum production rate. Perhaps, this is due to the bad
wording of the standard method. In any case, they suggested to utilize
the concept of the cutting rate-tool life (R-T) function, described in
[38], on the results obtained. The function depends on the existence of
a certain relationship between tool life and cutting conditions and at
least eight values of tool life to obtain reliable values. For the part
growth dats, there were no problems in applying this concept.
However, for the surface roughness dats, an empirical model that
satisfies the R-T function requirements was not found. They., hence,
used a model developed by Abeyama and Nakamura [103] to demonstrate,
in principle, how the maximum production rate can be found using the

R-T function under the constraints of part growth and surface
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recughness. However, since the concept of the R-T functioa is limited
in application to some experimental results, this analysis should not be
enforced on the standard method. Only those recommendations
concerning the comparsions between the single md multiple spindle
machines’ results should be adopted by the standard method. Finally,
their thrust force measurements on these different heats of AISI 12L14

steel showed heat-to-heat differences of up to 40 %.

With regerd to the meaning of maximum production rate, the
standard method meant the following (12); (1) when the machining
performance of a single material is subject to evaluation, one would
search through trisl-and-error for its maximum production rate under
some specified constraints, and (2) when the relative machining aspects
of several metals is subject to evaluation, they must be compared under
similar twreads of part quality. Otherwise, the relative machining
performance of different materisls can be only evaluated when the test
pieces produced are of equal quality with respeci to surface roughness
and dimensional limits over comparable periods of time. Clearly, this
requirement for comperisons among materials may not be at the
maximum production rates of some materials. The question is,
therefore, what is the advaantage of locating the maximum production
rate for a certain material given that it can not be used for
comparisons with other materials? Also, this mazximum production rate
depends on other factors beside those of the work material, such as
machine power, available range of speeds and feeds, collet pressure,

and machine rigidity. Perhaps, if the standard method specifies a
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certain standard meterial (with a specified maximum production rate
and part quality trend) to which the machinability of all other
materials can be related, this problem would be solved. Finally, the
standard method recommends any commercially available coolant to be
used. Clearly, this is in confiict with the msain objective of
standardization. Different cuuting fluids give different machining
performances. Nonetheless, any attempts to standardize machinability
tests should be welcomed. That is, through standardization only,

machining data can be exchanged.

In conclusion, as with any machinability test, automatic screw
machine tests have advantages and disadvantages. The advantages can
be summarized in that they simulate an actual production environment.
There are, however, several disadvantages in addition to the sbove
mentioned ones. One of them is mentioned in the standard method [12]
For a single test run of easy-to-machine materials, from 1500 to 2000
Ibs (700 to 900 kgs) of bars would essily be consumed. Other
disadvantages would include difficulties in changing cutting conditions
and poor repeatability due to the multiplicity of the parameters
iavolved [133].
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(F) Other Machines Tests
Other machines that were utilized for machinability tests
inciuded grinding machine, gear hobbing machine, planer, and

machinability tester machine tests.

In one of the case studies, reported by Tipnis and Christopher
(120, p. 23], the effect of cutting fluids under low stress and sbusive
grinding of some areospace alloy components were examined in terms

of high cycle fatigue and other mechanical properties.

Rabezzana and Tipnis [133] develaped an accelerated hobbing test
for evaluating gear steel machinability. Simply stated, the hob tooth
wear was accelerated on some teeth (ie. different hob sections) by not
advancing the hob, in contrast to normal production conditions. With
this semi-simulated production test, & given gear steel can be evaluated

in one day.

Boston [5] utilized four different machinability tests on eighteen
ferrous and twenty-one nonferrous metals. Four machines were
employed; a planer, a conventional drilling machine, a penetration
drilling machine, and 8 machinability tester machine. In the planer
tests, the cuiting force resulting from the culting action of a semi-form
tool during a planing operstion was measured. The torque and thrust
force were measured in the conventional drilling machine tests. The
drilling depth obtained by 100 revolutions was measured in the

penetration drilling machine tests. In the machinability tester machine
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tests, the energy absorbed by a single tooth milling cutter, similar to a
cutting-off tool, was measured. Boston reported that this machinability
tester machine was designed by Carl Oxford around 1920. Briefly, the
design is similar to an impact testing machine. A single tooth fly
cutter is mounted on a horizonial shaft to provide rotations in s
vertical plane. At the other ead of the shaft, a weighted lever arm
(pendulum) is attached. The swinging of this weight provides the
fnecessary power to drive the cutling edge into the workpiece, which
cean be fed with different feeds and desired depths of cut. The
absorbed power (emergy) is indicated by the pendulum rising past dead
center. Boston converted all the measurements from the four tests into
a common measure (horsepower required for a one unit of metal
removal rate) for his machinability evaluation. The four tests' results
were almost similar in ranking the metals snd were independent of
‘hardness. However, there is no one tool geometry nor one cutting
speed erxisting for the practical or optimum machining of this range of

metals (3, p. 698].

Others ([44) & ([48)) utilized & chip formation machine, which is
similar in principle to that of the machinability tester machine. Two
cui-off tools were mounted symmetrically to produce two chips on a
plate specimen under a specified speed and depth of cut. The cutting
forces generated by these two tools were mesasured. The chips were
also weighed, and the length and width of cuis were measured. From
these measurements the specific cutting energy was calculated and

utilized as a machinability indicator. The specific cutting energy
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results were in agreement with some screw machine handbook ratings.
However, only six dats points were compared. Further, this special
machine and measuring requirements should be weighed against other

alternatives, such as the Power Hacksaw Test.

Cohen and Black [134] designed what they called a standard
machining data machine to provide metal cutting properties in terms of
flow stress and specific horsepower. They mentioned that this machine
would provide standard machining data in a similar fashion to those
standard machines utilized for measuring mechanical properties, such as
hardness and impact strength. The tocl with the desired geometry and
material is attached to a free falling pendulum arm. The tool velocity,
prior to and after an orthogonal cut, was measured to calculate the
consumed kinetic energy. from which the specific horsepower was
determined. Measurements of forces and shear angle were utilized to
calculate the flow stress. However, these machines, based on the
concept of having a machinability tester machine, uaderestimate the
machinability problems or oversimplify the metal cutting process.
There are so many different tool failure modes, due to different
interactions between the workpiece, cutting tool, cutting fluid, and even
the cutting machine, that cannot be determined except under normal
production conditions. One of the main problems of machinability is
that data obisined on one machine may noi be obtainable oo & similar
machine. If machinability is that simple, why, to date, is there no

acceptable definition for it?
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From the sabove mentioned machinsbility tests, the following

connclusions can be drawn:

(1)

(2)

(3)

(4)

(3}

A universally scceptable system for classifying machinability
tests does not exist.

There are no cut-off values, in terms of consumed material
and/or testing time, to aid in identifying whether a8 given
test is of the long-, medium-, or short-term type.
Nevertheless, the Taylor-type and simulated production tests
are considered of the long-term type.

Machinability tests include those that require speciai machine
setup (i.e., Variable Rate Turning Test), work material
preparation {i.e., Taper Turning Test), tool preparation (ie.,
Softened Teol Test), measuring devices (i.e., IR Photography),
or & combination of these.

The ultimate machinability tests are the aciual production
ones. They are the most expensive, but the most reliable
ones. The second most accurate, but still expensive tests, are
those that closely simulate actual production conditions in the
laboratory (i.e., Automatic Screw/Bar Machine Test (ASMT), s
standardized PPT). Hence, the further the testing conditions
move awsy from production situations, the lower the
reliability of the results.

Tests that closely simulate actual machining in the laboratory
(ie.. PPT) are usually considered most reliable. However,
laboratory test results can be significantly different from

production environment [121}. Further, industrial ratings
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(6)

(7)

(8)

(9)

(16)

from different sources have shown & poor correlation [9].
Therefore, caution should be exercised when analyzing and
interpreting the results of machinability tests.

Although the ISO test, al standardized Taylor test, is the oaly
internationally accepted testing procedure for machinability
evaluation, it is not widely used. That is; (a) it is a
long-term test, (b) it limits the testing variables' flexibility to
achieve comparable resuits, and (c¢) it does not consider the
feed effects on tooli wear or life. Furthermore, a8 varisble
speed drive system is usually required.

Since none of the short-term tests has been adopted in a
wide spread fashion, their validity is limited to their testing
domain. Therefore, they should not be used in isolation but
rather in conjunction with the long-term test results of a
given testing domain.

Due to the inhereat variation in work material, culting tool
and cutting fluid lots, deterministic analyses are not
appropriate for machinsability testing.

Work material characteristics dominate when machining
under constani feed force (pressure or load).

The ranking of work materials can be dependent on the type

of test as well as the machining performance indicator.
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2.3 Machinability - Data

In this section, the available machinability ratings are discussed
in terms of advantages and disadvantages. Table 2.1, abstracted from
reference [1), shows the estimated minimum mechanical properties and
average machinability ratings for some resulfurized carbon steel bars.
The ratings were based on a value of 100 % for AlSI 1212 cold drawn
steel. This 100 % value corresponded to turning at 180 sfpm (33
m/min) for feeds up te 0007 (0.18 mm/rev) and depths of cut up to
023 inch (64 mm) and with the appropriate cutting fluids and HSS
tools (T1 hardened to 63/65 RC).

Other information sources that were utilized in determining the
average machinability ratings included various experimenta! data and
actual shop production information obtained from results of machining
ccld drawn bars on single and multiple spindle automatic screw
machines. [t was also mentioned that these averages could be affected
to some degree by the amount of cold reduction, mechanical preperties,
grain size, and microstructure. However, these four factors are not the
only ones that could affect these averages. Other factors would include
tool geometry, cutting fluid, machining performance indicator, and even
the cutting machine rigidity. In other words, the sources of
information are themselves factors. Troup [93] mentioned that
handbooks differ by as much as 43 % in rating the machinability
advantage of lead, and Groover [9] found a poor correlation between

industrial ratings from different sources.
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Table 2.1 Estimated Minimum Mechanical Properties
and Machinsbility Ratings [1]

Alsit Type of2  Tensile Yield Elongation Reduction BHN AVE3

No. Processing Sirength Strength in 2 inch in area MR.
(psi) (psi) (%) (%) (%)

{211 HR 55000 33000 25 45 121
(8:)) 75000 58000 10 35 163 95

1212 HR 56000 33500 25 45 121
CD 78000 60000 10 35 167 100

1213 HR 56000 33500 2S 4S 121
CD 78000 60000 10 35 167 135

12L 14 HR 57000 34000 22 45 121
cD 78000 60000 10 35 163 160

1- The 1200 series steels are rated on the basis of 0.10 % maximum
silicon or coarse grain melting practice.

2- HR : Hot Rolled, and CD : Cold Drawn

3- Average machinability rating is based on a value of 100 % for AISI
1212 CD
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Kahles [133) argued that since high speed steels have lost ground
to carbides in turning, the basis of that 100 % value (which is turning
under the above mentioned conditions) is no longer accurate. He stated
that an index using HSS wouid be more relevant for other operations
than for turning, such as end milling, drilling, tapping, etc. He,
hence, proposed that if machinability indices should be used, a new
speed base value for each operation and different types of tool
materials should be first established. Some machining data obtained
under different combinations of work materials, cutting tool materials
and operations were utilized for demonstrating his proposal. For each
operation, & 100 % machinability base value was selected based on
cutting speed. The calculated indices reflected wide discrepancies from
one operation to another. He. consequently, rejected the idea of basing
indices on cutting speed only. He mentioned that when drilling a
certain material, the index value would change from 92 to 132 %, if the
feed was not specified, and from 92 to 146 %, if the type of cutting
fiuid was not given. He, thus, advised that machinability indices would
be misleading unless accompanied by data for all important cutting
variables (ie., type of operation, speed, feed, depth of cut, etc.). Even
so, he argued that if all the important cutling parameters are given,

the indices would not be required, .

In addition to the above wvalid criticism, the variability of the
results of any machinability test should be provided. The following
data, from the Power Hacksaw Test results, demonstrate the importance

of knowing the data variability:
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Material Ave. number of sirokes Variance Confidence Interval

per cross section area (95 %)
A 187.3 47.3 166.7 , 207.9
B 194.9 S.7 187.7 , 202.1

The average number of strokes per cross section area was determined
from the results of five replications. If material A is selected to be the
base metal, the machinsbility indices for materials A and B would be
100 % and 96.1 % respectively. That is, the lower the number of strokes
per cross section area, the better the machinability. Considering these
indices only, materiai A would be regarded as the best alternative in
terms of machinability. However, when both means apd variances are
considered, material B would be the best choice. In summation, the
method utilized in determining the machinability indices does not
reflect the data variability.

The concept of relating the machining performance of a meterial
to another by a single index has, therefore, several disadvantages. The
index value does not take into account the data varisbiliiy, uniess the
hypothesis of equal variances was first tested and accepted. The index
value does not provide the user with important information regarding
cutting conditions. A better approach to these indicies is to provide
the machinability tests’ resuits in terms of means and variances along
with their testing conditions. Although with this approach the decision

process of selecting a material based on machinability would not be as
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easy as having a single index, the advantages outweigh the degree of
difficuity. This is demonstrated in Figure 28, cited from Tipnis and

Joseph [25]. The comparison of the optimum machining responses

(My/Mp) can be misleading without the comparison of cutting rates at

the optimum (Rg/Rg).

Given the above mentioned disadvantages of machinability indices,
the question was, then, who are the users of these indices? Kahles
(135] mentioned that machinability indices should not be used in
decisions regarding the purchase of machine tools, cutting tools and
fluids, nor in determining the expected production rate. Others ([136) &
[137]) used these indices to determine whether improved machinability
would be profitable. Tipnis and Christopher [120] viewed machinability
testing in terms of degree of sophistication and purpose. Testing for
machinability ratings was considered the lowest degree of sophistication,
while testing for the economic operating conditions based upon
mathematical models that represent a response under some constraints
was regarded as the highest one. The rough comparison of
preliminary cost estimation was the only purpose given for using
machinability ratings. They also regarded machinability testing for
handbook data (ie., reference [138]) as the second lowest degree of
sophistication. Furthermore, they are for the purposes of determining
starting recommendations and industrial engineering time standards
computations. However, Cook [24] stated that because of the problems of

tool life variability due to maierial variance and that tool life data are
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also machine-sensitive, any meachinability data must be viewed with

suspicion. He mentioned that predictions based on these data could miss

the mark by a wide margin.

WORKPIECE MATERIAL - A

WORKPIECE MATERIAL-B

MACHINING RESPONSE
{SURFACE ROUGHNESS OR DEMINSIONAL INCREASE)

CUTTING RATE, R —

Fig. 28 Machining Response (Surface Roughness or Dimenstional
Increase) Versus Cquing Rate For Two

Work r 2 21
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The importance of defining and measuring machinability lies in
the product design and manufacturing process. The machining aspects
of work materials are usually considered during the materials selection
process conducted by machine designers. If tables similar to tsble 2.1
are used for this process, the decision validity will be questionable.
Although at a later stage, & manufacturing engineer would re-evaluate
that decision, in terms of machining and raw materials costs (based on
other sources of machining data that may or may not be valid), it is
usually a time consuming process. Machinability data obtained from
standardized machinability tests that reflect the optimum machining
performance of work materials under different operations and cutting
conditions including different tool materials, too! geometries and cutting
fluids are, therefore, needed. A proposed approach for the development
of such tests, which would be of the long- to medium-term type, is

discussed in section 2.4.

Other short-term machinability tests that correlate well with the
standard ones would be needed for testing the quality of work materials
produced and incoming raw materials. Of course, the testing method of
the short-term tests would be simpler than that needed for the standard
ones. That is, the machinability space will be limited to some
operations, cutting tool materisls, etc. For example, milling and drilling
operations are heavily used in airframe manufacturing [121]), while the
costs of turning and grinding are the highest in the manufacture of

gircraft engines [139].
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24 Problems of Defining Machinability

The conclusions of the first three sections of this chapter can be
summarized in that the term machinability should stand for machining
efficiency, where efficiency is the overall performance, and should be

viewed as an input/output system.

Figure 29 shows the meain input and output factors of the
machinability system. The majority of the indicators used can be
classified under the main output factors; machined part, cutting tool,
cutting forces, consumed power, cutling temperature, ease of chip
disposal, and others. The machined part is the objective of any metal
cutting operation given that a reasonable ool life and/or cost are
attained for the desired quality. Cutting forces can be utilized in
determining consumed power and/or cutting temperature, of which its
measurements are considered of academic interest oaly [10]). Although
ease of chip disposal is important, especially for automated
manufacturing systems, a good chip-breaker design [62] and/or slight
modification to the input factors [6] make this criterion of least
importance. Other output factors may include burr height [117],
compound indicators, etc. The main input factors (work material,
machining operation, cutting teol, cutting condition, cutting fluid, and
others) are listed in the logical order that a manufacturing engineer
would follow in developing a process plan. The work material
specifications, required part qualities, and available facilities are the

process plan input factors while the route sheet and operation sheets
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are its output. Other input factors to the machinability system may

include system rigidity [140}, etc.

Work by Wager & Barash [87] and Friedman & Ziatin [36] indicate
that the machinsbility system should be a probabilistic type (versus
deterministic). The main sources of variability are the work material,
cutting tool and cutting fluid, where the variability of work material is
the highest. Thomsen (28] stated that F.W. Taylor had considered
himself fortunste for having uniform metal to work upon. Therefore,
machinsbility should stand for the “"machining efficiency”’, where
efficiency is the overall performance, and must be viewed as a
“probabilistic input/output system”. If a certain input factor is subject
to analysis, such as & work material, then the machinability of a work
msterial is of interest (see Figure 2.10). Similarly, there is the
machinability of a cuiting tool and & cutting fluid. Since this
dissertation is concerned with the machinability of free-culting steels,
the rest of the discussion is somewhat bhiased to the machinability of

work materials.

Figure 2.11 presents a detailed machinability system for the
purpose of explanation. The machined part indicators are usually in
terms of surface roughness, dimensional accuracy (stability) and/or
surface and functional integrity. The Automatic Screw/Bar Machine
Test [12), for example, employs both surface finish and dimensional
accuracy. Although surface integrity was studied as early as 1926 [141],

it is relatively new to the machinability indicators ([24), [25) & [142)).
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The cutting tool indicators are of two types; tool life and tool wear
rate. The wol life indicaters can be further classified into two groups;
catastrophic and non-catastrophic. The catastrophic wol life indicators,
which depend on total too! failure, are only applicable to HSS tool
materials. Indicators such as; (1) time to total tool failure in turping
or facing ([2] &[50]), (2) number of drilled holes ([6] & [116]) or
machined gear-grooves [106) prior to complete breakdown, and (3) go

no-go critical feed values [109) are typical exsmples of this group.

The non-catastrophic (predetermined) tool life and tool wear rate
indicators require the measurements of the mean or maximum width of
the flank wear, crater wear depth, and/or notch wear length ([6), (7],
[10), [56] & [66]). However, it is the mean flank wear value that is
commonly used and has been shown to provide the lowest coefficient of
variation, standard deviation per mean [143]. The non-catastrophic tool
life group would include indicators such as speed for a given tool life
(12]. 4], [22] & [50]), speed for a given tool fife obtained in removing
two cubic inches [144), tool life under certain cutting conditions ([4],
{6]. [35]) & [145]), and tool life or materisl removal rate per tool grind
([22) & {30]). The utilization of tool wear rale as a machinability
indicator is not an easy task, due to its variability with time. Normally,
there are three ol wear zomes; break-in, gradual and accelerated.
However, it is the gradual tool wear rate that is usually utitized ([67).
Because of the possibility of having an iaflection in the gradual wear
rate at low cutting speeds and feeds [86]), two gradual wear rates can be

present and, therefore, caution should be exercised.
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The culting forces indicators can be classified into two groups;
conventional and non-conventionaf. For the first group, typical
indicators include forces obtained under certain cutting conditions ([3],
(4] & [22]), feed for a given feed force value or feed force resulted at
8 certain feed [2), unit force (cutting force per chip cross section area)
{3). coefficient of friction ([6]) & [101]), time to reach a8 certain feed
force [123], speed that gives 50 % increase in feed force within two
minutes of cuuting [89), torque and thrust in drilling ([4), [3) & [6)),
horsepower calculated from forces or torque and thrust [S], and specific
cutling energy determined from cutting force measurements ([6], [44] &
(48]). For the second group, the cutting speed at which the cutling
force doubles its imitial vailue when turning at increasing speed {98),
the feed rate obtained when turning at constant feed force [18], and
the feed lcad resulted from power hacksawing with a3 hydraulic type

machine [122] are typical examples.

The consumed power is usually measured by a wattmeter. The
flank wear resulting in a certsin power was employed as an indicator
[56]. The cutting temperature is usually measured by a thermocouple.
The wear-temperature gradient was utilized by Redford [34] for on-line
assessment of tool wear. The indicators for ease of chip disposal would
inciude chip equivalent (cutting edge length per chip cross section
ares) (I7] & [11]), fracture strain (60, chip form and size ([6), [30), [87],
[101] & (106]). chip comtraciion (cut length per chip length), and chip
formation as a function of downtime to clean it [130). Other indicators

which were used for machiﬁb;bﬂity evaluation would include BUE height
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(103). burr height [117], and the acceleration of microparticles in the

cutting zone [148].

For the input factors, the machinability of & work material would
depend on the eatire process utilized in producing it and on its semi-
finished geometry. The prodhction method of steel would, for example,
include the melting, deoxidation, solidification, rolling, heat treatment
and cold drawing processes [26]. For this reason, the ISO test {66), an
internstional standard tool-life testing procedure, specifies a certain
production method to be applied in preparing the work materials for
testing. This is to minimize possible sources of work materials
variability, and, thus, allow for valid comparisons among and within
different countries. References [20], [95). (130]) & [145] to [147] are
examples of studying some of the production method effecis on the
work material performance under specific (limited) input and output
factors. The workpiece geomtery may influence machinability through
thermal effects. Other input factors include; (1) type of operation, such
as wrning, facing, drilling, and so on, (2) cuiting tool, in terms of
type (single-point, multiple-edges, or form tool), material, and geometry,
(3) cuuting condition, such as speed (constant or variable), feed
(constant feed rate or constant feed force), and depth of cut, (4)

cutting fluid, and (5) others, such as the machine rigidity [140].

Examination of the input/output machinability system, given in
figure 2.11, confirms that during any metal cutting operation, an output

indicstor wouid reflect an interaction between a work material 2
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cutting tool, and a cutting fluid (if used). This interaction could vary
with the cutting conditions, over the machining time, and from one
setup to another. Machinabiiity is, therefore, not s material property.
Instead, it should stand for machining efficiency and should be viewed
as a probabilistic input/cutput system. Further. all combinations of
input and output factors would constitute what can be called the
machinsbility space, and machinability improvement can be indicated
by. (1) & belter machined part, (2) a higher tool life or smaller tool
wear rate, and/or (3) lower cutting forces, consumed power, or cutling

temperature.

In wra, the ranking of work materials under limited (certain)
input and output factors should not be called the machinability
(machining efficiency), but rather the partial performance (or
performance), of work materials. For example, if the ansalysis was
performed under turning with a HSS tool and using the tool life as a
criterion, this is & partial performance (not overall performance) of
work materials under certain input and output factors. That is, the
ranking of work materials can vary from one operstion to another, one
cutting tool to another, and from one indicator to another. The
machinsbility of & work material would, hence, depend on the entire
process utilized in producing it, its semi-finished geometry, and on all
other combinations of input and output factors. Finally, the
machingbility improvement of work materials may not be the oaly
objective. Perhaps, a compromise between machinability, weldability.
and workability is the desired goal.
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The question was, then, whether a commonly accepted, quantitative
definition for the term machinability can exist. From the literature
survey given in the first three sections of this chapter, it can be
concluded that there are two schools of thought. One school recognizes
the many facets of machinability, and, thus, instead of defining the
term, prefers to rely heavily on the purpose of testing (i.e. solving a
specific machining problem) ({24), (23], (26], [40), [63), [101]), [120], [133]
& [149])). This school provides testing methodologies (strategies) rather
than facing the question of whether machinability date and experience
are transferable. The second school of thought, whether purposely or
not, over simplifies the machinability definition, in order to facilitate
valid comparisons for the resuits obtained by different investigsators
({7}, (8], [11], [30). [44], [66], [79], [109]). [115), [134], [148], etc.). Although
the objective of the second school is noble, the acceleration of
microparticles in the cutting zone [148), for example, is an over
simplification that should no longer be accepted. The gquestion was,
then, whether a compromise definition between these two extremes is
feasible. Examination of figure 2.11 confirms that a commonly
accepted, quantitative definition for the term machinability will never
exist.

The only solution between the two schools of thought is to have
several standardized machinability tests, where each test would be
testing a limited (certain) portion in the machinability space. In other
words, several definiticns for the term machinability (machining

efficiency) as applied to these portions of the machinability space are
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needed. The question was, then, how would the machinability space be

partitioned? The machinability space should, first, be viewed in terms
of one input factor at & time. For example, figure 2.10 indicates that
there is a machinability space for work materials. Similarly, there is a
machinability space for cutting tools and for cutting fluids. These
msachinability spaces can, then, be divided into sub-spaces of limited

(certain) input and output factors.

The sub-division of the machinability space of work materials, for
example, can be based on a logical classification system. The system
must consider the requirements of end users (design and manufacturing
eagineers) in addition to other factors, such as chemical compositions,
production methods, etc. For example, the manufacture of parts made
from [free-cutting steels is wusually done on automatic screw/bar
machines of the single or multiple spindle type. Therefore, the
machinability space of free-cutting steels can be limited to these
mechines. This limited space can be further restricted to HSS tool
materials, since the achievable cutiing speeds are in the economical
range of the HSS tool materials. This is due to the structure of these
machines and that they normally accomodate bars up to two-inches
(308 mm) in diameter. Afier improving the testing procedure of the
standardized PPT [12], it can be used for the machinability evaluation of
this group of materials.

With a similer analogy, other groups of materiale with a common

limited machinability space, in which they compete, can be identified.
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Once these groups are identified, standardized testing procedures, similar
in nature to the standardized PPT (ie. simulate an actual production
condition), can be developed. Rabezzana and Tipnis [133), for example,
developed & simulated production test for gear steels. If the
manufacturers of gear steels can agree on a siandardized testing
procedure, the machinability of gear steels can be evaluated within
their machinability space. That is, the machining requirements for
gear steels are different than those for free-cutting steels. In other
words, the performance of & gear steel on a PPT should not be used as
an indication to its performance under gear cutting conditions. Finally,
since the further one moves away from a practical cutting condition,
the lower the reliability of the information obtained, these tests should
simulate or test near actual production conditions. Although each
standardized test may mnot cover its entire machinability sub-space, at
least the results obtained would be the closest to reality and, hence, can
be used for valid comaprisons. For example, although the results of the
standardized PPT could vary with variations in the gesmetry of the part
produced, fixing the geometry is a reasonable trade-off fer having
comparabie dats.

In conclusion, the term machinability should stand for machining
efficiency and should be viewed as s probabilistic input/output system.
This system should be further viewed in terms of one input factor at a
time. The machinability space of work materials should be divided into
sub-spaces, in which group of materials compete among themselves for

industrisl applications. For each machinability sub-space, a standardized
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testing procedure should be developed. These tests should be testing
near producuon conditions. Of course, if a material is competing in
two machinability sub-spaces, it should be evaluated by two tests.
Finally, testing for the machinability of work materials wouid be the
responsibility of the manufacturers of work materials who are seeking

markets for their products.
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23 HRL Machinability Evaluation System

Figure 2.12 shows the machinability evaluation system of Homer
Research Laboratory (HRL) at Bethlehem Steel Corp. The diagram is
the outcome of a personal interview with Mr. R. Litwa of the
machinability (Constructional Steels and Manufactured Products) group
at HRL. The demand for machinability evaluation of a new material
can be triggered by customer demands, published articles, and/or other
sources, such as new OSHA regulations, etc. For example, the last seven
materials in Appendix A were investigated due to a2 new OSHA standards
for occupational exposure to lead. In July 1979, OSHA reduced the
permissible human exposure level to lead from 200 to 50 micrograms

per cubic meter per eight hours [3].

The machinability evaluation system of HRL can be divided into
two stages. (1) preliminary, and (2) production and machinability
evaluation. In the first stage, chemical compositions and microstructure
analysis are performed on small ingot sizes, such as 100, 300, or 500 1b
(45, 135. or 225 kg) ingots. However, it is the 500 Ib (225 kg) ingot
that is usually used. Other sources that may influence the final
decision of how many heats (materials) should be produced ia the
second stage include HRL previous data (experience) and likely trends
as indicated by publications. If the results of this early investigation
do not show very high potentials for the new material, the process is

stopped at this point, due t¢ the very high costs of the second stage.
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The maximum number of heats that were qualified at one time for
the second {(production and machinability evaluation) stage was nine.
The second stage starts with the production of a 20,000 1b (9000 kg)
ingot for each highly qualified material identified in the first stage.
The chemical composition is checked, and the material is then hot
rolled in one of Bethlehem steel plants. If there are rolling problems,
a second ingot would be produced. At most, two ingots would be needed
to adjust the hot-rolling process parameters. The bars are then shipped
to one of the plants of Bethlehem's customers to receive the cold
drawing process. The mechanical properties are usually determined
before and after the cold drawing process. Typical reduction of area in
cold drawing ranges from 7 to 11.4 per cent. The bars utilized for this

sttdy had an 114 % reduction of area in cold drawing.

Abeyama and Nakamura [103) studied the effect of different
reduction of areas on tool wear when turning a material on a lathe
and on an automatic screw/bar machine. The lathe results showed the
tool wear to decrease with an increase in the reduction of area in cold
drawing. For the automatic screw/bar machine, minimum toof wear
values were observed between 15 and 20 % reduction of areas. This
difference was atiributed to that turning oan a lathe is of the
continuous cutting type. while it is of the intermittent type for the

automatic screw machine.

Two machinability tests are then utilized on the cold drawa bars;

the Taylor tool life test and Bethlehem's Production Performance Test

111



(PPT). 1n the Taylor test, the bars are turned on & lathe until an HSS
tool fails catastrophically. The time to failure as well as the resulted
cutting forces are recorded for a series of speeds. In the PPT,
described in more detail on pages 73 to 80, the production of a certain
part is simulated on an automatic screw/bar machine of the multiple
spindle type. The Taylor tool life test has never differentiated between
the materials nor have the results of this test shown a valid correlation

with the PPT results ([2] & ([3]).
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26 Demand For Short-Term Tests

Due to the increasing trend towards the application of automation
in manufacturing, the machinability of work materials, cutting tools
and cutting fluids are becoming more important. The consistency of
work materials, cutting tools and cutting fluids are vital faciors to the
reliability of modern manufacturing systems, Flexible Manufaciuring
Systems. The high demand for accuracy and coasistency in the input
factors of metal cuilting operations intensifies pressure on the
manufacturers of work materials, cuiting tools and cutting fluids. The
pressure is, however, highest on the manufacturers of work materials,
due to the work materials higher variability relative to other input

factors.

The machinability of work materials has ne standard definition
faor a commonly accepted testing procedure. In turn, there are no
contract specifications for it, but rather specified ranges for the
chemical compositions. As mentioned earlier, on page 14, it has been
shown that small wvariations in the chemical composition of work
materials can have significant effects on machinability which could,
thus, vary between the high and low ends of each element [22]. This
has iled to the high demand for a narrower chemical composition
range, especially for the elements that are harmful to machinability.
For example, although AISI calls for a minimum of 0.15 % sulfur for
stainless steels, contracts call for a maximum of 040 % sulfur [150].

However, there are other factors beside chemical composition that can
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influence the final microstructure and, thus, the machinability of work
materials. Any small varistions in bar size, final rolling temperature,
cooling rate, heat treatment, etc. could lead to & variation in
microstructure and, therefore, an unknown machinability level. At the
same time, there are no valid predictive models based on micrestructure
analysis, but rather general trends to microstructure effects on
machinability. That is, two microsiructures can have no significant
differences, but yet provide different machining performances [42].
Further, machinability ratings do not correlate well with either

physical or mechanical properties.

In  summation, machinability evaluation through chemical
composition, microstructure analysis and physical or mechanical
properties is not reliabie. Testing for machinability is, therefore, the
only valid and available alternative. The machinability group of HRL
at Bethlehem Steel Corporation recognizes this, and believes that
machinability assurance in the steel mill is the only means 10 improve
manufacturing competitiveness. This is through producing materials
with accurate and consistent machinability ratings. In other words,
there is a high demand for a short-term test that would require & small
amount of work material and time, and that can be utilized in the steel
miil for machinability assurance. For this reason, one of the main
requests of HRL, mentioned on page 4, was w find or develop a
shot-term test that correlates well with the PPT and can be utilized in

production lines for daily machinability evaluation.
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Chapter 3: APPROACH TO SHORT-TERM TESTING

The main requests of HRL were: (1) to find or develop a shert-
term test that correlates well with the PPT and can be utilized in
production lines for machinability assurance, and (2) to provide
recommendations, if any, on their machinability evaluation system with
an emphasis on the Automatic Screw/Bar Machine Test [12], a

standardized PPT.

Although there are no cut-off values, in terms of consumed
material and/or testing time, to aid in identifying whether a given test
is of the long-, medium-, or short-term type, some tests are usuvally
regarded as short-term tests ([4] to [11]). These and others are
critically viewed on pages 30 toc 89 and briefly listed in Table 3.1. The
long-term tests include the Taylor type (ie., ISO test) and all the

simulated production ones, such as the PPT.

Examination of the machinability dilemma, in terms of the many
definitions and descriptions, various predictive models and developed
tests, and its current data disadvantages, confirms that machinability
should stand for machining efficiency and should be viewed as a
probabilistic input/output system. The many combinations of input and
output factors constitute the machinability space, and machinability
improvement can be indicated by: (1) a better machined part, (2) a
higher tool life or smaller tool wear rate, and/or (3) lower cutting

forces, consumed power, or cuiting temperature.
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Table 3.1 Some Short-Term Tests

(1)
(2)
(3)
(€

(3)
(6)
(7}
(8)
(9)
(10)
(11)
(12)

Facing Testis
Taper and Variabie Turning Tests
Step Turning Tests
Other Short-Term Taylor Type Tests
1- Sliding Wear Tests
2- Micro Wear Tests
3- Softened (Degraded) Tool Tests
4- Radioactive Tracer Tests
5- Shortened Conventional Tests
6- Extrapolated Cutting Conditions Tests
Conventional and Non-Conventional Cutting Forces Tests
Cutting Temperature Tests
Double Too! Tests
Go No-Go Feed Tests
Penetration Tests
Short-Term Face Milling Tests
Power Hacksawing Tests
Machinability Tester Machine Tests
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Due to the inherent variation in work material, cutting tool and
cutting fluid lots, deterministic analyses are not appropriate for
mechinsbility testing. In a given machining space, the machinability
of various batches (lots) of & work material can be assumed to have a
normal distribution with a mean and a variance., where the variance
would reflect the consistency of the werk material manufacturer. Also,
variations from one lot to another can be in terms of means
(machinability levels) and variances (homogeneities). The true mean
and variance of a work material should be the norms for which the
material was originally designed. Any quality control test should., thus,
be capable of identifying any mean and/or variance deviation from
these norms. Studies that utilize only one lot of a commercially
available material and claim high correlation with industrial ratings
are, therefore, questionable. The ISO test, the only international
machinability test, recognizes this fact and, in turn, specifies a8 certain
production method to be applied in preparing the work materials for

testing.

The _most: reliable machinability tests are the actual production
ones. They are the most expensive, but the most reliable ones. The
second most accurate, but still expensive tests, are those that closely
simulate actual production conditions in the laboratory, such as the PPT.
Hence, the further the testing conditions move away from production
situations, the lower the reliability of the results. Therefore, any
shori-ieisx test should not be used in isolstion but rather in

conjunction with the long-term test results of a given testing domain.
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In other words, it is unrealistic to market a new material based only

on ihe outcome of some short-term test results.

None of the short-term tests, given in Table 3.1, has been adopted
in a wide spread fashion. Therefore, their validity is limited to their
testing domain. Examination of these tests indicates that the majority
was developed to correlate with the speed for a given l.;»ol life (ie.,
Taylor test results). Meanwhile, several investigators concluded that the
Taylor test results do not correlate well with those of the PPT ([2). (3).
(25} & [103])). This was attributed to the fact that the desired tool life
in 2 PPT is at least two or three times that of & conventional turning
test [23]). Also, turning on s lathe is of the continuous cutting type.
while it is of the intermittent type for the automatic screw machine
(103). With the exception of the cutting temperature test developed by
Kane and Groover [99), none of the short-term tests has shown good
correlation with the PPT. However, the main drawback to the
utilization of the cutting temperature test as a quality control tool for
machinability assurance is the time required to accurately calibrate

each combination of tool and work material fot.

It was, therefore, decided to set some requirements that should be
fulfilled by aay published short-term test in order to be considered as
having the potentisl for satisfying HRL's first request. The short-term
test should; (1) closely simulate production situations (i.e., be performed
on & coaveantional machine, employ commercial cutling tools, require

the least possible setup, and test near production cuting coaditions), (2)
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require smeil amount of work msterial and time, (3) be very seasitive
0 machinability variations, (4) have high repeatability, and (5) be
capable of being utilized in the steel mill for machinability assurance.
In addition to these requirements, the test should be performéd on one
of the machines available at either LU or HRL.

Based upon these requirements none of the testing procedures of
the short-term tests qualified. Nonetheless, the setup of the power
hacksawing tests is the simplest. This is followed by the conventional
cutting forces tests. It was, therefore, decided to develop & power
hacksaw test. However, examination of the PPT procedure and results
pointed to possible flaws in the HRL machinability evaiustion system.
For example, it is questionable how two materials' results differ by only
five pieces per hour (383 & 388 pcs/hr), given that there are so many
input factors that can sometimes be beyond control in such a long-term

test {i.e., cutting fluid variations).

Examinstion of the PPT procedure (described on pages 76 to 80) as
applied by different engineers at HRL over & period of years (i2], [3] &
(151])) indicates the following:

(1) 1In the study by Murphy and Aylward [2], the surface
roughness limit was 300 micro-inches (7620 micro-mm) for
the rough form tool and 130 micro-inches (3810 micro-mm)
for both the medium and finish form tools. Litwa {3) utilized
& different end-point criterion, a 300 micro-inch (7620

micro-mm) for both the rough and finish form tools.
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(2) 1n both studies by Murphy & Ayiward (2) and Litwa [3), some
standard material was utllized for the comparalive
performance of other materisis. Yet, Aylward [151] did not
Use & material as a base steel. He just searched through
trial-and-error until similar trends of part quality for eleven
materials were found.

(3) The trial-and-error search procedure (io determine the
maximum production rate of the standard material and to
locate the production rates of other materials at which they
provide similar trends of part quality to that of the base
steel) was applied in the three studies ([2), [3] & ([151)),
except for the last four materials (9T, 10T, 11T & 12T in
Appendix A) tested by Litwa [3]. He used an experimental
design with three levels instead.

(4) The standard material varied from one study to another. For
the work materials given in Appendix A; (8) the 9T was the
base steel for the last four materials, (b) the 6251286 was the
standard steel for the middle three materials, and (c) none
was utilized for the first eight materials. If the base
material varies from one project to another, how can the

materisls’ performance from different studies be related?

From the above, it can be conciuded that the PPT procedure has
changed over time. In addition, the process of locating similar trends
of part quality is subjective. Additional examination of these final

project reports indicates that there is no standard format to be followed

120



by different engineers to evaluate the machinability of new materials.
For exampie, Litwa [3] employed a metallurgical test to determine the
number of metal inclusions per unit area, while this test was not
utilized in the other studies. Further, from cbserving an operator
running the PPT, it was noticed that testing for 6-8 hours of
production was not performed in one day. Sometimes the test was run
for just half an hour to take a reading. It is questionable whether
starting and stopping the machine in a test run can influence the
results, due to variations in the machine and cutting fluid steady-state
conditions. Finally, from a personal iaterview with Mr. R. Litws of
HRL. he mentioned that any of the first eight materials utilized for this
study can be considered ap outlier. That is, these materials exhibited
different performances than those found by Aylward (151] when
re-tested. It should be mentioned here that initially, the objective was
to utilize only work materials of production rates for which the current
(at the time this study was initiated) machinability group of HRL have
enough confidence. However, this changed to include other screw
machine materials, because the group tested only seven materials and

two of them did not yield any production rates.

It was, therefore, decided to assume that the maximum production
rates of the work materials under investigation are the ones given in
Appendix B. The main objectives were, hence, to develop three
short-term tests (instead of one) that would;

(1) test different aspects in the machinability space of the

free-cutting steel with the least possible sources of error,

121



(2) screen among the materials under investigation with high
sensitivity and repeatability,

(3) provide reasonable correiation with the PPT results, and

(4) be capable of evaluating the machinability level in daily

production.

The underlying hypothesis was that if none of the three short-
term tests correlates well with the PPT results, but at the same time
they correlate well among themselves, the changes of the PPT

procedure over time could be the reason.

The strategy followed for developing the three short-term tests was
based on; (1) the above mentioned requirements in a short-term test,
(2) available machines at either LU or HRL, (3) HRL machinability
evaluation system (described in section 2.5), (4) the machinability space
of free-cutting steels (explained in section 24) , and (5) the desired
applications for these tests. The ultimate goal is to utilize these tesis in
the HRL machinability evaluation system for;

(1) qualifying potential masterials for the PPT,

(2) assuring the quality of the screw machine material, and

(3) determining the machinability level in daily production.

The strategy involved decisions ranging from how nlany work
materials should be utilized to what type of testing methodology should
be excercised. Since valid correlstions should be based on & reasonable

number of test points, it was decided to utilize at least ten materials,
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especially those from which the current machinability group have
enough confidence. As mentioned above, the group had only
confidence on the last seven materials, given in Appendix A. Further,
the group was still testing the last four materials when this siudy was
initiated. Due to that and other factors, such as the limited stock of
the sérev machine materials and the desire to have production rates
with smali and large differences, it was decided to utilize fifteen
materials (described in section 3.1). That is, if one or more of ths
materials would turn to be an outlier, the validity of the correlation
would still be maiptained. Although two of the iast four materials did
not yield any production rates, they were still inacluded in this study.
The idea was to utilize their results in predicting their possible
production rates and to compare ihat with the cutting coanditions under

which they were tested.

The selected work materials for this study are described in section
3.1. Section 32 covers the reasons behind the developed three short-
term tests. These tests are named the Power Hacksaw Test (PHT), End
Milling-Slotting Test (EMST), and the Cutting Forces Test (CFT). Finally,
the testing methodology followed for the three tests is described in

broad terms in section 3.3.

123



3.1 YWoark Materials

Appendices A and B present the fifteen work materials utilized for
this study in terms of chemical compositions, mechanical properties and
the PPT results. Basically, the work materisls are different designs for
the 12XX series of free-cutting steels (they are, simply, low-carbon

cold-drawn steels with additives to enhance their machining efficiency).

The first eight materials are different designs for the 1213 grade.
They were a part of a study aimed at the development of non-leaded
free-machining strand-cast steels [151], instead of ingot-cast steels. The
objective was to determine the optimum base composition for strand-cast
12XX steels through varying phosphorus, sulfur, and nitrogen contents
and the deoxidation method. For example, the 703C034 material was
only vacuum deoxidized, while the others were vacuum deoxidized and
then treated with different amounts of chemical deoxidizers (rare earth

metals/mischmetsal).

The last seven materials are different designs for the 12L14 grade.
They were & part of a study direcied at the development of substitutes
for leaded steels [3). For the first three materiais of the last seven, the
objective was to compare the performance of non-leaded bismuth-treated
steels versus 8 leaded one (625L286) as & standard material. For the last
four materials, the objective was to compare the performance of
non-feaded selenium-treated and low bismuth-treated steels versus a

leaded one (9T) as a standard steel.
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32 Short-Term Tests

As mentioned earlier, on page 106, the machinability space of
free-cutting steels is limited to automatic screw/bar machines of the
single or multiple spindie type. These machines are usually utilized to
produce parts in finished form. For this reason, the part quality (in
terms of surface finish and size accursacy) obtained for a reasonable
tool life is the objective of all the automatic screw/bar machine tests.
The space is further restricted to HSS tool materials, since the
achievable cutting speeds are in the economical range of the HSS tool
materials. This is due to the structure of these machines and that they
generally accommodate bars up to two inches (508 mm) in diameter.
Also, normally form tools made of HSS tool materials are utilized on
these machines. This space is further complicated by the presence of
built-up-edge (BUE). Abeyama and Nakamura [103) have shown both
surface finish and size accuracy to be more related to the BUE height
than to the tool wear. They concluded that the most suitable steels for
the automatic screw/bar machines are those that do not have the
tendency for BUE formation. This is most likely due to BUE instability.
Finally, turning on an automatic screw/bar machine is of the

intermittent type.

The reasoning behind the developed tests are, thus:
(1) The Power Hacksaw Test (PHT) was developed due to the
simplicity of the power hacksaw machine setup, the smalil

diameter of the utilized bars, one-inch (254 mm) in diameter,
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(2)

(3)

and the fact that the work material becomes the dominant
factor to the outcome of the culting process when machining
under constant feed force. The experimental designs of
previous power Nhacksawing studies that addressed the
machinsbility of work materials ([17] & [110]) lacked wvalid
statistical analyses. Perhaps the statistical tools were not that
familiar around the time these iavestigations took place.
Tipnis and Joseph (23] mentioned that statistically planned
machinability tests were introduced in the 1960's.

The End Milling-Slotting Test (EMST) was developed wo
duplicate the above mentioned characteristics of the
mechinability space of free-cutting steels. The literature
survey of milling machine tests, given on pages 63 to 69,
indicates that the eand milling-siotting operation has never
been wutilized for evaluating the machinability of work
materials. Briefly, the test revolves around measuring the
width of machined slots over twenty minutes of cutting.
Three replications were taken on each material. For each
replication, the rate of the slot width varistion (an indicator
to dimensional stability) was determined using linear
regression. Dimensional stability or accuracy is usually
important when adjustments for tool wear can not be made
(ie., for complex form tocls which are usually used on
automatic screw/bar machines and in end-milling slots).

The Cutting Forces Test (CFT), which is of the cosventional

type, was developed due to the fact that the setup
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fequirements are the second easiest after those of the power
hacksaw machine. Although the literature survey of cutting
forces tests, given on pages 40 to 31, indicates that none of
them has shown good correlation with industrial ratings (ie.,
the PPT results), a cutting forces test was still developed.
That is, the cutting forces are the main sources of the heat
generated during cutling, which raises the cutting
temperature that hss correlated well with commercial ratings
{99]). In sddition, mone of the previous studies addressed the
relative sensitivity of the cuiting forces components (cutting,
feed and radial forces) in differentisting among the
machinability of work materials. Particularly, the radial
force is often neglected due to its smaller magnitude relative
to the other two components, while it is the one that directly
affects the tool nose wear and, thus, lowers the dimensional
accuracy. Cook [32] mentioned that the degree of tolerance
degradation“ is associated with the wear of the tool nose
radius and flank, and that it generally correlates well with
the tool flank wear.

The above three tests did, thus, investigate the performance of the

utilized work materials om different operations (machines), under

various cutting conditions, and with different cutting tools.
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3.3 Iesting Methodology

The procedure below was followed for all three tests. Simply, the

procedure was to;

(1)

2)

(3)

(4)

(3)

define the test objective in terms of specific purposes, input
and output factors, and likely sources of error. Since the
tests were developed to mainly correlate with the PPT results,
all tests were performed dry to avoid possible sources of
error, such as cutiing fluid variations. In other words, it is
more important to reduce the level of noise rather than
determine the ranking of the materisis when using & cuiting
fluvid.

do preliminary testing on a represeantative random sample
and on carefully selected test points,

analyse the preliminary results, investigate the basic
assumptions and proposed models, check measuring device(s)
variations, and apply ANOVA,

use the resuits from the above analyses without aay
extrapolation for decisions on future designs, and

continue until the test objective is satisfied.
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Chapter 4: POWER HACKSAW TEST
4.1 Introduction

Feeding mechanisms can be classified into two groups; (1) Constant
Feed Rate (CFR). and (2) Constant Feed Force (CFF) cr Constant Pressure.
The CFR type is employed in most metal cutting processes. The CFF
type is used in some bandsaw machines [124] and in all hacksawing
equipment except for the positive displacement ome, which is not

commonly used (122) aad would fall uander the first group.

The underlying principle of applying the CFF concept in any
metal cutting operation for machinability evaluation is that the work
material would become the dominant factor to the outcome of that
probess. This is in terms of cutting time, tocl wear, etc. Examination
of previous work indicates that the CFF concept had been utilized by
many investigators to study the machinability of work materials in
mainly three operations; (1) Sawing ([17] & [110]), (2) Turning (18], and
(3) Drilling (I117] & [{110) to [115)). However. the main drawback for
the last two operations is the special setup needed to convert a CFR
machine to a CFF type. For this reason and for other considerations,
mentioned in Chapter 3, the power hacksaw machine was selected for

one of the three short-term tests.

In previous power hacksawing studies, explained in detail in

Chapter 2, various indicators and experimental designs were adopted.
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Briefly, in 8 work by Boston and Kraus [126] to investigate the
performance of cutting fluids when sawing various metals on a power
hacksaw machine, a new biade was assigned to each cutting fluid. The
time required to cut a 1/8-15. (32 mm) thick slice from 1 1/2-in. (38.1
mm) square bars was the indicator. Eight metals were utilized for their
investigation. The problem of reducing the effect of the blade wear
rate on the obtained results was addressed through the utilization of
three series of cuts, where the second series was in reverse order to
the first and third ones, on the ecight metals (one after the other). In
a study by Cook amd Davis [17] to investigate the machinability of free-
turning brass, another approach was utilized. Only one blade was used,
and the average of six determinations for the aumber of strokes to saw
through a 1-in. (234 mm) diameter bar was the indicator. Frequent
checks on 8 standard material was employed to insure the validity of
the results. Others [128] used the number of sawed sections required to
achieve a certain cut-off value for the cutting time per section (in

minutes) as an indicator to the useful life of the blade.

However, there are disadvantages to these studies, one of which is
the underlying assumption of a zero tolerance for the workpieces.
Differences due to tolerances can be significant at low feed pressures.
Further, none of these experimental designs analyzed the data
variability. The variability of the data should be first analyzed before
any valid conclusion can be drawn. In short, neither study
investigated the 12XX steel series or the suitability of this test as a

quality control too! for assuring the machinability of a work material,
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nor had these earlier tests included a complete statistical analysis.

The main objective of the Power Hacksaw Test was, therefore, to
investigate its potential in screening among the free-machining steels.
This is through using an improved indicator and meore rigorous
statistical analysis. A second objective was to study its capsbility as a
quality contro! means for the determination of the machinability level

in daily production.
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42 PHT Testing Equipment

All tests were carried out on a Peerless high-speed standard-type
power-hacksaw machine. It has an adjustable spring-tension [feed
pressure, a three-speed gearbox, a2 9 by 9 in. (2286 by 2286 mm)
capacity, and a 6-in. (1524 mm) stroke. The feed-pressure lever which
controls the tension in the feed spring can be engaged to aay notch
in the ratchet that has 29 notches corresponding to loads from around
5 to 223 Ibs (2 to 102 Kg). Notch number one, located at the bottom of
the ratchet, provides the lowest constant pressure, (see reference [125]

for more detail).

The fifteen work materials utilized for this study, described in
detail in section 3.1, are basically different-msterial designs for the
1213 and 12L14 grades of the 12XX series (SAE Numbers. [1]). Table 4.1,
abstracted from reference [138), provides their recommended sawing
conditions. These conditions are for a HSS hacksaw biade and materials’
hardness ranging from 150 to 200 BHN. The condition marked by '**
was selected for the investigated work materials, bars of 1-in. (25.4 mm)
in dismeter. The blades were HSS material, 173125 x 062 in. (4318 x
318x 16 mm) dimensions, 10 teeth per inch (4 teeth/mm), Raker set
(right-straight-left etc.), and from two different manufacturers (Rocket,

used in preliminary tests, and Starrett, used in actual tests).
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Table 4.1 Recommended Sawing Conditions

Speed
Material Thickness Teeth/ Piich strokes/min. Feed
(in)) (mm) inch (mm) 1213 12114 Pressure

<1/4 <6 10 235 170 180 M *
1/4-3/4 6-18 6 4.0 170 180 M
3/4- 2 18 - 50 4 6.3 160 170 M

> 2 »50 4 6.3 160 170 H
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4.3 PHT Preliminary Tesis

The first objective was to investigate whether the test would or
would not differentiate among seven of the materials, and, if it did, at
which feed pressure range (Low, Medium, or High), which speed value
(120 strokes/min., the machine-maximum-limit, or 90 strokes/min.), and
under which indicator the differences would be statistically most

powerful.

Figure 4.1 shows the test as an input/output system, part of the
first step in the planned testing methodology outlined in section 3.3.
The procedure followed was to assign a new Rocket-hacksaw blade to
each of the seven materials. Next to be determined was how to
minimize the effect of the variations in the blades, in terms of the
inherent deviations in the manufacture of hacksaw blades (given in
[122])) and the possibility of having different wear-rates. The cutting
speed is the main contributing factor among the other cutting
conditions to the wear of tools. Thompson and Taylor {127, p. 46] had
concluded that if the stroke rate was to be doubled the wear rate would
have increased more than six-fold. For this reason, it was decided to
saw only at a rate of around 90 strokes per minute (actual speed was
92 strokes/min.) even though the recommended speed was almost double
that  Therefore, the lower the speed value, the more dominant the
work material becomes. Thompson and Sarwar [122] mentioned that
because of the traditional method of manufacturing hacksaw blades, the

cutting edge profile differs considerably from one tooth to the next on
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the same blede. However, when the average of all profiles of & blade
was compared with the average for other blades having the same teeth
pitch, small varistions were observed. The blades were from the same
manufacturing batch, and consequently the assumption of insignificant
blades’ differences due to manufacture was made. Because the selected
speed was very low, the possible differences in blades’ wear-rates were
also assumed to be insignificant. Later, in section 4.4.3, a test was run
to validate this assumption. In addition. the common assumption of

homogeneous work materials was empioyed.

7 Materials -

Blade (HSS, Rocket) - MACHINABILITY [ Number of Strokes
Speed (92 stro./min.) - (SAWING) - Cutting Time (min.)
CFF (L/M/H) -

Dry

|
Fe——1' (304.8 mm) —>
r 13 95" (24.1 mm) DIA.

—] e 1" (254 mm)

Fig. 41 Power Hacksaw Test (Preliminary Tests) as 1/0 System
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Other possible sources of error that were identified could include
the bars' outer-skins. The bars were, hence, turned dowa by a .625-in.
(64 mm) to remove the outer-skin and to achieve a smaller tolerance
on i.he bars' diameters. Five replications were taken for each material
at each of the three feed pressures, where L, M & H corresponded to
notch numbers 5, 10 & 20 respectively, and an inch apart to prevent
poassible thermal effects. The test was conducied dry to avoid any
possible source of error from the likely cutting fluid variations. The
number of the strokes and the sawing time were both recorded by

means of counting and using a stop watch.

Table 42 presents the obtsined dats at the Low feed pressure
along with the analysis of variance (ANOVA) results. The number of
strokes was chosen instead of the sawing time to be the indicator. That
is, the sawing time would also reflect the variations in the speed of
response for starting and stopping the stop watch. However, the
sawing time was measured in subsequent testing as a check by
calculating the ratio of the number of strokes to cutting time, which is

constant and equal to 92 strokes per minute.

Examination of table 42 indicates that the average of first cuts
(80.0 strokes/min.) was much smaller than the others and, thus, may
not belong to the same population. The F-ratio of within materials is
significant. This is attributed to the fact that the cutting edges of new
blades are very sharp for first time usage. By regarding the first

replication as blades’ break-in and taking only the last four
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replications into account, the F-ratio of among materials increased to
146.93 and the F-ratio of within materials dropped to 1.81 and, hence,

became insignificant.

Table 4.2 Sawing Results at Low Feed Pressure

Sawing Data (strokes/minute):

Material Replication Number

1 2 3 4 S Average Variance
705E001 76 73 77 77 74 758 17
705W002 91 97 100 95 94 554 11.3

705E017 76 83 83 381 80 80.6 83
705E014 98 109 109 104 109 1058 23

705E003 76 82 85 83 82 816 11
7050034 73 78 76 74 74 730 4.
705E002 70 73 78 80 79 760 18

D 0 A o - P " - T s S - 4D S - - - - — " - -

Average 800 8353 869 849 846 84.31

ANOVA Table:

Source SS df MSE F-ratio

Among Materials 4170.343 6 695057 13000 > F(016.24)= 367 Sig.
Within Materials 186867 4 46.717 8.74 > F(01.424)= 422 Sig.
Error 128.333 24 5.347

Corrected Total 4485 543 34
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Figure 42 shows no dependency between the averages and their
variances (VAR.), caliculated from the Iast four replications' results
obtained from the Low feed pressure. Therefore, data transformation to
stabilize the variance was not needed. This same conclusion was also
reached for ithe results of the Medium and High feed pressures. The
705E002 variance (15.00) is much higher relative to other materials'
variances. This could be an indication of a nonhomogeneous material
orf may suggest the need for additional samples. However, it was
concluded that additional sampling for nonhomogeneous materials would
prevent the utilization of the Duncan Multiple-Range Test [152, p. 279].
This is one of the statistical tools planned for use in data analysis and
requires equal sample sizes to provide a materials' ranking based upon
averages and variances. Further, higher variances point to materials

of high variability and they should be identified.

VAR.
16y o (705E002)
12
8 L 4
@
4 ®
* 4
0 & * *
70 80 90 100 110
AVERAGE

Fig. 42 Variances Versus Aversges in Sawing
at Low Feed Pressure
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Table 4.3 provides the Duncan Multiple-Range Test results for the

three feed pressures. Figure 4.3 presenis their F-ratios for both among
and within materials. Table 4.3 shows no overlapping among the
possible groups of the Low feed pressure. The materials ranked almost
similarly at both the Low and Medium positions. The 703E014
performance was independent of pressure, while the 7050034 gave a
different behavior at the High feed pressure. From table 4.3 and
figure 43, it was concluded that screening among materials is
statistically most powerful at the Low feed range, (based upon the
highest value in the F-ratios of among materials given that the ones of
within materials are insignificant). This is in agreement to 2 similar
conclusion reached by Crampton [110, p. 281] He found that when
sawing copper alloys at higher pressures and speeds the differences

between materials would become very small.

The correlation coefficient between the HRL production rates and
the sawing Duncan results (after determining each group average) of
the Low feed pressure was equal - .134 (- 134 %). As expected, the
correlation was negative and meant that materials ranked good by the
screw machine test required fewer aumber of strokes. However, the
magnitude of the coefficient was very small and it was questionable
whether there was an assignable cause, possible outliers in the
production rates of HRL, or a small representative sample size (seven

materials).
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Table 4.3 Duncan Multiple-Range Test Results For Low,
Mediuvm & High Feed Pressures

Low Feed Pressure (Sample Size = 4):

Material C034 EO0f E002 EO017 E003 W002 EO14
Average 735 758 775 818 830 95 1078

Medium Feed Pressure (Sample Size = 5):

Material C034 E002 EO01 FEO17 FE003 W002 EO14
Average 326 326 328 334 340 352 390

High Feed Pressure (Sample Size = 5):

Material E001 EC02 E003 W002 EO17 (034 EO14
Average 176 186 190 194 196 198 214

F-RATIO
160 « r
1 E-S
20 ® AMONG
© WITHIN
80 &
40 &
——
0 > — — —=]
Low MEDIUM HIGH
FEED PRESSURE

Fig. 4.3 F-Ratios in Sawing at Low, Medium & High Pressure
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In search for the assignable cause, it was discovered that the bars
were not of constant diameters (small tolerance) and were tapered, due
to a misalignment in the turret lathe that was used in removing the
bars’ outer-skin. The presence or absence of this misalignment would
have not altered many of the previous conclusions. At medium and
high feed pressures, these variations can be neglected. Nevertheless, it
was decided to measure the bars' diameters in subsequent testing, and to

apply the test on a larger sample (fifteen materials).

The preliminary tesiting conclusions were therefore:

(1) The Power Hacksaw Test does screen among the materials.

(2) Screening is statistically most powerful at the Low feed
range.

(3) The machinability indicator should be the number of strokes
per cross section area.

(4) A sample size of five replications is sufficient.

(3) The ratio of number of strokes to sawing time can be used to

check the accuracy of counting.
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44 PHT Actual Tests

The objective was then to determine a position in the low
feed-pressure range (notch numbers 1, 3, 5, & 7) at which screening is

statistically most powerful.

Figure 44 shows the test as an input/output system. A new
Starrett-hacksaw blade was assigned to each of the fifteen materials.
The bars’ diameters were measured at five places cofresponding to the
planned five replications. Each blade was employed to saw a sample of
size five at notch numbers 1, 3, 5 and 7 respectively. Both number of
strokes and cutting time were recorded and a complete randomization

was utilized only among materials, in order to save setup time.

Figure 45 provides the obtained F-ratios for both among and
within materials at a 99 % confidence level. Ai the lowest feed
pressure (notch number one), the level of noise was much higher than
the differences among materials. This is illustrated in the relative low
F-ratio (28.22), and in the very high variances found at that position.
It was, therefore, concluded that below a certain constant feed force
value, the level of noise increases sharply. The probable sources of
noise would include materisls’ impurities (variations within materials)
and machine (system) rigidity. Otherwise stated, at the lowest pressure
value, one will be looking at variations within materials reflected in
very high variances rather than variations among materials. The

obtained results at notch number one were then disregarded from
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further analysis due to their high wvariances that also seemed to be
average-dependent. For the other positions, the variance was average

-independent and, hence, data transformation was not required.

The F-ratio for within materials at notch number seven was
significant, due to the first replication resuits that had a lower average
value in comparison to the others. The likely explanation of such a
phenomenon is due to thermal effects. That is, both bars and blades
were cold for first cuts, and more hest is generated al heavier pressure

values, especially when testing is conducted without a cutting fluid.
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15 Materials (DIA)
Biade (HSS, Starrett)
Speed (92 stro./min.)
CFF (1, 3.5, & 7)

Dry

MACHINABILITY [- Number of Strokes
(SAWING) - Cutting Time (min.)

Fe—— 1' (304.8 mm} —>|

I | 1
— ke 1" (254 mm)

95" (24.1 mm) DIA.

Fig. 44 Power Hacksaw Test (Actual Tests) as 1/0 System

FRATIO o
250 ¢ AMONG
© WITHIN
200 ¢
150 &
100 &
50 &
OIW :
1 3 S 7
NOTCH NUMBER
Fig. 45 F-Ratios in Sawing at Notch Numbers 1, 3, 5, & 7
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Figure 46 presents a dot diagram of the results obtained at notch
sumbers 3, 3, and 7, and the following conclusions were made:

(1) Materials exhibit different variances which are feed pressure
independent.

(2) Materials’ variances become smaller with heavier feed
pressure.

(3) Increasing feed pressure reduces differences among materials.

(4) Ranking of materials is feed pressure independeat in the feed

range.

From figures 45 and 46, it was concluded that the ranking of the
materials is statistically most powerful at notch number three. The
correlation coefficients between HRL production rates, available only
for thirteen materials, and the various possible groupings from the
Duncan results of notch number three ranged from - 62 to - 64 per
cent. This is much better than the preliminary testing value (- 13.4

per cent).
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44.1 Testing Outer-Skin Significence

The objective was, then, to test whether the outer-skin that
was removed in previous testing is significant or not. If it is in-
significaat, the testing procedure would be far easier and shorter in

time.

The fifieen materials were, therefore, sawed with the full cold
reduction surface present at notch anumber three, hereafter designated
"38". The bars' diameters were still being measured because they
ranged from 9983 to 1.0035 in. (254 to 255 mm) in diameter and the
sawing was done at a very low feed pressure. While this range would
be good for a tolerance, in sawing this slight variation is added almost
every time a blade makes a stroke (pass). As a result, one may end up
with a difference of up to 8 quarter of an inch (6.35 mm) in sawed
lengths after one hundred strokes. Although it can be argued that this
difference can be neglected relative to the total sawed lengths, it was
decided that this variation is a source of error and can be influential
when sawing at very mild cutting conditions. Unfertunately, this point
was not further investigated due to the fact that bars of different sizes
for each material would have been needed. The question of whether
bars’ diameters are significant or not was, then, left for the
machinability group of HRL to answer. The bars diameters were,
hence, measured and their variation was eliminated through taking the

strokes per area as the sawing indicalor.
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Figure 4.7 shows no dependency beiween the averages and their
variances calculated from the results obtained at notch number 35. The
705E016 variance (47.3) was much higher relative to other materials'
variances. This same material had shown simifar behavior at other
sawing conditions. The Duncan results determined at the 3S condition
gave less overlapping between the likely groups as compared to notch
# 3 results. The correlation coefficient was slightly higher when the
outer surface was preseat (- 65.1 %). The value increased to - 727 %
when the 703E016 was considered t.o belong to a different population (8
nonhomogeﬁeous material). Additional correlation analysis is given in

section 4.5.1.

Figure 4.8 shows a linear relationship between the results obtained
for with and without the outer surface at notch number three. The
correlation coefficient was 93 % and the null hypothesis (the estimated
fitted line slope equals one) was accepted based upon the t-statistic's
(described in [152, p. 234]) results. It was, therefore. coacluded that
the materials’ outer surface has no effect on ranking. Therefore, there
is no need to remove the materials’ outer surface before sawing. As a

result, the test becomes simpler.
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442 Testing Cold-Drawn Sigaificance

The objective was, then, to investigate the effect of the cold
drawving process on the materials’ ranking. As mentioned in section
25, the materiais are produced in one plsat and then sent to another
plant to be cold-drawn. The cold drawing process is not employed in
the production lines of Bethiehem Steel Corp. If the cold drawing
effects are insignificant on materials ranking, greater cost reductions
can be realized. These are the costs of transportation and the cold
drawing process itself. Further, the test can thus be utilized in the
preiiminary screening process (applied on small ingots produced at

HRL) among the newly designed materials.

The following heat treatmenlt was applied on the materials at HRL
to remove the cold-drawn effects;
- heat at 1700 °F (922 °C) for an hour

- cool in furnace.

Figure 4.9 shows no dependency between the averages and their
variances (VAR.) determined from the results of sawing the non
cold-drawn bars at notch number 3, hereafter designated "3S-NCD“. The
705E016 variance (43.6) was, again, higher relstive to other materials’
variances. Therefore, it was concluded that this material is non-
homogeneous and violates the assumption of uniform work materials'

characteristics.
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Figure 4.10 presents a dot diagram of the results obtained from the
3S and 3S-NCD conditions. Examination of Fig. 4.10 points o the
insignificance of cold-drawing on ranking except for the 705W002. This
is the only material that had zerconium (Zr) and the highest carbon
(C) per cent (see Appendix A). On the average, all materials (except
the 7035E001) required more strokes per cross secticn area after the
removal of the cold-drawn effects. Although the additional strokes
varied significantly among the materials, the Power Hacksaw Test does
show the advantage of the cold-drawn bars over the hot rolled ones for

the free-cutting steel.

Figure 4.i1 shows a linear relationship between the results
determined from sawing the bars with and without being cold-drawn at
notch number three. The correlation coeffiecient was 96 % and the
null hypothesis (the estimated fitted line slope equals one) was
accepted. Therefore, it was concluded that the cold-drawing has no
effect on ranking. The likely expianation to such a coenclusion is that
the bars' cores are the dominant factor in determining the required
strokes per area. DPossible cost reduction in applying the PHT for
qualifying potential materials for the screw machine test is thus
feasible. In addition, the test became more attractive as a quality
control tool for determining the daily machinability level of hot-rolled

bars in the production lines of the Bethlehem Steel Corporation.
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443 Testing Blades’ Wear-Rates Significance

The previous tests were executed under the assumptions of
(1) homogeneous work materisls, and (2) equal (insignificant) blades’
wear-rates. As mentioned in sect.idn 443, the plot of the results’
variances versus averages was utilized to determine whether a data
transformation is required to stabilize the variance, and to validate the
assumpt:’ion of homogeneous work materials. Examination of these plots
confirms the validity of the first assumption for all materials under
lavestigation except the 703E016 which had shown very high
variability.

For the second assumption, the following are good indicators of its

validity:

(1) Testing was done at very mild sawing conditions. The work
material characteristics dominate when machining at constant
feed force, and this dominance increases with a decrease in
speed and/or pressure.

(2) Only thirty cuts were put on each new blade at such mild
conditions, and, hence, the blades’ wear-rates were in the
gradual-wear zone of the blades' lives.

(3) Table 4.4 shows high correlation values obtained among the
results of different sawing conditions. From these high
values, it was concluded that the ranking of materials is
positively pressure independent in the low CFF range. In

addition, the PHT is highly repeatable.
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Although there was no strong evidence of any violation of the
second assumption, & representative random sample of three materials
(705E017, 703C034, and 631L100) was selected to further prove its
validity. Table 4.4 provides a summary of the obtained results for these
three materials along with their correlation coefficients with the HRL

production rates,

A test was first run to determine whether there was a significaat
wear on the used (old) blades. Table 45 provides the results obtained
from sawing, using five replicaiions of the old and new blades on each
material. Although the resﬁlts had shown that wear did take place,
examination of the differences ‘d’ between the results’ averages of the
old and new blades indicates that the amount of wear was almost equal.

The variations in blades’ wear-rates are, therefore, insignificant.

A duilness test was then applied on three new blades to examine
whether the wear rates are significantly different. Figure 4.12
presents the duliness-test results along with the fitted linear-model
obtained parameters. The vertical lines designate a change of bar. Due

to the limited raw materials’ stocks, only thirty five cuts were taken.
From the slopes’ confidence intervals (99 % Cl.) in Fig. 4.12, it was

concluded that variations in blades’ wear-rates are insignificant, and

thus the PHT assumptions are valiid.
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Table 44 Summarv of 705E017, 705C034, and 6311100 Sawing Results

Sawing Results (strokes/area) at Notch
Material HRL(pcs/hr) * 1 23 # 5 #7 # 38 # 38.NCD

705E017 388 9435 2004 1142 3883 2082 217.3
705C034 440 6429 1659 882 758 1857 189.2
651L100 538 4431 1000 695 576 1326 1379

R -9% -100 -9 -99 -99 -1.00

Table 4.5 Sawing Results For 0ld and New Blades

Material Blade Avreage VAR. d

OLD 2028 149

651L100 227
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45 PHT Summary and Applications

Table 4.6 provides a summary of the PHT conclusions drawn up to
this point of testing. Other questions regarding test sensitivity,
materials that reflected biggest disagreement between the sawing results
and HRL production rates, and the ability to duplicate the obtained
results on a different sawing machine are answered in the following
section. The recommended procedures for applying the PHT in; (1)
screening among materials, (2) qualifying potential materials for the
screw machine test, and (3) determining the machinability level of a

given material in daily production are then given in section 4.5.2.

435.1 Correlation with HRL Resuits

In the process of duplicating the PHT setup at HRL, six
materials were chosen as a representative sample to evaluate the ability
of reproducing the sawing results. Table 4.7 provides a comparison
between the setups employed at Lehigh University (LU) and Homer
Research Laboratories (HRL). The major differences are manifested in
the feeding mechanism, blade condition (old and new), number of teeth

per inch (pitch, mm), and the blades' manufacturers.

Figure 4.13 shows a linear relationship between the obtained
resuits. The correlation coefficient was 988 %, and the following

conclusions were drawn:
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(1)

(2)

(3)

The PHT results are reproduceable even on a different
machine.

Variations in blades’ specifications are insignificant. As a
result, the assumption of insignificant blades’ di!‘ferences due
to manufacture is valid.

The assumption of equal blades’ wear-rates is further proven

-to be valid.

Table 46 Summary of Some PHT Conclusions

From Preliminary Testing:
- PHT does screen among materials.

Sawing indicator should be strokes per area.

Five replications are sufficient.

Ranking at Low and Medium pressures is similar.

Screening is statistically most powerful at Low feed pressure.
The ratio of strokes to time can be employed to check the
accuracy of counting.

From Actual Testing:

Varistions within materials (noise) increases sharply below

certain feed force value.

Materials exhibit different variances that are feed pressure

independent.

Increasing feed pressure decreases materials' variances and

differences among materials.

Materials' ranking is positively pressure independent in the

low feed force range.

Screening is statistically most powerful at notch number

three.

Hot-rolled bars require more strokes per aresa than the

cold-drawn ones.

Cold drawing has no effect on ranking.

The PHT assumptions are valid:

(1) Variations in blades' wear-rates are insignificant.

(2) Materials are homogeneous except the 7035E016 which
had shown very high variability.

Sawing results correlate with HRL-Index values (65 %).

The correlation value increases to 73 % when 705E016 is

disregarded.

The PHT is very simple, and has very high repeatability.
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Table 47 LU and HRL Power Hacksaw Setups

Machine

- Manufacturer

- Feeding Mechanism

Blade Specifications

Manufacturer
Condition
Material

Dimension (inch)

Lu

Peerless
Gravity with
Spring Tension

Starrett

Old (20 cuts)
HSS

(17x1.25x 062)

HRL

Racine
Hydraulic

Lenox

New

HSS

(14x 125 x 062)

(mm) (431.8x318x1.6) (3556x318x16)
- Teeth/inch (Pitch, mm) 10 (25) 6 (40)
- Tooth Setting Raker Raker
Sawing Conditions ,

- Speed (stro./min.) 92 98
- Feed Force Position # 3 * 4
- Cutting Fluid Dry Dry

LY

220y
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Fig. 413 Sawin esults of LU Ve
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Table 48 presents the HRL production rates, sawing resuits
determined after the Duncan analysis, and the eabsolute difference
between the two tests’ ranking. The biggest disagreements among the
two tests' ranks were reflecied in two materials, the 705E001 and
703E016. The sawing test does not show the 705E001 as unmachinable
as the screw machine test. The 703E016 that had shown high

variability in sawing was ranked well according to HRL results.

There were eight groups based on the screw machine test results,
while the PHT classified the thirteen materials into seven groups. It
was, therefore, concluded that the PHT is as sensitive as the Screw/Bar

Machine Test.

The two tests’ results correlated with a - 63 %. The correlation
value increased to - 73 % when the 705E016 was disregarded because of
its high variability in sawing. Additional cross correlation analysis is

given in section 7.1.
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Table 48 HRL Production Rates and PHT Results

HRL PHT (Notch * 3S) Absolute Difference

Material pcs/hr Rank sirokes/srea Raak in Ranking
705E001 336 8 180.70 4 4 *
705W002 383 7 194.90 6 |
705E017 388 é 21080 7 1
705E014 440 5 210.80 7 2
705E003 440 5 186.37 5 0
7035C034 440 5 186.37 5 1]
705E016 572 2 186.37 5 3 =
705E002 572 2 180.70 4 2
6511100 538 3 131.65 2 1
651L101 620 1 117.20 1 0
625L286 620 1 140 65 3 2

oT 502 4 131.63 2 2

12T 502 4 140 63 3 1
Correlation Coefficient: - 6511

-.7266 (without 705E016)
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4352 Applications with Procedures

The following PHT applications are mainly for work

materials of round-bar type and up to 2 or 3 inches (508 or 762 mm)

in diameter. For non round bars, the sawing indicator should include

one or two of the cross section dimensions. For larger diameters, the

author believes that other tests could be more appropriste, such as the

Culting Forces Test (described in Chapter 6).

The Power Hacksaw Test can be utilized for:

(a) screening among materials

(b) qualifying potential materials for the Screw Machine Test

(c) determining the machinability level in daily production.

(a) Recommended Procedure For Screening Among Materials

(1) Biade Specifications:

(2)

For each grade of materials, the recommended teeth per inch
(pitch) can be determined from a machining data handbook
(138]. Other blade specifications, such as dimensions, are
machine and blade manufacturer dependent. A compromise
between these specifications can be achieved for all materiais.
Any deviation from the recommended specifications would be
insignificant. That is, the materials' characteristics are the
dominant factor when cutting under constant pressure.

Sawing Conditions:

The speed should be set at a value 30 to 50 per cent lower
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(3)

than the lowest recommended speed. This is to reduce the
blades’ wear-rates effecis and, thus, increase the work
materials dominance.
The CFF range should be established so that the lower limit is
slightly higher than the lowest possible pressure availabie on
the machine, and the upper limit is the recommended
pressure values' average. This range is divided into equally
spaced testing points, where the objective is to locate a feed
pressure position at which screening among materials is
statistically most powerful (based on ANOVA analysis).

Testing Procedure:

a- A new blade is assigned to each material. Blades are
assumed to be from one batch. Bars' diameters are
measured.

b - Ten replications an inch (254 mm) apart should be taken
at the lower pressure limit. The first five cuts can be
considered blade break-in. Another way to break-in the
biades would be to saw five pieces from a standard
material.

¢- ANOVA is applied on the sawing indicator (strokes/area)
results.

d- Steps "a" to "¢ are repeated at the following pressure
positions until the planned tesiing poinis are covered.

¢ - From ANOVA results, the CFF at which screening is
statistically most powerful is identified. The materials are

assumed homogeneous and thus insignificant variations
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(4)

(3)

(6)

within materials is & must.
f- From Duncan test results, the likely materials’ groups are

determined.

(b) Recommended Procedure For ifying Potenial Msterials
Linear Regression Model:

A linear model is determined between the screw machine test
results and the groups' averages. The model validity should
be examined, especially identifying influential peints [153]. An
infiluential point is, simply, the one that siganificantly affects
the model parameters in terms of estimated values and
variances. For example, the 705W002 in Fig. 411 is an
influential point.

A new blade from the same batch is assigned to each
new material. If a new-blades batch is received, one should
investigate the hypothesis that the old and new batches are
statistically the same. The blade is broken-in and the new
material is tested at the feed pressure determined in "(3)-e".
The expected number of pieces per hour along with a 99 %
confidence interval (C.l.) is obtained for each new material
through utilizing the above regression model. Table 39
provides the 10T and 11T expected production rates (pcs/hr).
From the 10T CI., the probability of this material producing
more than 546 pcs/hr is 005. Therefore, neither the 10T nor
the 1iT would have qualified if the cut-off value was, for

example, 3530 pcs/hr. These two materials were tested at HRL
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at the following production rates [3]:

10T: 302, 636, 637, 660, 814 861, 1137

11T: 471, 502, 362, 660
The cost of testing at the above underlined rates would,
therefore, have been saved, if the materials were expected to
provide more than 550 pcs/hr.

(7) From the qualified materials' confidence intervals, the joint

testing space (in terms of speeds and feeds) is determined.
Once new production rates become available, the regression

model must be updated.

Table 49 10T and 11T Estimated Production Rates

Material Ave.(stro./area) VAR. Expected pcs/hr ClL

10T 172.3 3 482 8 419 - 546
iiT 209.2 60 4136 310 -517
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(c) Recommended Procedure For Quality Control Application

The uiilization of the PHT as a quality conirol tool requires
different consideralions than those mentioned in the previous
applications. That is, the machinability assurance of a given material
deals with; (1) the detection of any deviation (in terms of means
and/or variances) from the material norm, and (2) the utilization of

each blade over its eantire useful life.

Figure 4.14 illustrates such means' deviations. The material norm
is assumed to be that material's microstructure obtained under
controiled productioss conditions for the screw machine test. A
deviation would denote a change in this microstructure. Deviations
would occur due to changes iﬁ chemical compositions and/or rolling
parameters (usually, the final rolling temperature). There are positive
and negative deviations but machinability would deteriorate with the
negative ones. For this reason, the quality control charts were
designed for single limits. Although other properiies, such as hardness
and tensile strength, would be affected by such deviations, it is not of

concern in this test (testing the machinability level).

The machinability and other properties of a material would depend
on the ingot rolled-section (top, middle, and bottom). Therefore, three
aorms should be established along with their associated charts. Figure
4.13 provides the different possible states for a given malerial. The
states would depend upon the production batch and the ingot section.

Each state is assumed to be normally distributed with a mean (&) and a
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variance ( g2). Batches could differ in averages, variances, or both.
For a given batch, it is most likely to have three different means and

variances corresponding to the three sections of the ingot.
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A dullness test was run on the 705W002 at HRL. Figure 4.16
presents the results obtained, where the sawing indicator was the
required strokes. That is, bars’ diameters were not measured. When
the test is to be employed in a production line (ie. not uader
controlled production conditions), the bars’ diameters should be
measured. This is to incorporate their variations into the indicator
(strokes/area or strokes/diameter). Normally, the required strokes per
cross section area would reflect the microstructure uniformity and blade
wear-rate. The dullness test results obtained mainly reflected the
material homogeneity (wear rate = 082 stro/cut). The rate was 204 for
the first thirty five cuts. This supports the results and conclusions

drawn from figure 4.12.

The fluctuations of the required strokes in Fig. 4.16 can be
fiattened (smoothed) through; (1) moving averages - a moving average
of size five is shown in figure 4.16. or (2) sawing at a heavier feed
force value. The choice between these alternatives would depend on
economical and other factors. The larger the sample size the higher
the sampling cost. The heavier the pressure the higher the blade
wear-rate (shorter tool life). Since it is easier to smooth the curve
through moving averages than to locate a feed force value at which
the level of noise is minimum, the first alternative should be chosen.
In other words, the first alternative doesn't require sawing at a
different cutting condition than that used in determining the

regression model.
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The main problems that the following recommended quality control

procedure had to overcome were; (1) the acceptance of a bad batch due

to using a new blade, and (2) the rejection of a good batch because of

high blade wear-rate. The chances of having these types of error are

only reduced through employing three blades (one old and two new, or

vise versa) at any moment of time. The recommended quality controf

procedure is thus:

(1) Duliness Test:

g..

A dullness test is applied oa each state of a material norm
(top, middle, and bottom sections of the ingot) at the
sawing condition used for the regression model.

A sample size that would minimize the level of noise
within each state would be determined using moving
averages. The sample size should be of at least size five,
where a sample size greater than five may be needed for
the top section of the ingot. The first sample should be
disregarded due to blade break-in. Resufts for twenty five
samples, usually required in establishing quality control

charts, should be obtained.

(2) Quality Control Procedure:

b -

Three blades (the duliness test blade should be one of
them) are assigned to each state of a material norm.
Before collecting any data, the new blades should be
broken-in with a similar procedure that was used on the
duilness test blade.

The quality control charts are then established using the
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dullness test results, see reference [154, pp. 164 - 166] for
the basie of how Lo utilize the time dependent control lines
in the X chart. A slanting control line is, simply, a
parallel line to the best straight line that passes through
the X points. For the purpose of illustration, Figure 4.17
shows the X and s charts for samples of size five. They
were determined from the dullaess test results after
considering the first five cuts as blade break-in. The X
chart shows good control for all samples except sample
number 15. Examination of this sample data did not point
to possible outliers, and it can be ignored. Sample
numbers 12 and 13 are shown out-of-coatrol in the s
chart. Examipation of these two samples pointed to two
readings that can be considered outliers. Another
approach would be to establish the charts with a larger
sample size, for example, six or seven

Table 4.10 presents the various possiblities for a sample to
be out-of-control along with the likely causes and
recommended actions. Since the blades are broken-in
before use, the chance of a new blade showing a bad
batch to be in-control is very slim. Finally, a new blade
should replace the old one when it reaches its rapid-wear
zone. The charts should be revised every fifteen samples.
The batches of low machinability level should be isolated
for correctlive actions, such as heat treatment, for customer

notification, or 10 lower the price.
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Table 4.10 Qut-Of-Control Samples and Corrective Actions

Chart Blade
X s New Old Likely Causes Recommended Actions
IN OUT YES - change in material Check with an old blade.
variance If s is still out, material
- few blade effects variance changed.
OUT IN YES - change in material Check with an oid blade.
mean
OUT OUT YES - change in material Check with an old blade.
mean and variance
IN OUT YES - change in material Check with a new blade.
variance
OUT IN YES - change in material Check with a new blade.
mean If X is stili out, materiat
- blade wear-rate mean changed.
effects
ouT ouT YES - change in material Check with the other

mean and variance two blades.
- blade wear-rite
effects
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Chapter 3: END MILLING-SLOTTING TEST

5.1 Introduction

The first devioped test, the PHT, has satisfied the objective (a
short-term test that correlates well with the PPT and can be used on
the production line for machinability assurance), and also its setup,
testing procedure, and results have been successfuly duplicated at HRL.
In turn, one could question the need for developing any further tests,
such as the End Milling-Slotting Test (EMST) or the Cutting Forces Test
(CFT). As mentioned in Chapter 3, the characteristics of the EMST are
the closest to those of the PPT, and could, hence, provide better
correlaiion than that of the PHT with the PPT. The CFT (described in
Chapter 6) had another objective besides that of correlating with the
PPT results, which was to investigate the seasilivity of the culting
forces components, especially the radial force, in differentiating among
the tested materials. In additica, e ranking of work materials
according {o their machinability may vary from one operation to
another and/or with the output criterion. For example., a material can
be ranked first in a turning operation while ranked last in a drilling
operation, or ranked first in a turning operation when the indicator is
the cutting force while ranked last when the indicator is the obtained

surface finish.

The work materials under investigation, free-cutting steels, are

often machined on automatic screw/bar machines of the single or

176



multiple spindle type and, hence, their machinability space is limited
by such machines. Thesz machines are usually utilized for the
manufacture of finished parts and, in turn, commonly regarded as
| finishing processes. For this reason, the machined part qualities (in
terms of surface finish and size accuracy) are the PPT main indicators,
given that a reasonable tool life (6-8 hours) is attained. This space is
further restricted to HSS tool materials, since the achievable cutting
speeds are in the economical range of HSS tool materials. This is due
to the struciure of these machines and that they generally accommodate
bars up to two-inches (308 mm) in diameter. Also, form tools, made of
HSS tool materials, are normally utilized on these machines. This space
is further complicated by the presence of built-up-edge (BUE). Abeyama
and Nakamura [103] have shown both surface finish and size accuracy
to be more related to the BUE height than to the tool wear. They
concluded that the most suitable sieels for the automatic screw
machines are those that do not have the tendency for BUE formation.
This is mest likely due to BUE instability. Finally, turning on an

automatic screw/bar machine is of the intermittent type.

The machinability space of the free-cutling steels is, therefore,
characterized by automatic screw/bar machines, machined part qualities,
HSS twol materials and the presence of BUE. It is believed that their
most reliable ranking is determined by the PPT. However, such
production tests have several disadvantages. In addition to being
expensive and time consuming, they require a high degree of control

over the input factors (such as machine setting, resharpening tools,
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cutting fluid, operator accuracy and precision, etc.), and they do not
utilize any replications. This, in turn, makes it difficult to assess the

real variables that affect machinability.

The EMST was, hence, designed to; (1) focus on the interaction
between a HSS tool material and the free-cutting steels, (2) utilize an
indicator based on the part quality (dimensional stability of machined
slots), and (3) employ three replications. In addition, the slotting
operation is of the intermittent type and the cutting was conducted dry
to avoid possible cutting fluid varistions and/or thermal effects. In
other words, the main objective of the EMST was, therefore, to insure
the quality of the screw machine materials within their machinability
space. This was through duplicating the characteristics of the PPT, and

eliminating or minimizing possible sources of error.
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52 EMST Testing Equipment

All tests were performed on a Cincinnati horizontal milling
machine. The cutting tools were HSS (M7) double-end end mills with
RH. cut, RH. helix, 3/8 inch (95 mm) diameter and shank, and two
flutes. They were manufactured by the Weldon Tool Company, BB12-2.
The 3/8 inch (95 mm) diameter end mill was selected, due to the
following:

(1) Larger end mill diameters would not allow for better
utilization of work materials. The low material consumption
was achieved through machining four siots on the ene inch
(234 mm) diameter bars (see Figure 5.1 on page 182), and
with half the end mill diameter as the axial depth of cut,
which was required for measuring purposes. Due o the
small diameter of the workpieces, one inch (254 mm), and
the desire to minimize the coasumption of work materials,
the available range for the axial depth of cut was very smail.
It was, therefore, decided to keep the axial depth of cut
constant.

(2) Since the machine maximum RPM is 1500, smaller end mill
diameters would not provide a wider range of cutling

cenditions, and also the measuring device cost would double.

The measuring device was a Mitutoyo 526-122 bore gauge with a
range of 0.3 to 04 inches (762 to 10.16 mm). It was selected among

several devices (i.e., vernier caliber, internal micrometer and block
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gauges), because it requires fewer operator skills and provides a
1/10000 inch (0.0025 mm) increment for a moderate price ($200 at the

time this study was initiated).

As mentioned before, the fifteen work materials utilized for this
study are basically different material designs for the 1213 and 12L14
grades of the 12XX series. Table 5.1, abstracted from reference [138],
provides their recommended end milling-slotting conditions. These
conditions are for a HSS 3/8 inch (95 mm) diameter end mill (ie., &

slot width with that dimension).

Table 5.1 Recommended End Milling-Slotting Conditions

Material BHN Axial Depth Speed Inch(mm) HSS Tool

of Cut (sfpm) (m/min) Per Tooth Materiatl
1213 CD 150-200 dia/2 105 37 0.001 (0.023) M2M3 M7
12L14 CD 150-200 dia/2 125 38 0.001 (0.025) M2M3 M7
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5.3 EMST Preliminary Tests

The preliminary testing objectives were to; (1) locate a practical
cutting region, (2) decide on the machinability indicator, (3) investigate
the test repeatability, and (4) establish the statistical tools required for
analyzing the data and, hence, the experimental design for actual

testing.

Figure 5.1 shows the EMST as an imput/output system along with
the machine part characteristics and the expected dimensional stability
of the slot widths. It might be mentioned here that the size accuracy
was chosen instead of the surface finish to be the machinability
indicator, due to the fact that; (1) HRL has concluded that both surface
finish and size accuracy lead to the same results [3], and (2) measuring
surface roughness depends more on the person performing the
measurements than the measurement of size accuracy. The use of
dimensional stability when turning, face milling, etc., has several
disadvantages, one of which is the error induced from machine setting.
Further, dimensional stability is only important when adjustments for
tool wear can not be made (ie. for complexr form tools and end milling
slots). Therefore, measuring the slot widths instead of their heighis
eliminates any possible errors from machine setting and would only
reflect the tool wear with the presence or absence of BUE formation.
Hence, a machinable material is expected to show no BUE foermation and

& small tool wear rate or slot width variation (SWV).
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Fig. 5.1 End Milling-Slotting Test (Preliminary Tests) as 1/0 System
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For locating s practical cutling condition, the first preliminary
testing objective, a material with a good machinability rating in terms
of the PPT and PHT results, such as the 9T material (see Table 4.8, on
page 162), was initially machined under a cutting conditicn near that
recommended in Table 3.1. Six inch (1524 mm) long bars were
prepared and cut at the following cutting condition (* 2 in Figure 5.2):

- Revolution/Minute (RPM) = 1200

(ie., 118 sfpm (36 m/min))
- Inch/Minute (IPM) = 45/8 (1175 mm/min)
(ie., 0.0019 in./tooth (0.04826 mm/tooth)

- Axial Depth of Cut (da) = 0.200 inch (5.08 mm)

The cutting process was very slow and tool marks were observed
on the machine surfaces as shown on Figure 5.3. The slot widths were
measured at the beginning of the first slot on each bar (four slots
were cut on each bar in order to achieve low material consumption).
Figure 5.4 shows the plot of the slot width varistion (SWV), where only
-0.0003 inch (00076 mm) of tool wear had occured after 52 minutes of
cutting. It was, hence, decided to locate a cutting conditicn at which
no tool marks appear. This was through machining eight slots uader
the cutting conditions circled in Fig. 52. The toc! marks disappeared at
cutting condition numbers 3, 4, 7 & 8, but only the last two conditions

seemed practicai for a production shop.
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IPM (mm/min.) *

1 3/4 (44.45)

21/8 (53.98)

2 3/4 (69.85)

3 5/8 (92.08)

4 5/8 (117.48)

S 3/4 (146.05)

7 5/8 (193.68)

9 7/8 (250.83)

123/8(314.33)

T

.0011(.0279)

.0014(.0356)

.0019(.0483)

.0024(.0610)

.0030(.0762)

.0039(0991)

.0051(1295)

.0064(.1626)

1

3

.0009(.0229) .0007(.0179) .0006(.0152)

.0009(.0229) .0007(.0178)

.0011(.0279) .0009(.0229)

.0015(.0381) .0012(.0305)

2

6

.0019(.0483) .0015(.0381)

.0024(.0610) .0019(.0483)

3 7
.0032(.0813)) (.0025(.0635)

.0041(.1041) .0033(.0838)

4 8
.0051(.1295) .0041(.1041)
| z '

! >
970 1200 1500 RPM
95 118 147 sfpm
29 36 44.8 m/min

Fig. 52 Cutting Conditions in Terms of IPM. RPM and Inch/Tooth
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Four materials were, hence, selected randomly from ten materials.
That is, HRL production rates were available only for thirteen materials,
but the stocks of 651L101, ST and 12T were discovered to be low.
Therefore, they were omitted from the random selection. The four
selected materials, 705E001, 705W002, 705E014 and 651L100, were then

machined at cutting condition numbers 7 and 8 (see Fig. 5.2).

The following steps were first spplied in measuring the slot width
variations; (1) to set the dial at zero at the start of the first slot on the
first bar of each material, and (2) to measure the deviation at the start
of the first slot on subsequent bars. This process was discovered to
allow for three possible sources of error; the zero setting, the dial
precision and the person performing the measurements. It was, then,
decided to set the dial at zero at one of the slots, and to check the
setting every time a material is subject to measurements, where the
readings would be adjusted when a shift occurs. The zero setting as a
source of error was, thus, eliminated. In order to investigate the other
sources of error, some bars were measured more than once and over
different periods of time. It was, hence, concluded that the
repeatability of the measuring procedure is within + 0001 inch (+ .0023

mm).

Figures 53 and 3.6 show the results obtained before zeroing, while
Figures 3.7 and 58 show the results after zeroing. The differences in
the first bars' readings can be attributed to the tolerance of the end

mill diameter, eccentricity between the cutting edges and their shank,
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and/or the tool break-in with or without BUE formation (see Fig. 5.3
for the measuring position of the bore gauge anvil). These
possibilities, except perhaps the tool break-in, are dependent on the end
mill manufacturer and their effects can be minimized through

replications.

From Figure 5.7, it can be concluded that the EMST expectations
are valid. A machinable material such as the 631L100 gave the best
dimensional stability while the 705E001, the worst, showed a high tool
wear rate and BUE formation. Examination of Figures 5.7 and 58
indicates the following:

(1) Fig. 58 shows mere erratic slot width variations and BUE

formations than Fig. 5.7. Therefore, it can be concluded that
cutting condition number 7 is more practical (for a
production shop) than number 8 for the work | materials
under investigation.

(2) The ranking of the four materiails, based on the slope (rate)
of the slot width variation, is independent of feed. This
further supports the conclusion drawn from the PHT that
ranking of the materials is independent of feed. This may
indicate that within a given machining space, the ranking of
work materials is independent of cutting conditions. In other
words, variations in cutting conditions have little effect on
the ranking of work materials. Due to the small range of
the axial depth of cut and the limited RPM (1500) of the

machine, this concept was not further investigated. However,
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it was studied in more depth in the CFT, described in the

next chapter.

From the above and that it required around twenty minutes of
cutling o establish the pattern of the slot width stability, it was decided
that locating the cutting condition at which screening among the
materials is statistically most powerful is an expensive approach. In
addition, some of the stocks of the work materiais were limited. It was,
therefore, decided to examine the ranking of the work materiasls under

cutting condition number 7 only.

188



20

10
o Time (min.)
&%\
Q %
SwV %.\\_ :
(00254 % - )
mm) '
_10 -3
_20 -
_30 o
- 705E001 - 705W002 @ 705014 O 651L100

Fig. 55 Slot Width Varistions at Cutting_Condition *# 7

20 =
10¢
Time (min.)
SwV 0% ——
(00254 A 20
mm) I
..

-t0$

_20 -

_30 IL

o 705w002 B 705014 O 651L100

r"- 705E001

Fig. 3.6 Slot Width Variations st Cutting Condition * 8

189




20 -
’0!'
Time (min.)
SWV oC & ¥ $ 4
(.00254 0 S S 10 1S 20
mm) gt = PP N
" - “"'h~b'D"~-.~.._"
-10 J ! \‘-\\\\ \,\()\. '?‘. S |
~a. —_— s
-20 %
~30 &
- 705E001 - 705w002 B 705E014 DO 651L100
Fig. 3.7 Slot Width Variations at Cuttin Condition * 7, after Zeroin
20 1
10--
/\ Time (min.)
SWV 13 20
(.00254
mm)
..30:3
& 705E001 - 705w002 ®- 7056014 B 65S1L100
Fig. 58




The second objective, to decide on a machinability indicator. was
approached through examining the following possible indicators;

(1) slot width variation at a given time,

(2) time to reach a certain slot width limit, and

(3) slope (rate) of the slot width variations.

The first indicator, slot width variation at a given time, ignores
the pattern of the slot width variation and would be affected by the

presence or ahsence of BUE formation and, thus, was rejected.

The second indicator, time to reach a certain slot width limit,
requires & personal judgement for selecting a critical value for the slot
width limit. For example, the maximum recommended part growth
limits from the starting size for the Automatic Screw/Bar Machine Test
[12] are as follows:

Finish Form Tool: 003 inch (076 mm)

Rough Form Tool: 005 inch (.127 mm)

Figure 3.9 shows the 12T part growth for the rough form tool as
an example [3], where the difference between highest and lowest
readings was 0016 mm per 8 hours only. The figure indicates that at
this cutting condition this material would not reach the maximum
permissible limit due to BUE formations. Consequently, there are two
alternatives for the utilization of this indicator; (1) to machine the
work materials for, say, thirty minutes and then choose the critical

value so thal it intercepts all curves, or (2) to select a relatively high
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critical value for the slot width limit (e.g., - .0035 inch (- .0889 mm)).
Both choices were rejected, since the first one would overlook the BUE
formations, and the second one would require a long cutting time,
especially for those materials that have good machinability and/or high
tendency for BUE formation. Since the objective was to maintain the
status of the EMST as a short-term test, the second indicator was also

disregarded.

The third indicator, slope of the slot width veriations, takes the
material behavior during the whole period of machining into accouat,
allows for replications without violating the stock limits, and keeps the
EMST as a short-term test. The third indicator was, therefore, selected

to be the machinability indicator.
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The third objective, to investigate the test repeatability, was
achieved through cutting three replications. Figures 5.11 to S5.14 show
the plot of the results obtained. Examination of these figures indicates
the following:

(1) The 705E001 third replication showed no BUE formation and,
hence, higher tool wear rate than the other two replications
that exhibited BUE formation.

(2) The 705W002 third replication and the 651L100 second
replication showed small tool wear rates in relation to the
other replications.

(3) The 705E014 was the only consistent material.

The question was, then, whether the scatter in the data was by
chance or due to an assignable cause. Although the second and third
replications were performed on a different fixture design (see Figure

5.10), the results do not show the fixture to be an assignable factor.

L

’ ‘4 /

N Pe!

Old Fixture New Fixture

Fig. 5.10 EMST Old and New Fixture
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In order to insure thst the above data scatter was not biased by
the measuring position (at the start of the first slot) and/or the slot
aumber (the first slot of each bar), the measuring procedure was
revised to accommodate for two readings per slot (at the start and end

of each slot).

Figures 5.15 to 5.18 present the results for the first replication,
where the semi-vertical bars represent the readings at the start and
end of the slots. From these figures, it can be concluded that the
trends of the slot width variations were unbiased to either the
measuring position or the slot number, but the variations within and
among slots point to an assignable cause(s). For example, why were
some of the slots larger at the end of the bar than at the beginning
given no BUE effects were sees on the surface texture?, and/or why
were some of the slots smaller at the beginning of a bar than at the

end of the previous one given no BUE was present?
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The following factors were identified as the likely assignable
causes to the variations within and among the slots:

(1) Entry and exit conditions.

(2) Mode of milling (up or down nﬁilling).

(3) Thermal effects.

The entry and exit conditions were investigated through measuring
the slot widths further away from the measuring position (see Fig. 3.3).

The widths were unchanged and, therefore, this factor was disregarded.

The mode of milling (i.e.. bad entry for down milling and bad exit
for up milling) was investigated through machining two slots in
opposite directions. The normal cutting direction was the down milling
and the opposite direction was up milling. The results were identical
for both directions. Therefore, the direction of cut did not influence

the results.

The third factor (thermal effects) was, hence, the likely assignable
cause to the above data scatter. The thermal expansion of the end mill
due to the generated heat during cutting was the only explanation for
having a slot larger at the end of the bar than at the beginning in
the absence of BUE. The cooling of the end mill between cuts, and,
nence, the smalier the diameter was the only explanation for having a
slot smaller at the beginning of a bar than at the end of the previous

one given that there was no BUE formation.
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Therefore, there are three mechanisms in the end milling-sloiting
test; tool wear, BUE formation and thermal effects. The tool wear
results in smaller slot widths when it is the dominant mechanism,
while BUE formation and thermal effects result in larger slot width.
Examination of the surface texture, which would point to the BUE
formation, if it did take place, is the only way to differentiate between

the last two mechanisms.

The resulis obtained at cutting condition numbers 7 and 8 were
re-examined in the light of the above mechanisms and it was
determined that the heating and cooling cycles did not influence the

conclusions drawn from them.

The question was, then, whether the thermal effects were the
cause for the differences in the replications' results. Figures 5.19 and
3.20 present the results of the 705E001 & 705W002 first and third
replications, while Figure 521 presents the results of the 651L100 first
and second replications. Examination of these results indicates the
following:

(1) The thermal effects on the variations within slots were

similar to the first and third replications of 705E001 (Fig.
5.19). However, for the 705W002 and 6351L100 (Fig's. 5.20 &
5.21), the variations within slots were higher in the third
and second replications than the first one. For example, for
the 651L100, on the average, the difference between the start

and the end of a slot was .0004 inch (0102 mm) for the first
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replication, while it was .0005 (0127 mm) for the second
replication. This could be attributed to the slightly longer
bars (i.e, more machining time or heating cycle per slot) of
the second replication. Some of the 651L100 third replication
bars were measured and gave identical differences to the
ones obtained from the second replication’'s results.

Therefore, for a given material, the thermal effects on the

variations within siots depend on the bar length. In turn, &

tighter control over the bars length would be required in
future testing.

Due to the following factors, the thermal effects on the
variations within slots were different among materials:

(a) The amount of heat generated during the cutting process
which depends on the interaction between the cutting
tool and the work material, where the wugher the
material the higher the amount obtained.

(b) The tool wear, which varies from one material to
another and, hence, the amount of heat generated.

(c) The amount of heat passed to the workpiece which
depends on the ability of the work material to absorb
heat. The chip carries the highest per cent of the
generated heat. The rest is passed to the tool and to the
workpiece. The less the ability of the work material to
absorb heat, the higher the amount of heat passed to the
tool and, thus, higher therma{ expansion for the end
mifl.
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(2) The thermal effects on the variations among slots which
depend upon the heating and cooling cycles. Figure 522
presents a typical heating and cooling cycle for the end mill.
A sharp increase in the cutting temperature occurs as soon
as the cutting process starts. This is usually foillowed by a
gradual increase in the cutting temperature, especially in the
absence of a cutting fluid. A sharp drop in the cutling
temperature also occurs at the beginning of the cooling cycie
followed by an exponential decrease in temperature. The
pace of loading, unloading and setting the bars was not
constant among replications. Therefore, the thermal effects
are the most likely assignable cause for the scatter of the
data among replications. In addition, the tool hang varied
from 13/8 to 11/4 inches (3493 to 31.75 mm) in some of the
third replications by mistake.
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It was, then, decided to repeat the three replications with the

following changes:

(1) To reduce the bars length from 6 to 4 inches (1524 to 1016
mm) and to exercise tighter control over the bars length.
This would result in fewer thermal effects on the variations
within slots and would provide more data points over the
twenty minutes of cutting time for a more valid regression
analysis.

(2) To keep the cooling time constant among slots and more
important, among bars.

(3) The twol overhang would be reduced to the least possible
value that the set up would allow and kept constant. This is

to reduce vibration effects, if any.

It was decided to maintain the cooling time of the end mill
between slaots on & bar at three minutes and between bars at five
minutes, to further reduce the heating cycle effects among bars, for
two reasans. First, the loading of a new bar required longer time than
that needed for setting up a bar for additional sfotting. Second, it was
planned to utilize only the siot width wvariations at the beginning of
the first slot of each bar for evaluating the machining performance of
the work materials. This is to have a reasonable cutting time interval,
roughly 2.2 minutes per bar, beitween measurements. In addition, the

tool overhang was reduced to 7/8 inch (2223 mm) and kept constant.
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Figures 3523 to 526 provide the results obtained after the above
mentioned modifications were applied, where R1, R2 and R3 stand for
first, second and third replications respectively. With the exception of
the 705E001 material, the variations among replications (in terms of the
stlope/rate of the slot width variations) were reduced substantially.
According to HRL production rates (see Appendix B), the 705E001 was
the least machinable material among the ones investigated. The
differences between the replications of this material can be attributed
to the instability of the BUE that was obhserved on the surface textures.
For the other materials (703W002, 705E014 & 651L100), the BUE was not

observed.

Figures 527 to 5.30 show the soit width variations (SWV) of the
first replication (R1) of each of the four materials versus the slot
number respectively. The darker dots indicate the measurements of the
slot widths at the start of the first slot of the bars. Examination of
these figures and Figures 5.15 to 5.18 indicates that; (1) the reduction
of the bars length to four inches (1016 mm) reduced the thermal
effecic on the results obtained within slots (the beginning and end of a
slot), as it was expected, and (2) the four inch (1016 mm) bars

provided similar irends to those found for the six inch (152.4 mm) bars.

From Figures 323 to 3526, it was, therefore, conciuded that the
EMST repeatability was established. Further, the slope/rate of the siot
width variations, the performance indicator, would reflect the ool wear

rate with the presence or absence of BUE formation.
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Finally, the last objective of the EMST preliminery testing was to
establish the statistical tools required for analyzing the data and. hence,
the experimental design for actual testing. As mentioned before, the
slope/rate of the slot width variations determined from measurements of
the slot widths at the beginning of the bars was the selected
slotting-performance indicator. Measuring the slot width instead of the
tool wear has several advantages, one of which is the direct reflection
of any BUE formation, if present, on the machine surfaces. The tool
wear may not be affected as much as the machine surfaces with the
presence/absence of BUE depending on the BIJE size and stability. Also,
the slot width measurements are taken after completing the required

cutting and, thus, there are no setup disturbances during testing.

Examination of Figures 525 and 526 indicates that the slot width
variations reflect two tool wear zones, the break-in and gradual wear
zone. Since the tool wear rate is not constant during the break-in
period, it was decided to disregard the first readings, the siot width
measurements at roughly zero cutting time. It was, also, questionable
whether the accelerated tool wear zone (which also, exhibits non-
constant tool wear rate) would appear in the twenty minutes cutting
time, especially for the work materials of low machinability. Additional
bars from the 705W002 material, regarded as a low machinable material
according to HRL production rates (see Appendix B), were machined
using the end mill of its first replication. Figure 5.31 presents the
results obtained that may point to a slight change in the setup. The

difference between the 10th and 11th readings was 0019 inch (.0483
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mm). Erxamination of the slot width variation rate before and after
these two readings indicate that they were similar. It was, hence,
concluded that this difference could have resulted from a slight change
in the eccentricity between the cutting edges and their shank due to
dust or any other factors. Figure 5.32 shows the results after adjusting
for this difference. These results indicate that the accelerated tool
wear zone would not appear during the twenty minutes of cutting. In
addition, Figures 3.31 and 532 further point to the advantage of
measuring the slot width instead of the tool wear. Perhaps, these
figures are the answer to why tool life data shows scatter of 20 to 30
per cent [26). In statistical terms, it seems that whenever the tool is

set in its holder, a new population is generated.

Figure 3.33 shows the plot of the averages versus variances of the
three replications’ results. Examination of the figure indicates that a
transformation to stabilize the variance was not required (ie, the
variance was constant). A simple linear regression mode! was then
utilized to determine the slope/rate of the slot width variations. Table
5.2 provides the regression results in terms of slopes, coefficients of
correlation, and HRL production rates. It should be menticned here
that during regression analysis, influential points [153] were identified
and disregarded. For example, for the results of the four materials, one
point of the 705E014 first replication results was considered an outlier
and was disregarded (ie. the SWV rate was determined based on eight

points instead of nine for this replication).
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Table 5.2 EMST Preliminary Testing Results
Material Slope (correlation coefficient) Average HRL
First Second Third Rate (pcs/hr)

705ECO01 -.000169(.94) -.000193(.95) -.000252(.97) -.000205 336
705WQ002 -.000040(.98) -.000038(.99) -.000050(.96) -.000043 383
705E014 -.000083(.99) -.000102(.98) -.000102(.99) -.000086 440
651L100 -.000051(.99) -.000045(1.0) -.000052(.94) -.000049 538

VARIANCE

0.0000012 ¥

&
* 'y
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°
&
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® e
@
L
® Y e® 2 o
®
o 00
0.0000000 42228.9%0.00~%%-80 2 8 —
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Fig. 5.33 Averages Versus Variances for EMST Preliminary Testing
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Examination of Table 5.2 indicates that with the exception of the
705W002 material, the EMST and HRL results correlated well. Based on
the two tests, the 705E001 was the lowest machinable material and the
651L100 was the most machinable one. The correlation coefficient
between the two tesis was 63. In other words, the larger the SWV

slope/rate, the lower the produclion rate.

In conclusion, the EMST preliminary results indicate that the test
does differentiate bhetween the materials, is repeatable, and does
correlate well with the PPT. Further, the EMST is quicker and more
sepsilive than the PPT in identifying those msaterials with a higher

tendeacy for BUE formation, such as the 705E001.
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54 EMST Actual Tests

The remaining eleven of the fifteen work materials were
randomly machined under the same cutting condition utilized in

preliminary testing (cutting condition * 7, see Fig. 5.2).

Figures 3.34 to 5.44 present the three replications' resuits obtained
for the eleven materials, where the 9T material had two replications
due to stock limit (Fig. 5.41). Figure 545 which shows the plot of the
averages versus variances of these results indicates that a
transformation to stabilize the variance was not required. Examination
of the surface textures of the machine bars indicated that the 705E001,
705E017, and 705E002 had exhibited BUE formation. The first two
materials gave low production rates according to the PPT results (see
Appendix B), and, hence, the EMST did point to two materials of low
machinability. However, the 705EN02 material which also exhibited BUE

formation was ranked well based on HRL results.

In eaddition to BUE formation, examination of the surface textures
indicated that for some materials the chip did get between the cuiting
edge and the machine surface and, in turn, lines engraved on the
machine surfaces were the result. Originally, it was thought this was
due to the gravity force effects when horizontal milling. However, the
marks were seen on bhoth walls of the slots. Re-examination of the
machine bars indicated that all work materials exhibited the engraved

lines except the 9T, 10T, and 12T ones.
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Table 3.3 provides the regression results (after being rounded off
from computer prints) in terms of slopes, coefficients of correlation,
and averages and variances of SWV rates. Figure 3.46 provides the plot
of these averages versus their variances. As mentioned before, during
regression analysis, influential points were indentified and disregarded.
However, only three influential points were found in the results of: (1)
705E014 first replication, (2) 705E016 first replication, and (3) 705E002

secand replication.

Examinstion of Figure 346 indicates that the 705E001 had the
highest variance. This was followed by the 705SE017. Both materials
and the 703E002 had a high tendency for BUE formation as was
reflected on the machine surfaces. Since there were only two
replications for the 9T material and the resulted variances were very
small (with the exception of the 705E001) relative to the averages (see
Table 5.3), it was decided not to apply the Duncan multiple-range test
which requires equal sample sizes. However, the materials were still
grouped relative to their results. For example, the average SWV rates
of the 705E016 and 705E002 were -.000088 and -.000086 respectively. and.

hence, were grouped with a -.000087 value.

Table 5.4 presents the HRL production rates, the EMST results
determined after subjective grouping, and the absolute difference
between the two tests’ ranking. The biggest disagreements among the
two tests’ ranks were reflected in two materials, the 705W002 and 12T as

indicated by an asterisk on Table 54. The slotting test does not show
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the 705W002 as unmachinable as the screw machine test. However, the
EMST did differentiate among the materials. The two tests' results had a
58 % correlation. Additional cross correlation analysis is given in

section 7.1.
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Table 5.3 EMST Actual Testing Results
Material Slope (Correlation Coefficient) Averasge Variance
First Second Third Rate

705E001  -.000169(.94) -.000193(.93) -.000252(97) -.000205 18372E-12
703W002 -.000040(.98) -.000038(.99) -.000050(96) -.000043 41 5E-12
705E017  -.000088(91) -000113(97) -.000136(93) -000112 587 8E-12
705E014 -.000083(.99) -.000102(98) -.000102(29) -.000096 126 5E-12
705E003 -000114(.98) -.000090(.96) -.000080(98) -.000095 319.0E-12
7050034 -.000038(.97) -.000042(.97) -.000045(97) -.000042 14 5E-12
705E016 -.000108(.96) -.000073(.98) -.000082(.97) -000088 313.7E-12
705E002 -.000105(.94) -.000072(88) -.000081(93) -.000086 292 5E-12
651L100 -.000051(.99) -.000045(1.0) -.000052(.94) -.000049 12 8E-12
651L101 -.000031(.96) -.000034(.94} -.000036(85) -.000040 93 2E-12
625L286 -.000030(.98) -.000011(82) -.000016(92) -000019 93.5E-12
9T -.000016(.89) -.000037(.98) - -.000027 225.0E-12
10T -.000029(.92) -.000033(.98) -.000058(.99) -.000040 244.7E-12
11T -.0000632(91) -.000034(.97) -.000028(57) -.000031 9.4E-12
12T -.000014(.78) -.000019(.90) -.000018(.74) -.000017 8.2E-12
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Table 54 HRL Production Rates and EMST Results

HRL EMST Absolute Difference

Material pes/he Rank  SWV Rate Rank in Ranking
765E001 336 8 -.000205 7 1
705W002 383 7 - 000044 3 4 *
765E017 388 6 - 000112 6 0
70SE014 440 S - 000096 5 0
705E003 440 5 - 000096 5 0
705C034 440 5 -.000044 3 2
705E016 572 2 -.000087 4 2
705E002 $72 2 -.000087 4 2
651L100 538 3 - 000044 3 0
631L101 620 1 -.000044 3 2
625L286 620 | -.000018 1 0

9T 502 4 - 000027 2 2

12T 502 4 - 000018 1 3 =
Correlation Coefficient: +577
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55 T Sum and cations

The EMST was designed to depict the machining characteristics of
the machinability space of free-cutting steels. This was in terms of
using & HSS tool material, an indicator based on the part quality (rate
of dimensional stability of machined slots), and an intermittent type
operation (slotting). Possible sources of error, such as thermal effects,
were identified and minimized. ~The work msterials were e¢valuated
under & practical slotting condition. Due to the low material
consumption relative to an equivalent Taylor type test, three
replications were takes when the material stock was available. This

was through machining four slots on four inch (1016 mm) bars.

The EMST does differentiate between the materials, is repeatable,
and more sensitive than the PPT ian identifying those materials with a
higher tendency for BUE formation. The test results correlated with

the PPT results with a correlation coefficient of 38 %.

Although there are no replications for the PPT, 2 similar analysis
to the one applied on the EMST resulis can be utilized for the PPT data.
A simple linear regression model can be employed on the surface
roughness results. The slope/rate of the fitted model can be utilized in
comparing differeni materials. The advantage of using a fitted
regression line is that the variance of the estimated parameter (slope)
would be an indication to the data variability (work material's

homogeneity).
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The test was developed with the objective of employing it to
insure the quality of the screw machine materials. It can, also, be
utilized before the PPT for qualifying new materials, especially for
identifying those materials with a high tendency for BUE formation.
However, due to the high testing time required relative to that of the
Power Hacksaw Tesi (PHT), it was decided not i0o recommend the EMST
test for evaluating the machinability of work materials in production

lines.
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Chapter 6: CUTTING FORCES TEST

6.1 Iatroduction

The majority of the culting forces tests performed on & lathe can
be classified into two groups; conventional and non-conventional. The
first group would include the ones that directly utilize cutting forces
measured on a conventional setup in their analyses. The second group
would include those tests that require an unconventional setup (ie.
turning at constant feed force tests [18) and turning &t increasing
speed tests (98]). The main drawback to non-convenationsal cutting
forces tests is the special setup required. Such setups are not even

available in most laboratories.

Conventional cutting forces tests can be further classified into
orthogonal and normal turning. However, to achieve orthogonality on
2 lathe, some workpiece preparations and/or certain workpiece
geometries, or & special tool geometry would be required. For normai
turning, typical cutting forces indicators include forces obtained under
certain conditions ([3], [4] & [22]), feed for a given feed force value or
the feed force resulted at a certain feed [2], time to reach a certain
feed force (123], and horsepower calculated from measured forces [S].
In the work of Fersing and Smith (88] and De Filippi [89), it was
indicated that the feed force increases faster than the cutting force
with tool wear. Meanwhile, Colwell, Mazur and De Vries [90] concluded

that the feed force was a betier indicator of the beginning of the
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accelerated tool wear region than the cutting force. In other words,
the feed force is more seasitive to variations in the machining process
than the cutting force. Perhaps due to that and the small magnitude
of the radial force, the majority of the indicators utilized in cutting

forces tests are related to the feed force.

Although the literature survey of the cutting forces tests, given
on pages 40 to 31, indicates that none of them has correlated well with
industrial ratings (i.e., the PPT resuits), a conventional cutting forces
test was still utilized. The cuuting forces are the main sources of the
heat generated during metal cutting. This heat raises the cutting
temperature which was shown to correlate well with commercial ratings
[99]. and it was, hence, questionable why the cutting forces do not
correlate well with the PPT results while the cutting temperature does.
Prehaps this can be attributed to the high scatter in the cutting forces
readings. In a work by Redford [34] to investigate on-line tool wear
assessment, the cutting forces readings gave more scatter than the
cutting temperaiure measurements, especially when the tool was worn.
For reliable machinability evaluation of work materials using cutting
forces tests, the effect of this data scatter may be reduced through
replications. Despite the added costs of replications, several advantages
can be realized; (1) the setup of cutting forces tests is simpler than
that of the cutting temperature ones, and (2) the machining time
required for the cutting forces to reach the steady state condition is
less than that needed for the cutting temperature. That is, the

conversion of mechanical energy into heat which raises the cutting
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tempesature takes time. The steady state temperature was reached after
23 seconds of cutting in & work by Redford [34], while 20 seconds was

required in another work by Mills and Akhtar [41).

In addition, none of the previous studies addressed the relative
sensitivity of the cutting forces components (cutting. feed and radial
force) in differentiating among the machinability of work materials.
Particularly, the radial force is often neglected due to its smaller
magnitude relative to the other two components, while it is the one
that directly affects the tool nose wear and. thus, lowers the
dimensional accuracy. Cook [32) mentioned that the degree of tolerance
degradation is associated with the wear of the tool neose radius and
flank, and that it generally correlates well with tool fiank wear.
Finally, the ranking of the work materials was independent of feed
pressure when sawing and of cutting feed when slotting. It was, then,
desired to investigate whether the materials ranking is independent of

other cutting parameters, such as the cutting speed and depth of cut.

Therefore, the Cutting Forces Test (CFT) was utilized; (1) to justify
previous work conclusions ([2] & ([3]) that cutting forces do not
correlate well with the PPT resuits (or commercial performance
ratings), (2) to investigate the sensitivity of the resultant force
components (cutting, feed and radial force) in differentiating between
the work materials under study, and (3) to determine whether the

ranking of work materials is independent of cutting conditions.
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62 CFT Testing Equipment

All tests were performed on a LeBlond 20 inch (508 mm) heavy
duty lathe at HRL. The lathe was equiped with a Kistler 9257A
dynamomter, 9403 tool holder, and 35008 charge amplifier. The data
acquisition and display system consisted of & smartscope, a monitor and

an oscilloscope (model 700) msaufactured by T.G. Branden.

In order to avoid possible errors in resharpening HSS culting
lools, indexable carbide inserts (WC) were utilized. Table 6.1, abstracted
from reference [138), provides the recommended cuiting conditions and
carbide tool material for turning the work materials uader study. The
utilized inserts were Kennametal TNG322 (ie., a triangle insert of a 2/64
inch (8 mm) nose radius) of the K45 type, an equivelant to the C-6
one. A Keanametal KTBR-643 INS TN-32 (ie., iooi geometry of -5, -S, 5.
5. 15, and 18 degrees) tool holder was also utilized. A negative tool
helder was chosen, since a negative insert provides more cutting edges
than a positive one. The above tool geomelry was employed due to the
small diameter of the bars, 1-inch (254 mm), and the fact that the

larger the SCEA, the larger the radial force and, hence, vibration.
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Table 6.1 Recommended Turning Conditions

Material BHN Depth-of-Cut Culting Speed Feed Tool Mat'l
inch mm sfpm m/min ipr mm/r C IS0

1213 CD 150-200 040 1 860 260 007 18 C-7 P10
. 4 650 200 020 30 C-6 P20
300 8 510 135 030 753 C-6 P20

6 400 120 040 100 C-6 P20

o o e e o o o = o e 0 0 ol ok o s o o e o e e 0 o i % 20 om0 i S O o 1t ot 0 O o o P 0 = S S e e - -

12L14CD 150-200 .040
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6.3 CFT Preliminary Tests

The main objectives of the CFT preliminary tests were; (1) to
investigate the sensitivity of the resultant force components (cutting,
feed and radial force) in differentiating between the work materials,
(2) to determine whether the ranking of work materials is independent
of cutting conditions, and (3) to locate 8 cutting condition at which

screening among the materials is statistically most powerful.

Figure 6.1 shows the CFT as an input/output system. Three
materials (705E001, 705W002 & 651L100) were randomly selected from the
four utilized in the EMST preliminary testing. Initially, it was planned
to select testing conditions around the average of those recommended in
Teble 6.1. However, the machine was discovered to lose power above a
certain cutting condition; a cutting speed of 6350 sfpm (198 m/min.), a
feed of 009 ipr (225 mm/r), and a depth of cut of .050 inch (1.27 mm).
It was, therefore, decided to test the materials under some conditions
that would refiect the effects of speed, feed, depth of cut, and a rough
cutting condition on the ranking of the materials. Table 6.2 presents
an incomplete 23 factorial design that indicates the speed (v), feed (f),
depth of cut (d), and the interaction term (fd) effects from the
conditions at which all factors are low. The interaction term (fd)
represented a rough cutting condition. Three replications were taken

for each materiai under each of these cutting conditions.
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The bars were held between a collet and 8 live center with
around one foot (304 mm) exposure to avoid vibration. For each test, a
new cutting edge was utilized to first remove s thin outer-skin, .065
inch (.13 mm) depth of cut, and then cut for 13 seconds under the test
conditions. The removal of the outer-skin provides a uniform depth of
cut and, thus, eliminates a possible source of noise. The first three
seconds were regarded tool break-in period. Although this could result
in different values for the initial flank wear among the materials
and/or cutting conditions, breaking-in the tools on a2 standard material
is a time consuming process. Further, as mentioned earlier, on page
215, whenever the tool is set in its holder, a new population is
generated. In other words, breaking-in the tools on a standard
material could result in a higher level of noise than having slight
variations in the initial flank wear break-in values. Simply stated, the
objective was to insure that each cuting edge was broken-in before any
measurements were taken (i.e., measure cutting forces at the beginning
of the gradual tool wear zone). The smartscope was, hence, set to
record 300 readings per 10 seconds and to display the slope of a fitted
line to these measurements. The slopes were examined to insure that
all the readings were taken after the tool break-in period, and that
they were not siganificantly different between materials and/or testing
conditions. The average value of the 500 readings was, then, recorded

for each cutting force component.
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Table 6.2

An Incomplete Factorial Design

1) ()] (€3] {fd)

vy = 400 sfpm
(120 m/min)

f3 = 009 ipr fy = 018 ipr fz = 018 ipr
(225 mm/r) (457 mm/r) (457 mm/r)

dy = 040 in. = 080 in. d; = 080 in.
(1 mm) (2 mm) (2 mm)
(\'9)

vy =600 sfpm
(180 m/min)

3 Materials

WC Insert MACHINABILITY - Cutting Forces

5 Cutting Conditions

Dry

Fig. 6.1

(TURNING)
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A simiiar analysis to the one applied on the PHT results was also
utilized on the CFT data. Figures 6.2 to 6.4 present the averages versus
variances of the three replications’ results for each of the resuftant
force components; cutting force (Fr), feed force (Ff), and radial force
(Fr). Examination of these figures indicates that the variance was
constant, and, hence, a transformation to stabilize the variance was not
needed. The 7035E001 material again gave the highest variaace,
especially at the testing condition for the depth of cut effect (d). Table
6.3 shows, as an example, the ANOVA of the radial force (Fr) results
along with the Duncan test results for the testing condition of the feed
effect (f). Table 6.4 provides the averages of the three replications and
the total averages under the different testing conditions. Examination
of this table indicates that the effects of the different conditions were
in agreement to the expected general trends. That is, the results
indicated that the higher the speed, the lower the forces, and the
higher the feed, depth of cut, or both, the higher the forces. Also,
they indicated that at certain cutting conditions the feed force can be

the largest resultant force component.

Table 6.3 summsrizes the CFT preliminary test results in terms of
F-ratios for among (Fa) and within (Fw) materials, and Duncan ranking
results. Examination of Table 6.4 indicates the following:

(1) The cutting force did not differentiate between the materials,

while both feed and radial forces did.
(2) The ranking of the materials based on either the feed or the

radial force was ,in general, independent of the cutting
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(3)

(4)

conditions (speed, feed, and depth of cut).

The ranking of the materials was also independent of the
type of cut, rough (fd) or finish (v) turning.

Under the cutting condition of the feed effect (f), there wsas
no overlapping in the Duncan ranking for both the feed and
radial forces. Also, the feed force under the (fd) cutling
condition effect, did not show overlapping. However, based
on the radial force (Fr) at the feed-effect cutting condition
(f), the screening among the materials was statistically most
powerful. That is, the F-ratio for among materials (Fa) was
the highest given that the F-ratio for within materials (Fw)

was insignificant.

The correlation coefficient between the radial force resuits at the

feed-effect cutting condition (f) and HRL production rates was 100 %
(ie.. positive correlation). Normally, the higher the cutting forces, the
lower the machinability. However, the following data indicates that the
radial force results did also correiate well with the values of the
hardness (but negative correlation). Since a negative tool holder was
used, apparently more forces were needed to bring the materials to a

state where they can be sheared under compression stresses.

Material @ BHN PPT (pcs/he)  Fr volis (newton)

705E001 192 336 1.8760 (417.2)
705W002 170 383 2.1553 (479.4)
6511100 156 538 2.2543 (501 4)
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In conclusion, the CFT does differentiate between the work
materials, the cutting force is not a reliable indicator to the
machinability of work masterials, both radial and feed forces are
sensitive to variations in work materials, and the ranking of the work
materials is cutting condition indspendent. Also, a cutting condition at
which screening among the materials is statistcally most powerful was

located, the cutting condition of the feed effect (f) in Table 6.2.
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Table 6.3

Material Replication Number Average Variance
1 2 3

705E001 1.8690 18630 1.8960 1.8760 000309
705W002 2.1820 2.1780¢ 2.1060 2.1553 001829
651L100 2.2480 22930 22220 22543 001290

- e - " R - S = . - 8 Y Th i - . - — -

ANOVA Table:

Source SS MSE F-ratio

Within Materials 002106 001053 886 < F(05.2,4)= 694 Insig.

df
Among Materials 230964 2 115482 97212 > F(.05.2,4) = 694 Sig.
2
Error 004752 4 001188

> o vt > "y T O . S = W6 AR

Corrected Total 237822 8

Duncan Multiple-Range Test Results (Sample Size = 3):

Material 705E001 705W002 63511100
Average 18760 2.1553 22343

(*) Force results are given in volts. For conversion to newton (N),
multisly by 222 4.
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Table 6.4 Averages of CFT Preliminary Results (Voits) ®

Force Material (1) (v) () (d) (fd)

Fc 705E001 14407 1.3463 24303 29167 49217
705W002 15267 1.3837 26123 30950 50763
651L100 14797 13870 25183 27390 49110

Ff  703E001 13757 12343 19280 3.1587 4.3903
705W002 14573 12790 2.0937 35357 47857
6511100 15223 14313 23143 35800 50190

S R R e 8 P D S T D G Y T o T T A T W e TR S S e - -

Fr 703E001 1.0983 9781 18760 17900 2.8397
705W002 1.1873 10183 2.1533 20367 3.13i3
6511100 12527 1.1547 22543 19063 3.1693

Average 11794 10504 20952 19110 30534

(*) Force results are given in volts. For coaversion to newton (N),
multiply by 222 4.
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Table 6.5 Summary of CFT Preliminary Resulis

Cutting Force (Fc) Feed Force (Ff) Radial Force (Fr)

Fa Fw Rank Fa Fw Rank Fa Fw Rank
(1) 58 23 1. 32 178 S1 1.2 3 80 15 12 3
(v) 4 1 1 23 358 32 1 23 139 30 1 2 3
(F) 30 76 1 3 2 3142 42% 1 23 972 &0 1 2 3
d 22 16 3 1 2 48 1 123 34 01 1 3 2
(fd) 28 14 3 1 2 341 11 123 13570 }] 23

Fa

: F-ratio among materials
: F-ratio within materials
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64 CFT Actual Tests

The remaining twelve of the fifteen work materials were randomly
machined under the feed-effect cutting condition (f), which is given in
Table 6.2. This was the culting condition at which screening among

the materials was statistically most powerful during preliminary testing.

Figures 6.5 to 6.7 which show the plot of the averages versus
variances of the results obtained indicate that & transformation to
stabilize the variance was not required. Examination of these figures
points to the higher variances of the cutting force results relative to
those obtained for the feed and radial force. The 705E017 showed high
variances for both cuiting and radial forces. The results of the
703W002 feed force and the 705E016 radial force also showed high

variances.

Table 6.6 presents the results obtained for the feed force along
with the ANOVA results. A summary of the F-ratios in terms of among
and within materials for the three forces is given below. The F-ratios
confirm the preliminary testing conclusion that the cuiting force is not
a reliable indicator for evalusiing the machinability of work materials.
The reliability of those indicators based on cutting force mesasurements,
such as horsepower and cutting tempersture, is, hence, questionable.
Although both the feed and radial forces have shown significant
differences among materials, variations within materials (replications)

were significant for the radial force. Perhaps a larger sample size
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(more than three replications) would provide insignificant variations
within materials for the radial force (see the degrees of freedom in
Table 66). Unfortunately, due to stock limit this was not investigated
further. Noideiheiess, it can be concluded that the feed force is the
most reliable indicator among the the components of the resultant force
for the machinability evaluation of free-cutting steel. This is followed

by the radial force.

Force F-ratio Among F-ratio Within
Fc 3823 (Insig.) 34278 (Sig.)
Ff 100930 (Sig.) 2661 (Insig.)
Fr 90926 (Sig) 18997 (Sig.)

Table 6.7 presents the HRL production rates, the feed force results
determined after the Duncan analysis, and the absolute difference
between the two tests’ ranking. The biggest disagreements among the
two tests’ results were reflected in the 705E00i, 705W002, and 705E017.
The CFT dees not show these materials as uamachinable as the screw
machine test. The two tests' resuits correlated with & +.34 % (additionsl
cross correlation analysis is given in section 7.1). Nevertheless, the
CFT divided the thirteen materials into five groups as compared to eight

for the PPT. It can, therefore, be concluded that the CFT is as sensitive

as the PPT.
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Table 66 Feed Force Results of CFT Actual Testing *

Material Replication Number Average Variance
1 2 3

703E001 1.9920 19180 1.8740 1.9280 003556
705W002 2.1870 20840 2.0100 2.0937 007902
703E017 18860 18430 1.8760 1.8683 000506
705E014 22540 2.3080 2.3040 2.2887 0009035
7035E003 20816 2.0470 2.0950 20743 000609
705C034 2.1140 20740 2.0630 2.0837 000720
705E016 19420 18930 18730 1.9027 001260
705E002 18320 18180 1.7990 18163 .000274

6511100 23910 22850 22670 2.3143 004489
651L101 23340 22920 2.3780 2.3347 001849
6230286  2.367¢ 2.33%80 2.3540 2.3530 000211

9T 23900 23620 2.3700 2.3740 000208
10T 24240 24260 24020 2.4173 000177
11T 24440 235100 25240 2.4927 001823
12T 24010 238350 24520 2.4127 001224

Average 22026 2.1722 2.1761 2.1836

ANOVA Table:

Source SS daf MSE  F-ratio

Among Materials 2.18122 14 .155801 10093 > F(.05.1428) = 206 Sig.
Within Materials 00822 2 004108 266 < F(05. 228) = 3.34 Insig.
Error 04322 28 001544

Corrected Total 223266 44

(*) Force results are given in volts. For conversion to newton (N).
multiply by 222 4.
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Table 6.7 HRL Production Rates and CFT Resulits *

HRL CFT Absolute Difference

Material pcs/hr Rank  Feed Force Rank in Ranking
705E001 336 8 1.8997 2 6 *
705wW002 383 7 2.0839 3 4 =
705E017 388 6 1.8997 2 4 =
705E014 440 5 2.3227 4 1
705E003 449 5 2.0839 3 2
705C034 440 5 20839 3 2
705E016 572 2 1.8697 2 0
703E002 572 2 1.8163 1 1
651L100 338 3 2.3227 4 1
631L101 620 | 2.3227 4 3
6251286 620 1 2.3227 4 3

9T 502 4 2.3934 5 1

12T 502 4 2.3934 5 1
Correlation Coefficient: +.3371

(*) Force results are given in volts. For coanversion to newton (N),
multiply by 222 .4. -
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63 CFT Summary and Applications

As mentioned earlier, on page 235, the CFT was utilized to; (1)
justify previous work conclusions ([2] & [3]) that cutting forces do not
correlate well with HRL production rates, (2) investigate the sensitivity
of the resultant force components (cutting, feed and radial force) in
differentiating between the work materials uader study, and (3)
determine whether the ranking of work materials is independent of

cutting conditions.

The preliminary and actual tests' results indicated that the ranking
of the work materials is independent of cutting conditions; speed, feed,
and depth of cut. The feed force was the most sensitive resultant force
component to variations in the machinability of work materials. This
was followed by the radial force, which would be as sensitive as the
feed force with more replications. The cutting force resulis gave the
highest scatter, and it was, hence, concluded that it is not a reliable
indicator to the machinability evaluation of free-cutting steel. Despite
the fact that a poor correlation (38 %) exisied between the CFT and the
PPT, the CFT did differentiste between the work materials and classified
them into five groups as compared to eight for the PPT. Additional
cross correlation analysis, given in section 7.1, resulted in a better
correlation coefficient than the above one. Fiaally, the CFT can be

utilized to qualify potential materials for the PPT.
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Chapter 7: RESULTS ANALYSIS AND RECOMMENDATIONS

7.1 Results Analysis

Table 7.1 provides a summary of the three shori-term tests' results
along with the HRL production rates and the rankings of the work
materials based on each test results. Figures 7.1 to 7.3 show the HRL

production rates versus the PHT, EMST and CFT results respectively.

As mentioned before, the 705E016 variance was much higher
relative to other materials’ variances during power hacksawing. This
same material had shown similar behavior during slotting and turaning.
It was, therefore, concluded that the 705E016 is a nonhomogeneous
material (belongs to & different population). The 705E016 was, hence,
regarded as an outlier and was disregarded from further analysis. As a
result, the correlation coefficieni between the PPT and PHT results
increased to -73 %. Meanwhile, the 705E001 gave the highest tendency
for BUE formation during slotting. It is also the material that gave the
biggest disagreement with HRL ranking for both the PHT and the CFT
ranks. Owing to the fact that the current (at the time this study was
initiated) machinability group of HRL has less confidence in the results
of the first eight materials, the 705E001 was also disregarded from any
further analysis.
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Table 71 HRL Production Bates and PHT, FMST & C(FT Results

HRL PHI EMST cr !
Material pcs/hr Rank Stro./area Rank SWV Rate Rank  Ff Rank

705E001 336 8 i80.70 4 = -000205 7 18997 2 =
705W002 383 7 194.90 6 -.000044 3% 20839 3
705E017 388 6 21080 7 -000112 6 18997 2
705E014 440 5 210.80 7 ~.000096 5 2.3227 4
705E003 440 5 186.37 5 - 000096 5 20839 3
705C034 440 5 186.37 5 -.000044 3 20839 3
703E016 572 2 186.37 5 -.000087 4 18997 2
7035E002 572 2 180.70 4 -.000087 4 18163 1
651L100 538 3 13163 2 -.000044 3 2.3227 4
651L101 620 1 117.20 1 -.000044 3 23227 4
6251286 620 1 140.65 3 -.000018 1 2.3227 4
9T 502 4 13165 2 -.000027 2 23934 53
12T 502 4 140.65 3 -.000018 1 23934 S
Correlation Coefficients: -.651 + 577 +.337

* Biggest disagreement with HRL ranking.

(1) Force results are given in volts. For coaversion to newton (N),
multiply by 222 4.
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Cross correlation and regression analyses were, then, run on the
remaining eleven materials' results. In addition to the correlation
coefficients (in per cent) obtained for the eleven materials, Table 7.2
also shows the impact on these vaiues when the 705E016 and 705E001
were disregarded. With the exception of the correlation coefficient
between the PPT and CFT results (34 %), the results of the four tests
(PPT, PHT, EMST & CFT) correlated well among themselves for the
thirteen work materials. When the 705E016 data was disregarded (due
o its high variability), the correlation coefficients between the PPT
and the three short-term tests' resuils increased, while the correlation
coefficients among the three short-term tests' results remained the
same. The 703E001 data was also disregarded due !o its high tendency
to BUE formation as well as to its biggest performance disagreement in
both the PHT and CFT relative to the PPT. After disregarding the
705E001, alf values increased except those between the PPT Aand the
EMST or CFT.

Simple linear regression analysis indicated that the 705E002 was an
influential point for the PPT and CFT regression model. This material
was also shown to have high tendency for BUE formation during
slotting. The cross correlation coefficients between the four tests'
results improved substantially when this material was also disregarded.
That is, valid simple linear regression models between each of the
three short-term tests and the PPT would be needed to predict the

machining performance of the newly developed materials.
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Based on the correlation coefficients obtained for the remaining
ten materials (i.e., after disregarding the 705E016, 705E001 and 705E002),
it was, therefore concluded that each of the three short-term tests
correlated well with the PPT as well as with each other. These
correlation coefficients could further improve when additional results
for the PPT become available. It might be mentioned here that a
correlation coefficient above 60 per cent is considered excellent when
comparing the results of two machinability tests. That is, there are
many input factors to the metal cutting process that can be dependent
on, or independent of, each other based on the machinability space

under investigation.

Finally, these results indicate that an easy to machine material
would:

(1) require fewer number of strokes per cross section area in the
PHT,

(2) show a low tendency for BUE formation and provide a small
rate for slot width variations in the EMST, and

(3) require a high feed force in the CFT which is contrary to
what is normally expected from cutting forces tests (the

lower the cutting forces, the better the machinability).

The CFT results were, hence, examined against the HBN data (given
in Appendix B). They were found to correlate well for the thirteen
materials, but with a negative correlation coefficient (-92 %). In other

words, for the work materials investigated, the higher the hardness, the
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lower the feed force, and, at the same time, the lower the feed force,
the lower the machinability. However, free-cutting steels have a
unique machining space. They are usually machined on automatic
screw/bar machines which utilize HSS tool materials and, thus, only
positive tool geometries are used. The cold drawing process applied on
these materials is aimed to bring their hardness levels to a range
suitable for this machining space. On the other hand, the CFT
employed a negative tool geometry and, apparently, materials with low
hardness required more feed forces. Prehaps, this was to briag their
hardness levels to a range suitable for machining under compression
(versus tension) stresses. If so, different cold reductions for the cold
drawing process would be needed when these machines can provide

cutting speeds in the range of the carbide cutting-tool materials.
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Table 7.2 Results of A Cross Correlation Analysis

For the thirteen materials:

PHT EMST OT
PPT -63 38 34
PHT -55 -66

U D 0 D D U e o . T - T S . - . o 4 "~ - o . - - - -

Without the 705E016, 705E001 & 703E002:
PPT -86 39 70
PHT -73  -73
EMST 63
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72 Recommendations te HRL

Although the resuits of each of the three short-term tests
correlated well with the production rates of HRL, especially the PHT
results, pone of them is recommended as a replacement for the PPT.
This is due to the fact that the furi . :r one moves away from practical

culting conditions, the jower the reliability of the results.

Ezxamination of the PPT procedure (described on pages 76 to 80) as
applied by different engineers al HRL over & period of years ({2], [3] &
(151]) indicates that the procedure has changed. These changes are
given in detail on pages 119 to 120. Briefly; (1) the test end-point
criterion changed, (2) sometimes a material was declared as a standard
or base, while at other times a3 standard steel was not used, (3) the
search procedure changed from trial-and-error to an experimental
design with three levels, and (4) the standard material varied from one
study to another. Meanwhile, examiasation of the procedure of the
Automatic Screw/Bar Machine Test, a standardized PPT [12)], indicates
that it can not be recommended as is. The procedure does not cover
some important points. For example, how would one use any
commercially available cutting fluid and still be able to compare the
results with those determined using a different cutting fluid? The
performance of a work material cen vary frem one cuiting fluid to
another. Although, specifying a certain cutting fluid may limit the
test's widespread usage, some restrictions are needed so that valid

comparisons can be made. Other serious problems in these tests include

267



the meaning of "maximum" production rate, the search procedure

utilized (trial-and-error), the subjective location of similar trends of

part quality among the tested steeis, and the inability to relate the

resuits of one test to another due to what is called a standard material

that varies from one situdy to another.

From the sabove (discussed in detail on pages 75-84, 109-112 &

119-121), the recommendations can be summarized as follows:

(1)

(2)

Since the materials can only be compared when they yield
similar trends of part quality, locating the maximum
production rate for each material is meaningless.

If a new material design is to replace a current one, one
would like the new design to perform better than the old
one, and, hence, the old design was used as a standard
material. However, when standardization is the objective, a
fixed, standard, base metal must be specified so that all other
materials can be compared against one base. A standard
material with a well defined chemical composition,
microstructure, etc. should, therefore, be defined and should
not be changed from one study to another. An easier way
would be the provision of some standard part quality trends
that all other materials can be compared against. Either
solution is the oanly way to allow for comparisons from one
study to another (ie., provide a continuity between past and
current data as well as a means for comparing the results of

one investigator to another). However, if the first solution is
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(3)

(4)

(5)

chosen, an optimization technique other than trial-and-error
is needed to locate the maximum production rate of the
standard material.

A quantitative procedure that would indicate when the similar
trends are located is required. The procedure applied in the
analysis of the EMST results could be utilized. Simply, when
two materials have equal slopes based on regression results,
they would provide similar trends of part quality.

A detailed standardized testing procedure should be
documented so that it can be followed by different engineers
over time and would still give the same results. This is in
terms of all metalurgical tests and other tests that should be
applied. In other words, an outlined methodology of the
steps and the type of tests to be applied should be stated
clearly. '

As mentioned earlier, on page 112, the Taylor test has never
differentiated between the materials nor have the results of
this test shown valid correiation with the PPT results ([2] &
(3]). Tha habit of running the Taylor test before the PPT
was, therefore, questionable. Since the Taylor test dees not
provide any useful informastion, it is recommended to stop the

utilization of this test.
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Chapter 8: CONCLUSIONS AND FUTURE WORK

8.1 Conclusions

Machinability is an important and complex concept which has
acquired a variety of connotations that can be unclear or confusing to
the uninitiated. The . difficulty is not only how it should be defined,

but also how it should be measured accurately.

From examining the machinability dilemma, in terms of the many
definitions and descriptions, various predictive modefs and developed
tests, and its current data disadvantages, it was concluded that:

(1) Machinability has no standard definition.

(Z) A commonly accepted theoretical or empirical model that can
be safely utilized for machinability prediction does not exist.
Therefore, machinability is best evaluated by actual testing.

(3) A universally accepiable system for classifying machinability
tests does not exist. Further, there are no cut-off values, in
terms of consumed material and/or testing time, to aid in
identifying whether a given test is of the long-, medium-, or
short-term type. Nevertheless, the Taylor-type and simulated
production tests, such as the PPT, are considered the long-
term type.

(4) Although the 1SO, a standardized Taylor test, is the only
internationally accepted testing procedure for machinability

evaluation, it is not widel!y used because; (1) it is a long-term
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(3)

(6)

(7)

(8)

test, (b) it limits the testing variables' felxibility to achieve
comparable results, and (c) it does not consider the feed
effects on tool wear or life, and (d) it ususally requires a
variable speed drive system.

None of the short-term tests developed to replace the Taylor
test is a valid replacement. The Taylor procedure is based on
certain assumptions that must first be validated for the
desired testing domain. Therefore, any short-term test should
not be used in isolation but rather in conjunction with the
long-term test results of a given testing domain.

Since none of the short-term tests has been adopted in a
wide spread fashion, their validity is limited to their testing
conditions.

The most reliable machinability tests are the actual
production ones. They are the most expensive, but the most
reliable. The second most accurate, but still expensive tests,
are the ones which «closely simulate actual production
conditions. Hence, the further the testing conditions move
away from production situations, the lower the reliability of
the results. However, laboratory test results can be
significantly  different from production eavironment.
Therefore, caution should be exercised when analyzing and
interpreting the results of machinability tests.

Due to the inherent variation in work material, culting tool
and cuiting fluid lots, deterministic analyses are not

appropriate for machinability testing.
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(9) The concept of relating the machining performance of a
material to another by a single index, such as the machining
productivity index (MPI) of HRL, has several disadvantages.
The index value does not take inte account the data
variability nor provide the user with important information
regarding cutting conditions. Machinability results should be
provided in terms of means and variances along with their

testing conditions.

From viewing many machinability tests in terms of input and
ouiput factors, it became apparent that during any metal cutting
operation, an output indicator would reflect an interaciion between a
work material, a cutting tool, and a cutting fluid (if used). This
interaction could vary with the cutting conditions, over the cutting
time, and from one setup to another. Machinability should, therefore,
stand for machining efficiency and should be viewed as a probabilistic
input/output system. Further, all combinations of input and output
factors would constitute what can be called the machinability space, and
machinability improvement can be indicated by; (1) a better machined
part, (2) a higher tool life or smaller tool wear rate, and/or (3) lower
cutiing forces, consumed power, or cutting temperature. Fipally, the
machinability space of work materials should be divided into sub-spaces,
in which groups of materiais compete among themseives for industrial
applications. For each machinability sub-space, a standardized test that

would test near production conditions shouid be developed.
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Due to the increasing trend towards the application of automation
in manufacturing, the machinability of work materials, cutting tools
and cutting fluids are becoming more important. The high demand for
accuracy and consistency in the input facters of metal culting
operations intensifies pressure on the manufacturers of work materials,
cutting tools and cutting fluids. The pressure is, however, highest on
the manufacturers of work materials due to the higher varisbility of
work materials relative to other input factors. Since machinability
assurance by chemical composition, microstructure, and/or physical/
mechanical properties analysis is not reliable, there is 2 high demand
for a short-term test that can be utilized in production lines for daily
machinability evaluation. This dissertation was concerned with;

(1) to find/develop a short term-test that correlates well with the

PPT and can be utilized in the steel mill for machinability
assurance, and

(2) to provide recommendations on a standardized PPT.

None of the published machinability testing procedures qualified to
fulfiil the first request. Also, examination of the PPT procedure pointed
o several flaws, such as the meaning of "maximum"” production rate,
the search procedure utilized (trial-and-error), the subjective location of
similar trends of part quality among the tested steels, and the inability
to relate the resulis of one test to another due to whai is called a
standard material that varies from one study to another. It was, thus,
decided to develop three short-term tests, called the Power Hacksaw Test

(PHT). End Milling-Slotting Test (EMST), and Cutting Forces Test (CFT).
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From the results of the three developed short-term tests, it can be

concluded that they;

(1)

(2)

(3)

(3)

(4)

tested different aspects in the machinability space of the
free-cutting steel with the least possible sources of error,
differentiated among the work materials tested with high
sensitivity and repeatability. For example, based on the PPT
results, the materials can be classified into 8 groups, while
from the results of the PHT, EMST and CFT, they were divided
into 7, 7, and 5 respectively (see Table 7.1 on page 259).
indicated that the ranking of the work materials can be
independent of cutting conditions (cutting speed, feed, depth
of cut, and feed pressure), but screening among the materials
was only statistically most powerful at certain conditions.
correlated well with the HRL production rates as well as
among themselves. The correlation coefficients determined
after disregarding three materials for vaild reasons (given in
section 7.1) were as follows:
PHT EMST CFT

PPT -86 59 70

PHT -75 -73

EMST 63
can be used to qualify potential materials for the PPT, assure
the quality of the screw machine material (such as tendency

to BUE formation), and determine the machinability level in

daily production.
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In addition, the CFT results indicated that the feed force is the
most sensitive resultant force component in differentiating between the
work materials. This is followed by the radial force, while the cutting
force was found to be an unreliable iandicator to the machinability of

work materials.

Since the three short term tests correlated well among themselves
as well as with the PPT, any one of them can be used in the steel miil
production lines. However, the PHT has the simplest setup, easiest
testing procedure, and does not require high operator skill. Also, the
PHT setup, testing procedure and results were successfuly duplicated at
HRL. The PHT is, therefore, recommended for the machinability
assurance in daily production along with the quality control procedure
(described on pages 167 to 173) developed for it. If the machinability
assurance of bars larger than one inch (23.4 mm) is of concern, the
CFT could be a better test. Finally, recommendations on HRL
machinability evaluation system, with an emphasies on the standardized

PPT, are given on pages 268 to 269.
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8.2 Future Work

Implications from the resecarch done for this dissertation would

indicate that:

(1)

(2)

(3)

(4)

An optimization search technique other than the trial-and-
error utilized in the PPT, to determine the maximum
production rate of the standard material, should be developed
and tested (in terms of repeatability).

More analysis needs to be done to develop and test a
quantitative method, instead of using subjective judgement, by
which the location of similar trends of part quality for the
tested steels can be valid.

The potential of the number of metal inclusions per unit
area as a microstructure machinability indicator should be
investigated, if additional data becomes available.

The division of the machinability space of work materials
into sub-spaces and the development of standardized tests is

needed.
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