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Abstract

Over the recent years, porous titanium foam became a common material in biomedical
applications. Since modem near-net shape technologies are still unable to achieve the desired
final shape of the end product, secondary machining operations like, for instance,
micromilling are currently regarded as viable manufacturing options. However, a significant
lack of information exists on micromilling of porous materials. The main goal of this study
was to investigate experimentally the extent of correlation between porosity and cutting
forces in the context of porous titanium foam micromilling. The porosity-cutting force
interplay was assessed by means of statistical metrics and the effect of several primary
cutting parameters on porosity-cutting force interaction was also evaluated. A novel image-
based technique was devised to determine porosity distribution along the tool path, when
analyzed from a cutting kinematics perspective. Results indicate that under certain cutting

conditions, good correlations exist between the signatures of porosity and cutting forces.

Keywords
porous titanium foams; micromilling experiments; image-based porosity assessment; cutting

forces; cutting parameters; statistical correlation metrics
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Chapter 1

1 Introduction

11 General

Porous metals, typically produced through powder metallurgy, represent a class of
relatively new materials with wide industrial applications, lately extending into the
microscale domain. Titanium foam, a class of porous metals with particular physical and
mechanical properties such as light weight, high strength and full biocompatibility, is
now a standard material for various dental and orthopaedic applications. In this context,
Figure 1-1depicts a dental implant prototype manufactured at National Research Council

of Canada - Industrial Materials Institute.

Figure 1-1: Prototype of Porous titanium foam dental implants

The porous structure of the titanium foams exhibits similarities with that of the natural

bone. This promotes a superior integration of the osteoblasts within the synthetic matrix



that eventually leads to an excellent contact interface between bone and implant that is

capable to transfer increased loads without the danger of loosening the implant.

Although produced in near-net shapes, most components fabricated from this material
still require some form of secondary machining. In practical biomedical applications,
outer surface geometry and porosity topology significantly influence the adherence
between implant and neighbouring bone. New microfabrication technologies, such as
micromilling and laser micromachining opened new technological possibilities for shape
generation of this class of products. Besides typical geometric alterations, these
manufacturing techniques enable a better control of the surface roughness that in turn

affects to a large extent the friction between implant and surrounding bone tissue.

Micromilling operations, typically performed with tool sized between 100 and 400 pm,
represents a good manufacturing option for production of small and precise components
to be used in various engineering applications such as heat exchangers, electrical
enclosures and electrodes. Figure 1-2 shows few examples of porous titanium

components fabricated through micromilling.

Despite recent progresses made, relatively little is known on the inherent cutting
mechanism as well as on the behavior of this material under micromilling conditions. The
present work is one of the first attempts to develop knowledge on process of micromilling

of porous material.



Figure 1-2: Samples produced by micromilling process
a) freeform surface; b) circular microslot

1.2 Contributions and Thesis Outline

The primary goal of this work is to generate knowledge on the correlation between
porosity and cutting forces during porous titanium foam micromilling. While pursuing
this objective, the present work will also develop understanding on the dynamics of this

complex micromachining process.

Preliminary experimental observations revealed that porosity along the tool path and
recorded cutting forces have a significant correlation. As it can be observed in Figure 1-3,
while in solid material micromilling the amplitude of the cutting forces is quasiconstant
and stable, in porous foam micromilling, cutting force amplitude experiences significant

oscillations along the tool path.



The red arrows in Figure 1-3 indicate that each major variation in cutting force signature

could be related to the presence of voids along the tool path.

In this work, the impact of porosity on the cutting forces as experienced during porous

Figure 1-3: Preliminary visual correlation between cutting area geometry and
cutting force in micromilling of a solid metal b) porous material

titanium foam micromilling has been examined from the perspective of the correlation
between of porosity and cutting forces. Furthermore, the effect of cutting process
parameters on this correlation was also investigated in order to develop practical
machining knowledge. Figure 1-4 synthesizes the research scope of this thesis. All
correlations studied in this work were analyzed with standard statistical metrics from

signal processing theory.



Figure 1-4: Research scope

The remainder of the thesis is structured in four chapters, out of which the first three
constitute articles accepted, under review or to be submitted respectively, to various peer-

reviewed journals in manufacturing. The organization of the thesis is comprised of:

Chapter 2 reviewing the main cutting theories proposed in macroscale machining, along
with one of the primary parameters used to describe its machinability performances,
namely cutting forces. Then, the feasibility of macroscale concepts is discussed in the
context of micromachining technology that is characterized by comparable tool and pore
sizes. The microslot cutting experiment performed in a porous titanium sample outlined
the relative interplay between the magnitude of the cutting force and porosity of the

material.



Chapter 2

2  Porosity and Cutting Forces: From Macroscale to
Microscale Machining Correlations

21 Introduction

Porous metals are a special class of engineering materials characterized by special
physical and mechanical properties like: reduced volumetric density, high surface area,
increased permeability, etc. These properties strongly impact their future use since the
closed porosity sought after in strong and lightweight structures could be completely

undesirable in biomedical applications, for example.

Porous metals can be generated through a multitude of manufacturing processes. The
most common operations used to fabricate them are: casting, deposition of metals on
polymeric foams, metal powder rolling and sintering [1,2]. Generally speaking, when the
initial raw material presents itself in the form of a fine and high purity metal powder, the
process used to produce the metallic porous foam is denoted by the term powder
metallurgy (PM). This technology has been developed mainly as a response to the need
for geometrically complex components that require minor or even no subsequent
machining operations, since the components generated through this process are typically

characterized by a near-net shape [3].

Presently, PM is the main processing technique used in the production of porous metallic
structures. The end products that can be fabricated through PM technology are extremely
diverse and they range from filters, burners, pressure regulators, heat exchangers or
electrical enclosures/filaments/electrodes to self-lubricating bearings, brake pads,

This chapter has been accepted on July 27, 2010 for publication in Proceedings of the Institution of
Mechanical Engineers Part B - Journal of Engineering Manufacture



pneumatic mufflers, cutting tool inserts or phonic silencers. The economic impact of this
technology is important since the worldwide sales of PM components worth 42 billion
dollars in 2006, and half of this figure was generated in U.S. alone [4], Due to these large
numbers, PM has been acknowledged as the fastest growing metal forming technology.
Traditionally, the largest market for PM was always represented by the automotive
industry, but its share appears to experience a continuous decline from the 69% reported
in 1998 [5]. However, this decrease was accompanied by a significant growth in other
PM application areas and one of the most emerging markets for PM materials is currently
represented by orthopaedic and dental implants that in most cases demand precise
micromachined features [6-8], Although it is rather difficult to estimate at this time to
what proportion the porous materials have already replaced their continuous equivalents,
the potential of growth estimated for these markets is considerable: $14 billion for
orthopaedic biomaterials in 2002, with an expected growth rate of 7% to 9% annually [9]
while the worldwide dental implant market is estimated to reach $3.5 billion by 2010

[10].

Fabrication of PM materials typically consists of three main steps: powder fractioning
and preparation, compaction or molding, and sintering [11]. The compaction performed
before sintering aims to increase the strength of the green part by cold welding of the
particles in their common contact areas, which increases overall strength and density of
products after the sintering process [12]. The physical and mechanical properties of the
porous PM materials are strongly dependent on the type of raw metal powder used and on
the parameters of the sintering process. The four most common porous PM materials are

bronze, stainless steel, nickel and nickel based alloys. However, in newer applications,



many other materials such as titanium, aluminum, copper, platinum, gold, silver, iron,
iron aluminide, niobium, tantalum and zirconium are fabricated into porous materials
from powder [13]. Moreover, by changing sintering parameters, different material
porosities can be achieved. The typical density for sintered PM materials ranges between
25 and 80% from the theoretical mean density of the continuous material, but it can reach
85 - 90% level in case of structural PM materials [14]. After sintering, secondary
operations are widely used on PM parts to improve their density, strength, shape,
tolerances and corrosion resistance. Although completely undesirable from a financial
perspective [15], secondary operations are typically added to the manufacturing process
to enhance the roundness, flatness and other dimensional tolerances that cannot be

stabilized appropriately during sintering [14].

The objective of the present study is to review the main cutting theories and performance
parameters that have been used so far in macroscale machining of the porous sintered
metals in an attempt to identify any valuable knowledge to be transferred into the
microscale domain. Since the lack of studies focused on micromachining operations
involving porous metallic materials is almost absolute, a microslot cutting test was
devised and performed on cubical samples of a porous titanium-based alloy that was
manufactured through a patented procedure [16] primarily for biomedical applications
(Figure 2-1). During micromachining operations, the magnitude of the cutting forces was
recorded in order to demonstrate their interplay with distribution of the porosity within
the material. Based on the experimental results acquired, preliminary conclusions as well

as future research directions will be presented.



Figure 2-1: Porous titanium sample.

2.2 Macroscale Machining of Metallic PM Materials

By definition, near-net shape technology aims to produce parts as close as possible to
their final shape and contour. As a result, the finished products generated according to
this manufacturing principle will always require a minimum amount of cutting that
supposed to be inexistent in an ideal situation [17]. Powder metallurgy being one of the
traditional near-net shape manufacturing processes, a discussion about machining in this
context might appear at first as a relative paradox. However, a more in-depth analysis
reveals that common industrial practice requires that large fractions of PM parts to be
subjected to finish-machining before final assembly [5]. While in the past it was
estimated that approximately 30% of the PM structural components produced for the
automotive industry involve at least some form of machining [18], more recent studies

indicate that nearly half of the PM components require secondary machining operations



[19]. Among them, drilling, turning, milling and boring are typically used to bring the
part to its final shape since dimensional stability and surface finish of the sintered PM
components is relatively difficult to control through primary forming technology used to
produce them. In addition to this, numerous threads and holes in the PM components are
defined by axes that are either inclined with respect of the main pressing axis or involve

some degree of undercut and therefore they can only be fabricated through machining.

2.2.1 Material Removal Theories

22.1.1 Interrupted Cutting Theory

Numerous studies have attempted to use interrupted cutting theory to explain the cause of
poor machinability observed in porous sintered metals when compared to their
continuous equivalents [20,21]. According to this theory, machining of the porous metals
could be assimilated with an interrupted cut, caused by an intermittent engagement with
workpiece material and pores, respectively. For variable periods of time, the cutting
edges are either fully engaged or fully disengaged in the machining action, depending on
their relative position within the structure of the material (Figure 2-2). The cutting loads
have a cyclic nature, however their periodicity varies since it is primarily Controlled by

the random succession of continuous material and voids within the PM material [22],
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The frequent loading-unloading cycle exerted on the cutting edges is deemed responsible
for thermal and mechanical fatigue loads exerted on the tools that eventually favour an
accelerated microcrack development within their structure. The rapid microcrack growth
represents the cause of premature tool wear translated into an extremely limited tool life
[23]. Moreover, the discontinuous nature of the contact between the tool and workpiece
increases the dynamic localized stress on the cutting edges and accelerates the negative
effects of the tool chatter and undesired vibrations that ultimately lead to poor

machinability indices that are characteristic of PM materials [24,25].

Based on this theoretical model, some authors [22,26] have attempted to explain the
accelerated tool wear as a consequence of the large surface area introduced by the
porosity of sintered material that would in fact increase the probability of physical and

chemical reactions between tool and workpiece. By contrast, other studies tend to
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postulate that the contact area between the tool and workpiece is always the same,
regardless the presence or absence of the voids in the structure of the material [27],
Regardless of the underlying mechanics, as Agapiou and DeVries pointed out [28], the
average pore is typically sized between 1and 10 pm (however, can be up to about 100
pm) and therefore would be always considerably smaller than the cutting edge whose
length is typically in the millimeter domain. As a result, it is practically impossible to
have the cutting edge fully engaged with only one pore at a time and perhaps this is the

reason for which the experimental confirmation of this theory is still lacking in

macroscale machining [29],

2.2.1.2 Deformation Cutting Theory

One of the consequences of the machining operations performed on continuous metals is
formation of a superficial work hardened layer. This thin layer, whose microhardness is
considerably higher than that of the material, is generated by the high deformation and
high stress state induced by the mechanical action of the cutting tool on the surface of the
workpiece. When porous sintered metals are machined, an increase in the density of the
superficial layer is also noticeable [30] and therefore it was hypothesised that workpiece
material is subjected to the same high plastic deformation state that was observed while

cutting continuous materials [29].

According to this theory, the permanent pressure exerted by the cutting edge on the
porous material pushes its particles into the adjacent vacant pores (Figure 2-3a) and a
layer of quasi-continuous material that contains little or no porosity forms on top of the

machined surface (Figure 2-3b). Although removal of the porous material through
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shearing followed by mechanical separation is still present, it is reasonable to believe a
significant percentage of the energy consumed during machining is spent on bending and
transport of the material that eventually fills the pores. As porosity increases, the depth of
the compacted layer also increases, but its microhardness decreases and therefore a lower
cutting force will be required to remove the material, an observation that is consistent
with some of the experimental data acquired while drilling stainless steel [28,31].
However, lower cutting forces should also mean longer tool life - especially when cutting
materials characterized by high porosities - and this contradicts some of the prior
experimental measurements [21] as well as the low machinability index that is typically

associated with metallic porous foams [32,33].

Despite the relative discrepancies between theory and experiments, the deformation
cutting model explains more adequately the porosity closure phenomenon whose
occurrence was consistently reported while performing turning or milling operations on
metallic porous materials that were either titanium or tantalum-based [34-40], In most
cases, porosity closure or “surface smearing” can be recognised visually without
difficulty as a post-machining effect (Figure 2-4). Depending on the application, surface
smearing can be perceived either as a positive or as a negative consequence of
machining. For example, while a controlled porosity closure could guide the flow through
a filter in a desired direction by means of copper infiltration and polymer/resin
impregnation [14,22], a reduction with 40% of surface pores will prevent to a high degree
an efficient osteointegration between the bone and implant [40]. Although porosity losses

caused by densification of the superficial layer can be eliminated - at least to a certain
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extent - through controlled chemical etching [14,41], this procedure is generally regarded

as risky due to possible contamination hazards.

relative
motion

porous

relative compacted (densified)
motion

Figure 2-3: Deformation cutting mechanism: a) continuous pressure exerted by the
tool leads to pore closures through permanent deformations of the workpiece
material; b) formation of the densified layer at the surface of the machined part.
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10 mm

Figure 2-4: Quasi-total porosity closure in porous titanium
as a post-machining effect.

2.2.2 Cutting Performance Parameters

2.2.2.1 Machinability Index

Unlike most continuous metals and their alloys, porous sintered metals are generally
difficult to machine, regardless of the characteristics of the metal or alloy constituting the
base of the powder. One of the common indices used to estimate the behaviour of a
certain material during cutting is machinability, commonly acknowledged as the ease
with which a metal can be machined to an acceptable surface finish. In spite of this
simple unon-scientific” definition, machinability represents in reality a fairly complex
measure that does not express a physical property of the material, but rather how the
material behaves under certain cutting conditions [42], Historically, numerous definitions

of the machinability have been proposed both for continuous and PM materials
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[5,23,24,26,28] but the fact no standardized definition exists today proves once more the

inherent complexity of the concept [43].

A comprehensive study on machinability of the PM steels has been recently published by
Salak et al. [29] and it was later reviewed by Alizadeh [19]. In these works, the authors
advocate for the existence of factors that either decrease or increase the machinability of
sintered steels. According to this classification, the first category would include factors
like: the purity of the powder and mixture components, the technological accuracy of the
processing methods, the influence of the alloying elements and the amount, morphology
and/or distribution of the porosity. On the other hand, the negative consequences of the
aforementioned factors on the machinability can be counteracted to some extent by the
positive effects of machining additives like MnS or MnS and BN that are able to
simultaneously reduce the cutting forces and to allow a better chip removal. Another
option that could be used to enhance the machinability of the porous sintered metals
involves their cutting in a “green” or pre-sintered state [36,44] followed by secondary
sintering operations. In addition to superior corrosion resistance and better surface
preparation for subsequent coating operations, intentional porosity seal-off through
polymer/resin impregnation was also reported to have beneficial effects on machinability
of porous metals [45], which might be regarded as an advocate in favour of interrupted

cutting theory.

However, the debate on prevalence of one or the other material removal mechanisms in
machining of porous metals is still ongoing, since the two cutting theories detailed in
Section 2.2.1 seem to propose conflicting answers when it comes to establishing a

correlation between porosity and machinability. While interrupted cutting theory
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postulates that a lower porosity will improve machinability, deformation cutting theory
predicts exactly the opposite. On the other hand, deformation cutting theory is better
supported by experimental and practical observations and perhaps this is the reason some
researchers believe that the influence of the microstructure should be more carefully

considered when investigating machining operations performed on porous metals [29].

In order to quantify the machinability of the porous sintered metals, prior studies relied
on a number of measurable machining parameters: temperature in the cutting area,
cutting forces, surface finish, tool wear, etc. Similar to continuous machining, these
parameters are strongly influenced by the combination of materials involved in the
tool/workpiece pair as well as by the tool geometry, but the amount of porosity also plays
an important role. While various types of dependencies link all the aforementioned
machinability parameters to porosity, probably the most important one from the

perspective of tool/workpiece interaction dynamics is represented by cutting forces.

2.2.22  Cutting Force

Regardless if machining continuous or porous materials, cutting forces remain one of the
most common parameters used to characterize the performance of the process. The
relative simplicity of the experimental procedure required to acquire their magnitudes,
combined with their strong interdependence with numerous other significant machining
parameters makes cutting forces extremely useful in gaining valuable insights on the
mechanics of cutting. As a result, there is no surprise that a number of papers focused on
machining of the metallic porous foams have reported cutting force measurements

[28,31,35,37,46-49]. However, the large majority of these studies were interested in using
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the cutting forces merely as a measure of the impact of various factors (porosity,

additives, tool materials, etc.) on the machinability of the porous sintered metals.

As pointed out by Armarego et al. [50], only a very small proportion of the published
research on PM materials has been directed towards investigation of the machining
processes performed on porous sintered metals. As a result, an extremely limited number
of authors have tried to propose theoretical cutting force models specifically intended for
these materials. The vast majority of the models identified in the literature proposed
empirical formulations of the cutting force components in turning operations in an
attempt to establish a relationship between their levels and the amount of porosity and/or
machinability index of the investigated material [49,51-53]. The only exception from this
pattern seems to be the predictive model of the cutting force specifically developed for
porous sintered metallic materials by Armarego et al. [50] that reinforced once more the
idea that most determinant characteristics of the macroscale machining process (chip
formation, cutting parameters, mechanics of cutting) are very similar in their inherent

nature, regardless if cutting porous or continuous metals.

2.3 Cutting Forces in Micromachining of Metallic PM
Materials

The increasing demand for miniaturized components and devices has generated an
equally increased interest towards manufacturing technologies that are able to produce
them on large scales. Among them, micromachining was always regarded as one of the
best options due to its productivity, precision, surface complexity as well as applicability
to a wide variety of materials [54]. The distinctive features of the micromachining

process have constituted the object of an intense research activity that was reviewed by
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few papers on this topic [54-57], According to them, the number of challenges
encountered in modelling of the micromachining forces is considerably larger when
compared to their macroscale equivalent. These new challenges are mainly introduced by
the limitations of the experimental equipment used to acquire the cutting forces, the
impact of a relatively large cutting edge radius or minimum chip thickness on the

dynamics of cutting as well as fragility of the tool.

In spite of the considerable body of work dedicated to micromachining, most cutting
force models proposed in the past are applicable to continuous materials only, since very
little research on this topic was carried out on porous metals. Nevertheless, it is important
to recognize that real time monitoring and/or prediction of the cutting forces is able to
offer extremely valuable information on integrity and durability of the tool used in

micromachining operations performed on porous metals.

One of the few attempts identified in this direction emphasized once more the importance
of the microstructure on the overall performance of the micromilling process [58]. The
experiments, performed on tungsten-copper sintered composite materials, revealed that
homogeneity of the microstructure and size of the particles strongly influence the
machinability of the porous material. Moreover, Vogler et al. [59] have proposed a
mechanistic model in micromilling that was explicitly developed for multiphase
materials. Their model showed that the microstructure of heterogeneous materials can
account for more than 35% of the energy of the cutting force signal and also that the
frequency of variation of the cutting force is correlated with distribution of the secondary
phase, while its sizing determines the magnitude of the variation. Further improvements

brought to this model [60,61] revealed that surface roughness obtained after micromilling
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operations performed on multiphase ductile iron materials is a combination of geometric,
minimum chip thickness and burr formation effects. The burrs formed at the grain
boundaries were considered a consequence of an interrupted chip-formation effect. As it
will be shown in the next section, the correlation between cutting force and
size/distribution of the secondary phase can be replicated in case of porous metals by

simply assuming that the secondary phase it has been replaced by voids.

2.4 Micromilling Case Study

24.1  Workpiece Material

In order to outline the presence of the correlation between porosity and cutting force, a
series of experiments were performed on Ti-6A1-4V foams manufactured through a
patented powder metallurgy process [15]. A synthesis of the structural and mechanical
properties of the metallic porous material is presented in Table 1. The samples were
produced in cubic shapes with an average side size of approximately 13.5 mm (Figure 2-
1). The material exhibits good biocompatibility and osteointegration properties [5] as a

direct consequence of its highly interconnected porous structure (Figure 2-5).

Table 2-1:  Structural and mechanical properties of Ti foams

Value
Property
Porosity 54%
Pore size 50- 1400 Mm
Yield strength 115 MPa

Compressive elastic modulus IOGPa
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Figure 2-5: SEM microphotographs outlining microstructural
characteristics of the porous titanium.

2.4.2 Experimental Setup

Micromachining experiments were carried out on a custom-built five-axis CNC
micromilling machine equipped with an air-bearing spindle capable of rotational speeds
between 5,000 and 100,000 RPM range (Figure 2-6). The machine is able to ensure a
static positional accuracy of 0.1 pm over a 300 mm maximum travel range. Cutting
forces magnitudes were acquired on X, Y and Z-axes with a Kistler 9256C2 dynamometer
characterized by a high eigenfrequency value ranging between 4 and 4.8 KHz and a
mimimum cutting force threshold of 0.002 N. The charge signals were converted to
voltage signals with a Kistler dual mode charge amplifier type 5010B and then fed for
recording purposes to a computer equipped with a National Instruments PCI-6602 data

acquisition card running a real-time operating system.
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Cutting forces were acquired while performing a series of conventional microslot cutting
experiments with a flat end micromill. The microslots were cut with a two-flute uncoated
tungsten carbide (WC) flat end micromill of D = 800 pm diameter with helix and
clearance angles of 25° and 6°, respectively (Figure 2-7). SEM measurements yielded an
approximate value of 0.95 pm for cutting edge radius. The microslots were cut on the top
face of the cubic specimen and they were surrounded by a network of deeper transversal
and contour grooves that were machined in advance to ensure the dimensional stability of
the microslot cutting process (Figure 2-8a). The microslots (Figure 2-8b) were d =40 pm
deep and 1=4 mm long with a width corresponding to the tool size w = D= 800 pm. The

transversal grooves were large enough to allow a complete disengagement of the tool

from the current microslot without engaging the next adjacent patch (wg=> D).

Figure 2-6: Experimental setup used in cutting force measurements



Figure 2-7: SEM picture of the two-flute micro end mill:
a) overview; and b) detail view of the tip geometry.

Figure 2-8:

Cutting sample: a) preparation of the top surface; and
b) microslot geometry.

24
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2.4.3  Results and Discussion

Examination of the bottom surface of the microslot under scanning electron microscope
(SEM) reveals the presence of the porosity closure phenomenon (Figure 2-9). Under the
action of the microtool, the continuous material surrounding the pores is pushed towards
the adjacent pore whose open area shrinks in size visibly. One of the possible
explanations of the phenomenon would be that the microburrs generated at the pore
boundaries by the interrupted chip formation are deformed into the surrounding open
areas under the pressure exerted by the microtool. Depending on the direction of rotation
for the micromill, the microburrs formed on one side of the pore are pushed towards the
cavity of the adjacent pore, while those located on the opposing edge - which do not have
a neighbouring void to Fill - are probably sheared and then removed with the cutting
motion of the microtool, since they are not visible. Although the amount of porosity
closure represents a major concern for many applications involving porous sintered
metals, the irregular contour of the pores and the randomness of their three-dimensional
profile make estimation of the reduction in surface area caused by the micromachining

process relatively difficult, especially when approached in a strictly deterministic sense.
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Figure 2-9:  SEM close-up outlining porosity closure mechanism.

The presence of surface smearing phenomenon in micromilling of porous metals could be
regarded as an indication of an underlying mechanism based on deformation cutting
theory that was originally developed in the context of macroscale machining as detailed
in Section 2.1.2. However, the principal critique brought to interrupted cutting theory
[28] is no longer valid, since cutting edges and pores are characterized by comparable
sizes in micromachining. As a result, a more in-depth investigation of the balance
between the two main cutting mechanisms in microscale machining will be required in

the future.

Besides porosity closure, the other important parameter that can be used to describe

microtool action on the workpiece material is cutting force. A typical three-axial
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variation of the cutting force magnitude during microslot cut both in a continuous and a
porous titanium sample is depicted in Figure 2-10. Visual analysis of the figure reveals
that while micromilling of the continuous material yields relatively constant cutting
forces, significant variation in their magnitudes can be noticed while micromachining the
porous metal. Moreover, due to the small ratio between tool and pore sizes, the decrease
in cutting force magnitude can be correlated well with the porosities encountered along
the tool path, especially for Y and Z components of the cutting force. The most notable FY
and Fz drop was recorded roughly between 2.5 and 3.3 mm microslot length and it
corresponds to the large and deep porosity that is noticeable in a corresponding area of
the material. Similar qualitative correlations, but to a lesser degree, can be made

concerning some other areas of the microslot.
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Due to the large tool to pore ratio, correlation between porosity and cutting forces in
macroscale domain has been always reduced either to empirical formulations or to
extensions of the cutting force models developed for continuous materials (Section 2.2.2).
In either case, the cutting force was always measured and reported in an averaged manner
and no detailed analysis of the cutting force per revolution has been performed since it is
very likely that no major differences would have been noticed anyway between porous
and continuous materials. In micromachining, the comparable ratio between tool and pore
size makes instantaneous or per revolution analysis of the cutting force an interesting
approach since its magnitude variations can be correlated with the amount of porosity
encountered along the intended tool path. Accurate porosity estimations performed
through image analysis methods in advance of the cut can be used as a cutting force
predictor that in turn will provide valuable information on porous metal machinability
and implicitly on tool durability. Hence, the correlations between porosity and cutting
forces represent one of the most significant performance parameters to be investigated in

micromachining operations.

2.5 Conclusions and Future Work

This paper presents a systematic review of the existent literature pertaining macroscale
machining of the porous metals. Furthermore, micromilling experiments of porous
titanium samples were performed in order to analyze through an original method the
impact of the porosity distribution on the magnitude of the cutting forces. The main

conclusions of this work can be summarized as follows:

1. None of the two cutting theories proposed for macroscale machining of porous sintered

metals is characterized by a good agreement with experimental results, possibly because
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of an underestimated effect of the material microstructure. While various alternatives
have been suggested to improve their machinability, almost no specific cutting force
models have been proposed for these materials. This could be a consequence of the
relatively large tool size to pore size ratio that tends to preserve the similarities between

these operations and their continuous cutting equivalents.

2. Due to the inherent novelty of the area, no micromachining models were proposed so
far for porous metals. Previous works on heterogeneous materials or tungsten copper
indicated that small tool to pore size ratio favours large variations in cutting force
magnitude. An original method based on visual analysis was devised in this study to

determine the correlation between micromilling force and porosity distribution.

3. Similar to macroscale operations, the microslot cutting experiments performed in this
work on porous titanium confirmed the presence of the porosity closure phenomenon,
along with an evident correlation between cutting force magnitude and size of the pores

encountered along the tool path.

4. As hypothesised in macroscale machining, the microstructure plays a significant
impact on the dynamics of the material removal operations performed on metallic porous
materials. However, while in this case most of the experiments seem to favour the
deformation cutting theory, or at least its more pronounced influence on the cutting
mechanism, the small tool to pore ratio characteristic to micromachining could determine

a transition of the cutting dynamics towards interrupted cutting.

Since the assessment of the porosity closure, as well as of the correspondence between

cutting force and pore size that were performed in this study had a strictly qualitative
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nature, future work will attempt to characterize it in a quantitative manner. This will

provide more insights on the mechanics of cutting as experienced during micromachining

of the porous sintered metals in particular and any other type of porous metallic material

in general. Development of such theoretical models is expected to enhance the

machinability of these materials, prolong the life of the tools and make more accurate

predictions regarding machining parameters that are required in order to preserve certain

porosity characteristics as dictated by the specific application of the porous sintered

metals.
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Chapter 3

3  Optical-Based Image Analysis of Porosity in
Micromilling of Titanium Foams

31 Introduction

Porous sintered metals are typically produced by powder metallurgy and represent a class
of relatively new materials with wide variety of industrial applications, especially
biomedical applications, e.g. dental and orthopaedic applications [1-3], due to their light
weight, high strength, and full biocompatibility properties. However, outer surface
geometry and porosity topology for fabricated components, e.g. implants and prostheses,
significantly influence the adherence of bone cells to implant material. Therefore, most
components fabricated from porous foam metals are produced in near-net shapes, and
still require secondary machining operations [4] that can provide the desired roundness,
smearing and other surface quality parameters which cannot be obtained during sintering
[5]. Also, there are many 3D shapes and geometries that are difficult or almost impossible
to produce by conventional forming technologies [2] without secondary machining, e.g.
slots, bevels, blind holes, threads, cross-holes and re-entrants normal to the pressing
directions. At present, about half of the components produced by powder metallurgy parts
require secondary machining operations [6], New microfabrication technologies, such as
micromilling and laser micromachining [7], opened new technological possibilities in
porous material geometry modification by allowing a superior control of surface
roughness and even porosity closure amount. These two surface characteristics influence
to a large extent the friction coefficient between implant and surrounding bone tissue.

However, two main interrelated technical challenges are associated with obtaining of the

A version of this chapter has been submitted for publication to International Journal of Advanced
Manufacturing Technology
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desired surface geometry and roughness on outer porous surfaces: accurate
characterization of real 2D/3D porosity values and optimization of micromachining
process parameters with respect to the physical porosity amounts. From this perspective,
the present study focuses on optical image analysis of porosity with respect to material

removal process through micromilling operations.

Physical-mechanical properties of porous metals and their adherence with bone cells
significantly depend on 2D/3D porosity characterized through parameters like: quantity
of pores (i.e., the fractional porosity), interconnectivity, size, morphology, permeability,
and spatial distribution [8-11]. Classical non-destructive optical image analysis
methodologies have been successfully applied in the past to analysis of cell morphology
and microstructure of porous metals [8], In most cases, pore size distribution and shape
analysis was performed by means of commercial image analysis programs. The main
drawback of this approach resides in destructive techniques involved in preparation of
sample surface because image analysis is significantly dependent on appropriate
differentiation between solid material and internal cavities. Optical image analysis is
limited to 2D spatial analysis only. Nevertheless, optical micrographs were used before in
the context of porous Ti materials used in load-bearing implants [12]. Within machining
environment, the most common application of vision-based methods is represented by

tool wear analysis and monitoring [13-17]

New developments in X-ray based micro computer tomography (micro-CT) have opened
advanced non-destructive options for characterization and visualization of 3D foam
structures [11]. The micro-CT technique performs segmentation of 3D porosity into a set

of 2D CT slice images providing acceptable image quality, precise density profile, high
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spatial resolutions (i.e. below 1 pm), good pore contrast, and reliable pore shape
anisotropy. Micro-CT is still under development especially in terms of 3D structure

reconstruction and extraction of reliable information on structural parameters [18,19],

As mentioned above, metal foam based functional components (e.g. biomedical implants
and prostheses) require a rough outer surface with fully open pores in order to attain high
levels of bonding between implant and bone. Among the options available to generate
implant surfaces, material removal operations have always been well regarded, especially
when moving into the micro-scale domain. In this sense, the use of small diameter cutting
tools (around 25 pm) in micromilling operations is believed to be capable of significantly
enhancing the accuracy of the generated surfaces. However, when the size of the cutting
tools becomes comparable with pore size, this induces significant fluctuations in the
cutting force [20] leading to excessive tool wear and/or breakage. Cross-correlation
between micromachining parameters and porosity has been relatively little investigated in

the literature and therefore represents one of the objectives of the current work.

Intuitively, it is easy to understand that each micromilled slot cut in a porous sample will
be characterized by a unique process signature that is strongly dependent on porosity
distribution. This difference was outlined in the past [20] by comparing resultant cutting
forces during micromilling of solid and foam Ti. As shown in Figure 3-1, the resultant
cutting force amplitude is increased (0.52N vs. 1.05N) and peak-to-valley magnitude of
the cutting force is reduced (0.4N vs. 0.1N) when micromilling porous compared to solid

titanium.



39

Figure 3-1:  Comparison of resultant cutting forces measured
during micromilling of solid and porous Ti [20]

The present research is primarily focused on the development of an optical image
processing method for analysis of surface porosity with respect to the in-rotation
microcutting edge trajectory. For this purpose, optical images of the micromachined
surface are acquired and then the proposed method is used to determine the fraction of
solid material removed during each tool revolution. Finally, the cross-correlation between

surface porosity and resultant cutting force will be estimated.

3.2 Vision-Based Estimation of Porosity during Micromilling
Operations

Functional parts and components made from Ti-6A1-4V foams are characterized by a
complex 3D porosity with significant variations in pore size and morphology as shown in

Figure 3-2. For these materials, micromilling with cutting tools having a diameter smaller
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than 0.4 mm can be used as a secondary shaping procedure that is capable of achieving
high surface precision and complex geometries. Since these procedures are accounted for
as finish operations, the axial cutting depth is typically small, rarely exceeding 20 pm.
This allows treatment of the porosity as a function dependent on the presence of solid
material along the microtool path trajectory. This study considers only X-Y (planar/linear)
motions, however the developed method can be extended also to X-Y-Z (tridimensional)

microtool path trajectories.

Figure 3-2:  Typical sample of a porous Ti foam (Ti-6A1-4V)
characterized by a complex 3D porosity structure
During microslot end-micromilling, each cutting tooth moves along the trochoidal
trajectory formed as a superposition of tooth rotational motion around the cutter axis and
linear translation of tool center along the intended tool path, as shown in Figure 3-3. In
this case, the area swept per z-th tool revolution A,, represents the geometric difference

between two consecutive, z-th and (z- [)-th, cutting tooth trajectories. This area can be
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approximated as the difference of two consecutive circles separated by a feed per tooth
value, / (Figure 3-3). When machining solid material, the area S, and the volume of
material removed per tooth revolution F, will be always constant: 5, V, = const.
Moreover, the swept area A-, and area of material removed, S, per tooth revolution are

absolutely identical.

By contrast, the presence of randomly distributed porosity makes the estimation of the
amount of solid material removed more difficult. In this situation, the area and the
corresponding volume of material removed per tooth revolution exhibit large variations,
Si, Vj = var., although the swept area A,, remains unchanged (Figure 3-4). Proportion of
the material within the swept area per tooth revolution pt can vary anywhere between 0

and laccording to the following relationship:

A=T- (D)

In Equation (1), - 0 corresponds to the case when swept area A, is fully covered by a
pore (void), and p, = 1 corresponds to the case when only solid material is removed.
Because cutting force is directly proportional to the volume (area) of material removed, it
is important to recognize that cutting forces will vary with respect to porosity,
specifically the fraction of solid material contained within the area removed during one
complete revolution of the cutter. This fraction will be quantified herein based on optical

considerations.
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trochoidal tooth cutting trajectory

Area swept
cutting tool per tooth
revolution A,

Figure 3-3:  Area removed during one tooth revolution

ad

Figure 3-4:  Visual appearance of porosity enclosed within the area swept in one
cutter revolution
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The novelty of the methodology proposed for estimation of the porosity fraction per tool
revolution resides in correlation of the optical images of the micromilled surface with
micromachining parameters recorded in real-time during cutting (cutting forces and axial
positions). According to the proposed technique, the swept area is determined by
overlapping cutting tooth path trajectories with optical images acquired for the top
surface of the sample, followed by selection of the “on” pixels located between two
consecutive tooth revolutions. The accuracy of the method is primarily influenced by
optical image resolution Ah, and spatial sampling period of linear tool motions A/. Figure
3-5 depicts a graphical representation of the area covered in one tooth revolution. Each
tooth path is offset with a distance equal to feed per tooth f. After swept area and
corresponding pixels for each tooth revolution are determined, the porosity and the
material presence contained within swept areas of single tool revolutions can be
calculated along the machining direction (tool path trajectory). If/ is comparable to
optical image resolution Ah, calculation of the percentage of solid material contained
within the area swept in one cutter revolution (2D case) can be reduced to an ID problem
by estimating the proportion of solid material positioned along the circumference of
circular tooth trajectories. This can be achieved by counting the “on” pixels that are

intersected by these circular paths.
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Figure 3-5:  Estimation of material presence within the area swept in one cutter
revolution

The optical image has to be initially pre-processed to a binary format such that it contains
only white (“on”) and black (“off’) pixels that correspond to solid material and pores,
respectively. As a result, the surface is converted to an array [X, Y,, Zi\ defined only
through zeros (Z, = 0 for solid material) and ones (Z, = 1 for voids). After that, tooth
trajectories are calculated based on the position in real time of the bottom tool center and
tool size. The newly obtained tooth trajectories are then overlapped with the optical
image, such that each tooth trajectory becomes a vector with {x,Y,, z} components. The

Zi values are initially unknown as they correspond to material presence for a particular (x,,
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yi) location. It is also necessary to note that the sampling period of the tooth trajectory,
+(yy- yH)2, is set to be equal to the pixel resolution of acquired

optical image Ah. In the next iteration step, all z, within the swept area are determined as

a subset of the surface matrix {XhY,, Z] as following:
z,={Z,|[{x,,>;.}n[X,,};]} (2

Based on these definitions, the ratio between the number«, of “on” pixels (z, = 0) and

total number of pixels intersected by particular tooth trajectories N, will be fractionally

identical to the amount of solid material distributed within the area swept in one cutter

rotation: p=~"r 3)

An example of the pixel quantification procedure described above is provided in Figure

3-6

Figure 3-6:  Accounting for pixels and their associated material/void attributes
along circular tooth paths
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3.3 Experimental Verification

Applicability of the developed approach for vision-based estimation of porosity was
verified experimentally in the context of porous Ti foam micromilling. Real-time
measurements of cutting forces and motions were performed during cutting trials. Then,
the actual porosity per single tooth revolution was estimated and subsequently correlated

to instantaneous cutting force magnitudes.

331 Material Description

The Ti-6Al-4V foam used in micromilling trials was manufactured by Industrial Material
Institute of the National Research Council of Canada (Boucherville, Quebec) by means of
a patented powder metallurgy procedure [21]. Structural and mechanical properties of the
Ti foam are presented in Table 1. The samples had a cubic shape with an approximate
side length of 13 mm (Figure 3-2). Multiple samples were cut in order to stabilize the

experiments.

Table 3-1:  Structural and mechanical properties of Ti foam [3]

Density 16- 2.25 g/cm3
Porosity 50 - 65 %
Pore size 50 - 1400 pm
Surface area 0.05 m2g
Compressive yield strength 25 - 125 MPa

Compressive elastic modulus 5-20 GPa
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3.3.2 Experimental Setup and Methodology for Micromilling

Micromilling experiments were carried out on a custom-built five-axis CNC micromilling
system equipped with an air-bearing spindle capable of rotational speeds between 5,000
and 100,000 rot/min range. The system is capable of providing a static positional

accuracy of 1 pm over a 300 mm maximum travel range.

Cutting experiments were performed as micromilling of linear slots along X-axes using a
two-flute, uncoated, tungsten carbide flat end micromill having a diameter of 800 pm
diameter and helix and clearance angles of 25° and 6°, respectively. Linear slots having a
width of 800 pm, depth of 40 pm and length of 12 mm were machined on the top face of

the foam Ti specimen with a feed rate of 120 mm/min and spindle rotational speed of

10020 rot./min.

An in-house developed real-time data acquisition system written in Labview was used to
measure the X, Y, and Z components of the cutting force with a Kistler dynamometer
(type 9256C2) and a Kistler dual mode charge amplifier (type 5010B). The X, Y, and Z
cutting motions were tracked based on a signal from position encoders and three-phase
current consumed by spindle drive. Spindle current and cutting forces F(t) = {Fx(t), Fy{t),
FAt)}, were recorded with a sampling frequency of 25 kHz with a minimum threshold of
0.002 N and were filtered out of the resonance frequency of the dynamometer (around
4.8 kHz). Simultaneously, the cutting position I(t) = MO0» MO}» along the tool path
trajectory was recorded with a sampling frequency of 500 Hz. Further, a mean value of
the cutting force in each direction was calculated for each tooth revolution using spindle

current signal as point of synchronization in space domain. After that, cutting forces were
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rearranged as a spatial function of the cutting tool path trajectory F(I) = {Fx(Ix), F{ly),
Frfjz)}, using synchronization in time domain between cutting forces and their

corresponding axial positions.

3.3.3  Experimental Setup and Methodology for Image Analysis of
Porosity

Optical image acquisition of micrographs was performed after micromachining by using
a CANON EPS 450D camera with a 12.2 megapixel image sensor equipped with an EF
100 mm macro lens (f/2.8 Macro USM) that provides a spatial image resolution Ah of
approximately 6 pm/pixel. A custom indirect LED light was used to reduce light
reflections and enhance picture contrast for better porosity assessments. In this study, the
length of the machined slot was 12.56 mm and the feed per tooth/ was 0.012 mm. Due to
the comparable values of Ah andf estimations of the solid material fraction located along
the circular tooth trajectory can be performed accurately through the proposed 1D
approach as described in Section Il, above. It will be assumed here that the porosity has a
minimal cross sectional variation over the investigated axial depth of cut (20 - 40 pm)
that is characteristic to finish operations. As a result, the porosity amount measured on
top of the sample surface before and after the microslot cutting operation will be assumed

to be approximately identical.

The general methodology for vision-based estimation of porosity involves the following
steps:

@ Acquire and convert the optical image of the micromilled surface to the binary
format
(b) Synchronize tooth position with time and superimpose its trajectory on the optical

image of the surface
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Perform circular to linear tooth path conversions (e.g. “linearizations”)

Calculate the total number of optical pixels intersected by a singular tooth path
\

Calculate the total number of “on” pixels n, (z, = 0) along the investigated tooth
path

Establish the instantaneous solid material fraction p, removed during each

revolution of the tool (Equation 3)
Track the instantaneous amount of solid material removed with respect of axial

position of the tool p(l)

In Step (a), grey-scale micrographs of the sample surface captured by a high resolution

camera are converted to binary format by using an appropriate imaging threshold to

clearly delimit the porosity (black) and solid material (white). The threshold is set in such

way to ensure accurate conversions of voids into black, especially when considering pore

boundaries by using Otsu ‘s method implemented in Matlab (Figure 3-7). Any dark spot

covering less than 10 pixels was considered noise (light reflected on non-planar foam

inclusions) and therefore was filtered out.
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solid
material porosity

Figure 3-7:  Converting grey porosity micrographs (top) into binary format
(bottom) through thresholding
Figure 3-8 illustrates the Steps (b) to (f) involved in vision-based estimation of the
porosity. First, circular trajectories of the cutting tooth rotation along tool path motion are
superimposed on the black and white micrographs according to Step (b). Then, in Step
(c), the circular tooth trajectory is “linearized”. After performing the quantitative
assessments involved in Steps (d) through (f), the outcome of Step (g) is a function p{l)
expressing the fraction of solid material removed for any instantaneous position of the

tool along the intended tool path.
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Figure 3-8:  Optical image processing and porosity assessment

3.3.4 Preliminary Experimental Analysis of Correlation Between

Porosity and Cutting Forces

51

To analyze the interplay between porosity and cutting forces from a statistical standpoint,

they should be both dependent on the same variable. For this application, the most
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rational choice for the common variable would be the space domain, specifically the
instantaneous position of the micromill along its trajectory I(t) = {I\{t), Iy{t), Iz[t)}. As a
result, both porosity and cutting forces were expressed as a function of/, respectively.
Figure 3-9 depicts a representative comparison between instantaneous amount of solid
material removed and corresponding magnitudes of the resultant cutting force. A simple
visual inspection of the graph reveals that cutting force variations follow closely the

percentage of solid material removed in each tool revolution.
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Figure 3-9: Comparison between instantaneous amount of material removed and
resultant cutting force

Cross-correlation between the instantaneous fraction of material removed in one cutter

revolution p(l) and resultant cutting force FR(/) = (N +Fy (1), was analyzed further
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by means of traditional statistical characteristics, such as correlation coefficient and
coherence function [22]. It was found that resultant cutting force is dependent on solid
material fraction with a correlation coefficient of 75% during stable micromilling that
excludes entering and exiting cutting stages. Coherence function between p(J) and Fr(2)
displayed in Figure 3-10 reveals that a significant correlation exists between them in low

frequency area, e.g. below 1.6 mm'l

Spatial frequency, mm'l

Figure 3-10: Coherence function between proportion of material and resultant
cutting force
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34 Summary and Conclusions

This study proposes an original image analysis approach for optical determination of
porosity in context of micromilling operation. The developed technique extracts from an
optical image (micrograph) the area of material removed through micromilling and then
calculates the fraction of solid material removed in each tool revolution. The proposed
methodology was experimentally tested by micromilling a linear slot in porous Ti foam
(Ti-6A1-4V). The resultant cutting force is dependent on the proportion of solid material
with 75% correlation during stable machining and a significant correlation exist between
them particularly at low frequencies of the cutting force. From the results obtained, the

following conclusions can be drawn:

1 A new innovative methodology for optical image analysis of porous surfaces and their
associated parameters was developed. The effectiveness of the proposed method was
validated in the context of finish micromilling operations performed on porous titanium

samples.

2. The developed approach involves pixel level quantifications to determine the fraction
of solid material removed during each cutter revolution. However, pixel counts might not
be accurate enough at low optical image resolutions. More accurate estimation of the area
swept per tooth revolution can be achieved by applying an alternative approach where the

partial area of each pixel intersected by a tooth trajectory will have to be estimated.

3. It was proved experimentally that the resultant cutting force is dependent on the
proportion of material with a correlation coefficient of 75% during stable machining.

This correlation is valid only for low-frequency cutting force variations. In the high-
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frequency domain, it is expected that the dynamics of the cutting process exerts a

predominant influence on variation of the cutting forces.

4. The proposed approach opens up new opportunities in analysis, monitoring,

optimization and control of the cutting process during finish micromilling of porous

foams aiming generation of optimized microstructural surface geometries in terms of

both surface roughness and porosity closures.
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Chapter 4

4  Experimental Analysis of the Effect of Process
Parameters during Micromilling of Porous Ti

41 Introduction

Titanium foam is a class of porous metallic materials produced through powder
metallurgy. These materials found multiple applications in biomedical area owed to their
excellent biocompatibility properties enabled by their macroscopic porosity, light weight
and high strength. Regardless if used as standalone materials or as coatings on the surface
of solid structures, titanium foams become in the recent years one of the most desirable

materials in fabrication of orthopaedic and dental implants [1-3].

Although the end-products manufactured from titanium foams generally involve net-
shape or near-net shape technologies, large fractions of them are subjected to secondary
finish/machining operations before final use and assembly [4]. These secondary
operations enable attaining of dimensional and surface finish parameters that cannot be
obtained directly through sintering [5]. Also, there are numerous types of geometric
features whose generation is practically impossible without the involvement of secondary
machining operations. Under this category one can find often listed narrow slots, bevels,
threads, blind holes, or other types of re-entrants normal to sintering direction. It is
estimated that about half of the components produced through powder metallurgy require

secondary machining operations [6].

The size of the components produced from titanium foams varies between large limits,

but many of them, especially those intended for biomedical purposes tend to be relatively
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small in size. As a result, micromachining technology represents one of the attractive

solutions that can be used to meet the high quality constraints required by these products.

Although extensive research efforts have already been directed towards micromilling of
solid metallic materials, little is known about the mechanics and dynamics of
micromilling when applied on porous metallic foams. One of the most common topics in
prior studies on micromilling is done by the development of accurate cutting force
models [7-9]. However, the underlying assumption in all these works is that the material
is characterized by continuous properties, which is not the case of porous foams. For
these materials, porosity distribution affects the magnitude of the cutting forces in a direct
manner that can be outlined by simply comparing cutting force signatures obtained while
micromilling porous and continuous samples involving the same base material [10].
Moreover, the use of tools whose sizes are comparable with pore dimensions give rise to

a whole new set of challenges related to process stability and cutter durability.

However, it is reasonable to expect that in addition to the aforementioned porosity
distribution, the process parameters themselves play a role on the magnitude of the
cutting forces. As a result, the current study aims to determine the relative order of
priority in the balance between porosity and primary process parameters in their
combined effect on the stability of the cutting process during micromilling of porous
titanium foams. The influence of both porosity and micromilling parameters on cutting
forces will be analyzed from a statistical perspective, by involving the use of appropriate

statistical measures.
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4.2 Factors Affecting Cutting Force Signature in Porous
Micromilling

Titanium foams are characterized by a highly porous structure (Figure 4.1). Pores have
variable sizes - typically ranging between 50 and 400 microns - random shapes and they
have a non-uniform volumetric distribution. As a requirement imposed by biomedical
applications, pores have to be open and form an interconnected network to facilitate the
osteointegration process. When micromilling is performed with tools ranging from 0.2 to
0.8 mm diameter, their cutting edges experience frequent engagement with solid titanium
material, but its duration and repeatability are low and hence relatively difficult to
predict. This recurring contact between cutting tool and solid titanium constitute the
primary cause of material removal operation and a number of theories have been

proposed to describe it [10].

Pores

IXIXImm

Figure 4-1: Sample of titanium foam outlining three-dimensional porosity



60

42.1 Porosity Distribution Along The Tool Path

Numerous models for cutting force prediction in micromilling of solid materials have
been proposed [11-13]. Most of these models are formulated by assuming a predictable
circular cutting edge trajectory as yielded from Martelotti’s approximation of the real
trochoidal curve [14]. Since analytical determinations of the volume of material removed
in one tool revolution are possible, the magnitude of the cutting forces can be estimated

with sufficient accuracy.

When micromilling is used in finishing operations performed on porous materials, the
cutting edges of the tool are engaged only for a limited amount of time, such that many of
the continuous cutting assumptions are no longer valid. Since in finish micromilling
operations, pore profile does not change significantly with depth, the volume of material
removed in each tool revolution can be estimated with an acceptable precision based on
the amount of porosity determined at the top of the surface to be machined. Without
losing the generality of the approach, all subsequent considerations will be made in the

assumption of a two-flute cutter.

As shown in Figure 4-2a, the area swept during /-th tooth revolution (A,) represents in
fact the difference between the semicircular surfaces covered by two consecutive cutting
edge trajectories T,.i and T,. According to cutting kinematics, the maximum distance
between any pair of successive cutting edge trajectories is equal to feed/tooth value (f).
No difference between the area swept (Ai) and removed (S,) during /-th tooth revolution

exists in micromilling of continuous materials (Figure 4-2b):
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Si=\[RT(9)-R Li(9)]d9 =Ai )
0

where RT (9), RT(9) represent radial distances from points on T_i, T, cutting

trajectories respectively, and center of the Z-th cutter revolution. The instantaneous
location of the point on the cutting trajectory is identifiable through the value of the

angular parameter 6.

Assuming that feed/tooth is constant during micromilling, the area swept between any
pair of successive cutting edge trajectories will be identical along the entire tool path. As
a result, the area (A,) and volume (Vi) of material removed during each tooth revolution

are constant for the entire micromilling operation.

By contrast, when micromilling is performed with identical process settings on porous
foams, only pure geometric parameters, like A,, preserve their values over the entire
duration of the operation. The amount of material removed, whether measured in 2D (S,)
or in 3D (Vi) changes continuously for each new revolution of the tooth, since it is
determined by the relative fraction between solid material and voids (pores) contained
within A(.

ad

s,=Z j[RT(0)-RT0)]de<A, (2)
k %

where the area delimited by a*, a”i angular parameters and T,-i, T, curves encompasses

solid material only. The radii 2T|(9), RT(9) have the same meaning as in Equation (1).

Obviously, the number of voids/pores existent in each area swept during individual cutter
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revolution has a random variation along the tool path, since it is determined by the overall

porosity of the titanium foam.

The proportion of solid material p, in the area swept per tooth revolution can be

guantified as:

P, = (€)

with pi e [0, 1]. Here,/?, = 0 corresponds to no material removal and/?, = 1 corresponds to
solid material cut (no pores in A,). Since instantaneous magnitudes of cutting forces in
micromilling are proportional to the amount of material being removed in each cutter
revolution, it can be inferred that for a porous material, cutting force signature correlates
in fact with /?,. Representative samples of cutting force variations for continuous and

porous titanium are illustrated in Figure 4-2c.
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Figure 4-2: Comparisons between solid and porous titanium micromilling:
a) Kinematics of the cutting edges in micromilling;
b) Estimating the amount of material removed per tooth revolution; and
c) Cutting force signature in time domain.
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Figure 4-3 depicts a direct comparison of the resultant cutting force Fr as measured
during micromilling of solid and porous titanium. The resultant force Frwas determined
as an absolute mean value over one complete tool revolution. By converting through
image analysis the porosity distribution along tool path into a space domain variation of
Pi, it was shown that a good correlation (75-85%) exists between porosity and cutting

force [15].

Figure 4-3: Direct comparison of resultant cutting forces recorded
during micromilling of solid and porous Ti.

4.2.2 Other parameters influencing cutting force signature

The amount of correlation previously established between pi and Fr indicates that other
factors also play a role on the magnitude of the cutting forces. Among them, process
parameters related to the dynamics of the micromilling process (cutting speed and
feedrate) constitute an obvious choice, since their effect on the cutting forces experienced
during machining of continuous materials is well known. In addition to process

parameters, cutting force signature is strongly dependent on the accuracy of cutter
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positioning within tool holder. In this sense, cutter runout is known to have an important

effect on the magnitude of the cutting forces [7].

Similar to macroscale machining, micromilling is a process caused by the shearing of the
material along the slipping planes induced by the cutting edges of the tool. When material
has a homogeneous structure, shearing happens only along known and controlled
directions within micromilled material, such that the two side edges of the microslot are
always parallel to main feed direction imposed by machine tool stages. By contrast, in
porous material micromilling, microslots are characterized by highly irregular side edges,
especially in zones adjacent to large voids (Figure 4-4). This phenomenon is probably
caused by an uncontrolled shearing of the material caused by a springback effect of the
tool that tends to revert to its minimal energy (i.e. underformed) state when reaction force
generated by the machined material is low. Under normal cutting conditions, tip of the
cutter is deflected in an opposed to feed direction. The alternation of cutter
engagement/disengagement conditions responsible for variable cutter deflections has an
important effect on cutting force signature. Experimentally, the aforementioned

springback effect is more pronounced for small-sized tools.



66

Deflection direction

Figure 4-4: Tool path irregularities caused by large voids.

In porous titanium micromilling, shearing is not the only phenomenon responsible for
material removal. A more in-depth analysis of the microstructural configuration of the
material reveals that this material is actually comprised from a large number of
interconnected porosities between which clusters of spherical particles of sintered
titanium can be observed (Figure 4-5). As a result, material removal can also occur due to
microparticle breakout/detachment, in which case cutting forces will deviate from their

regular pattern of variation. Porous structure of the titanium foam is also responsible for
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random changes in the magnitude of the cutting forces induced by sudden collapses of the

porous structure under cutting tool tip pressure (Figure 4-6).

Figure 4-5: Microscopic view of Titanium foam composed of clusters of particles
connected to each other in random conditions.

Relative motion

Deformation zone

Porous workpiece

Figure 4-6: Porosity closures under cutting tool tip pressure.
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4.3 Experimental Setup and Methodology

Experimental analysis was performed to study the effect of the different cutting
parameters in micromilling of Ti foams. Real-time cutting forces and motions data
measurements carried out during Micro-milling. Acquired data later used to calculate the
resultant cutting force synchronized in spatial domain and compatible with porosity
measurements. Later on, the statistical analysis performed to investigate the effect of

different parameters in correlation of two data sets.

43.1 Material Used

Titanium foam samples used in this study were manufactured by the Industrial Material
Institute of the National Research Council of Canada (Boucherville, Quebec) through a
proprietary powder metallurgy procedure [16]. Structural and mechanical properties of
the Ti foam are presented in Table 4-1. The samples had a cubic shape with an

approximate side length of 13 mm (Figure 4-1).

Table 4-1: Structural and mechanical properties of titanium foam samples [3]

Property Value
Density 1.6 - 2.25 g/cm3
Porosity 50 - 65 %
Pore size 50- 1400 pm
Surface area 0.05 m2g
Compressive yield strength 25 - 125 MPa

Compressive elastic modulus 5-20 GPa
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4.3.2 Experimental Setup For Micromilling Experiments

A custom-built five-axis CNC micromilling system (Figure 4-7) was used to perform
microslot cutting experiments. The system was equipped with an air-bearing spindle
capable of rotational speeds between 5.000 and 100,000 rpm range. The micromilling
system was characterized by a maximum travel range on X and Y axes of 300 mm and a

static positional accuracy of 1 pm.

Cutting experiments were performed with two-flute, uncoated, tungsten carbide flat-end
micromills with diameters varying between 200 and 400 microns. Their helix and
clearance angles were 25° and 6°, respectively. The microslots cut were placed on the top
face of cubic titanium foam samples and their geometry was defined by a constant length
of 10 mm and depths varying between 5 and 15 microns. A total number of 6
experiments was performed. A detailed breakdown of their parameters is given in Table

4-2.

Figure 4-7: Experimental setup used for cutting force measurements
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Figure 4-8: Geometric parameters of the microslot.

4.3.3 Cutting Force Measurements

An in-house developed data acquisition system for micromilling cutting force was used in
this study (Figure 4-9). The three orthogonal cutting force components were measured
with a Kistler dynamometer (type 9256C2) connected to a Kistler dual mode charge
amplifier (type 501 0B). The signals outputted by positional encoders connected to the
three translational stages of the machine tool were measured in real-time along with the
three-phase current consumed by the spindle drive. Cutting force components Fx(t), Fy(t),
F~t) and spindle current I(t) were recorded in real-time with a sampling frequency of

25kHz and a minimum threshold of 0.002 N.
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Figure 4-9: Cutting force data acquisition system.

4.3.4 Cutting Force Calculations

The raw values of the measured cutting forces were averaged over each cutter revolution.
The beginning and end of each revolution was precisely determined based on the time
variation of one phase of the spindle current (Figure 4-10). In addition to the measured

Fx, Fy, and Fz components, a resultant cutting force was determined through vectorial

summation of X and Y components of the cutting force (FR=Fx +Fr).
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Figure 4-10: Calculation of the resultant cutting force.

4.3.5  Optical Determination of Porosity

A complete methodology for vision-based estimation of porosity in micromilling
operations was introduced and discussed in detailin [15]. However, this study relied on a
more accurate method of porosity determination based on optical micrographs captured
with a Wyko interferometric microscope, rather than the conventional digital camera used
in the prior study [15]. The images generated by the optical profilometer have a higher
resolution and provide complete topographic chart of the analyzed surface. Since this
study is focused on finish micromilling operations with depths of cut relatively small (<

15 pm), it was assumed that the voids do not have significant cross sectional variations in
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horizontal XY plane. Because of this assumption, porosities measured on initial

(unmachined) and machined surfaces are presumed as approximately equal.

In this work, a number 10 objective and a field of view of 0.5 mm was used to generate a
19 pm sampling resolution of the optical profile acquired by the system. The
micrographs acquired with optical profilometer include different colors that are correlated
with vertical location of each point of the analyzed surface (Figure 4-11a). The initial
pictures were subsequently converted to grey (Figure 4-1 Ib) and then binary images
(Figure 4-11Ic) to clearly define porosity contour. The micrographs were optically
thresholded by using Otsu ‘s method in such a way to ensure that surface indentations

deeper than 3 pm were regarded as pores.

Figure 4-11: Digital conversions of optical micrographs:
a) original; b) grey scale; and c) binary.
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In order to determine the proportion of solid material in the area swept per tooth
revolution (Equation 3), the schematic showing cutting edge trajectories (Figure 4-2) was
overlapped with binary map of the material surface obtained as a result of the
aforementioned successive image conversions. The fraction between the “on” and total
number of pixels enclosed between two consecutive cutting edge trajectories will allow
determination of the space-dependent porosity profile along the analyzed tool path

(Figure 4-12)
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Figure 4-12: Space-dependent porosity assessment along tool path.

4.3.6 Porosity and cutting force correlations

Statistical analysis was carried out to investigate correlations between porosity and
cutting forces. This analysis was performed on two datasets: 1) solid material proportion

p (Section 4-3.5); and 2) resultant cutting force (Section 4.3.4). The required
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synchronization between the two datasets was guaranteed by converting the original
time-dependent cutting forces values F{t) into space-dependent representations F(I). The
conversion was made possible due to the simultaneous recording of the linear tool

position (O with the system presented in Figure 4-9.

#(0

Figure 4-13: Block diagram outlining the effect of porosity
on the overall dynamics of the cutting process

Based on the general dynamics of the machining system, a dynamic correlation links
deflection of the tool £(/) and cutting forces developed at cutter/workpiece contact
interface F(I) (Figure 4-13). The presence of voids within porous material changes the
size of contact between tool and workpiece and in turn affects cutting forces developed at
their common interface. Because of this, it can be inferred that a closed loop dynamic

relation exists between cutting forces and cutter deflection:

m=w(d)F(D+m
F(I) =H(D)i(l) +F (1)
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where rj(i) represents dynamic porosity contribution, W(d) is the dynamic operator of the

mechanical structure of the machining system, H(D) is the dynamic operator of the
cutting process, F* (/) Mean value of cutting forces, Fd(l) force component generated by

cutting process variation and D=d/dt is the differential operator.

The goal of this study is determination of statistical correlations between porosity and
cutting forces. This can be achieved through statistical comparisons of the porosity and
cutting force characteristics in spatial domain by using classical theory of correlation and
spectral analysis of random processes [17]. The preliminary results depicted in Figure 4-
14 clearly indicate that porosity pattern p(J) is followed closely by the resultant cutting
force magnitude Fr(1) along the entire stable cutting region of the tool path. Their
interdependence can be quantified numerically through the correlation coefficient

expressed in its normalized form for two discrete random signals a and /? as:

C=—2L_ (5

where a constitutes standard deviation. The correlation coefficient indicates how well one
variable can be predicted from the other. Another statistical metric with significant
practical implications is represented by the power spectral density (PSD) that can be used
as an indicator of the frequencies at which variations of the two analyzed signals are
strong (or weak). A better match between PSDs of the two signals generally implies a

good interdependence between them. To further assess their interplay numerically, a
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common statistical metric used is coherence function. Elevated mean coherence function

values (> 0.70) are generally regarded as good indicators of the fact that the output that is

produced by the analyzed input over frequency domains where coherence function is

characterized by high values. All these statistical measures are implemented as standard

Matlab functions.
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Figure 4-14: Comparison between the amount of solid material
removed p and resultant cutting force Fr

As Figure 4-14 shows, the agreement between the porosity and cutting force signals is
not 100%, since a certain component of the cutting force is still determined by
conventional cutting process parameters. Thus, the total cutting force generated during

porous material micromilling can be represented as a sum of two components:

F()=FQ)+Fp(l) (M
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Where F(I) is the total cutting force, Fc(l) is the component determined by the cutting
process itself (cutter/workpiece interactions), and Fp(/) is the component of the cutting

force influenced by the porosity. As expected, the use of statistical measures, like

correlation coefficient, is unable to estimate the effect brought by each individual cutting
force component (Fc(l) and Fp(l)). However, correlation coefficient constitutes a good

first estimation of the statistical interplay between cutting force and porosity or, in other

words, the volume of material removed.

In order to detail further the statistical structure of the correlation between porosity and
cutting forces, analysis and comparison of spatial frequency characteristics of porosity
and cutting force, e.g. power spectrum densities in spatial frequency domain, is required.

In addition, the use of a coherence function will allow estimation of the individual effect

of Fc(l) and Fp{l) on total cutting force.

4.4 Effect of Process Parameters on Porosity-Cutting Force
Correlation

As mentioned, in porous material micromilling, cutting force fluctuations can be
correlated not only with the proportion of solid material within the area swept by cutting
edges, but also with cutting parameters like: spindle speed, chip load (feed rate), tool size,
and cutting depth. Their effect generally translates into a bidirectional (i.e. superior or

inferior) correlation between cutting forces and porosity pattern.

A set of experiments (Table 2) has been devised to investigate the individual effect of

variable micromilling parameters on primary porosity-cutting force correlation that was
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guantified through statistical measures. This matrix of experiments allows paired
comparisons between experiments with singular modifications in terms of cutting
parameters used. To exemplify, the only change made between experiments E2 and EG6 is
spindle speed, between E5 and E6 is chip load (feed rate), between El and E6 is tool
diameter, and between E3 and E4 is cutting depth. As a result, these specific pairs of

experiments will be analyzed and compared further in Sections 4.4.1 through 4.4.

Table 4-2: Matrix of experimental micromilling parameters used

Cutting speed (m/s) Feedrate RPM Depth of cut(pm) Chip load (pm)

h i
El 0.5 95.54 47771 15 I
E2 0.5 95.54 23885 15 2
0.5 15
E4 0.5 47.77 23885 5 1
"t
ES 1 191.08 47771 1%
LA .r Mm ?2: A

E6 1 95.54 47771 15 1
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Figure 4-15: Effect of primary cutting parameters on correlation between porosity and resultant cutting force
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44.1 Spindle Speed

As Figure 4-15a indicates, doubling up the spindle speed decreases significantly the
correlation between porosity and cutting force, from 0.85 for 24,000 rpm to 0.75 for
48,000 rpm (13% reduction). This reduction could be explained through an increased
effect of the mechanical shocks developed at cutter/workpiece interface, which interfere
with primary porosity-cutting force correlation. According to a known machining

theorem, spindle and cutting speed are in a relationship of direct proportionality.

The frequency component of both cutting force and porosity are similar, which explains
the elevated level of the coherence function which is above a 0.8 threshold when
analyzed within a frequency range of up to 2.8 mm'1l This actually means that in lower
frequency domain bandwidth, more than 80% of the cutting force is determined by the
porosity distribution. Since for this frequency domain, the average coherence function is
around 0.90, any significant increases (double up) in cutting speed causes significant
changes in the signature of the cutting force power spectrum density (PSD). As a result,
the mean value of coherence function for double cutting speeds drops by 11% to 0.80,
and this indicates that the dependence between porosity and cutting force declines for

higher cutting speeds.

4.4.2 Chip Load

In machining, a relationship of direct proportionality links feed rate and chip load. As
such, a two fold increase in the feed rate from 95.54 mm/min to 191.08 mm/min
translates into a double chip load changing from 1 pm/tooth to 2 pm/tooth. Micromilling

kinematics (Figure 4-2), seem to suggest that chip load augmentation means an increased
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interface (swept area) between cutter and workpiece, which in turn should translate into a

more pronounced effect of the porosity on the cutting force.

As Figure 4-15b confirms, doubling up the feed rate translates into a correlation
coefficient that increases from 0.74 to 0.85. Since PSD of the cutting force becomes
closer to that of the porosity and coherence value goes up after the increase in feed rate, it
can be assumed that micromilling processes with higher chip loads are more dependent

on porosity.

4.4.3  Tool Diameter
According to general machining theorems, tool diameter exerts on the cutting speed an
effect that is absolutely similar to that of the spindle speed. Small-sized tools are more

deformable and therefore more sensitive to porosity.

As Figure 4-15c¢ indicates, a double-sized tool (0.4 mm tool diameter in experiment E6
vs. 0.2 mm in experiment EI) reduced the correlation coefficient from 0.74 to 0.82.
Moreover, a good match between PSDs of porosity and cutting force can be noticed for
small-sized tool, especially in low spatial frequency domain. However, it is important to
note that the frequency range where porosity is the main factor contributing to cutting
force signature tends to be smaller for small-sized tools than for the larger ones (2.2 mm'1
compared to 2.9 mm') although in terms of mean coherence function it still behaves
better (0.85 compared to 0.79). It is important to emphasize that these results reiterate the
conclusion of Section 4.4.1: higher cutting speeds, regardless if produced by higher tool
diameters or higher spindle speeds tend to reduce the correlation between porosity and

cutting force.
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4.4.4  Cutting depth

Intuitively, when cutting depth in increased, the influence of the porosity should become
more pronounced, since it affects to a larger extent the contact interface between cutter

and workpiece.

Indeed, the results presented in Figure 4-15d point out that when cutting depth increases
from 5to 15 pm, the correlation coefficient between porosity and cutting force increases
from 0.79 to 0.85. For deeper cuts, the contact between tool and workpiece increases, and
hence the difference between porosity and cutting force PSDs becomes visually
negligible. Even more than this, the frequency domain of coherence widens for deeper
cuts from 1.8 mm'lto 2.6 mm'] which suggests that the porosity is the main factor
impacting the cutting force profile. A good average coherence function is associated with
deeper cuts when compared to more superficial ones (0.89 vs. 0.77). These results echo
appropriately the conclusion of Section 4.4.2: better correlations between porosity and

cutting forces are obtained for larger contact zones between tool and workpiece.

4.5 Conclusions

This study investigated the effect of several primary cutting parameters on the correlation
between porosity and cutting force as measured during titanium foam micromilling. The
results obtained by comparing several statistical indicators seem to suggest that porosity
has a major contribution on the cutting force signature profile in case of: i) less intensive
cutting regimes; and ii) larger contact zones between cutter and workpiece. Both options

outlined tend to increase the stability of the micromilling process when applied on porous



foams.
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Based on these conclusions, it can be speculated that continuity of the material

will impact the amount of cutting force generated at cutter/workpiece interface only in

case of less dynamic (slower) cutting processes, that practically allow the machining

system to react to the changes in material structure/homogeneity. However, further

research in this direction is required to support this hypothesis.
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5  Conclusions

The major goal of this study was to develop knowledge on the correlation between
porosity and cutting forces as experienced during porous titanium foam micromilling.
The work performed to accomplish this goal had a predominantly experimental nature
and involved the development of an original image-based methodology required to assess
the inherent porosity of the material as perceived by the cutting edges of the tool in their

trochoidal motion along the intended tool path.

As outlined in Chapter 2, the prevailing mechanisms responsible for mechanics of porous
material cutting are still largely unknown. The two theories previously proposed with this
type of macroscale machining operations, namely interrupted cutting and deformation
theory, seem to support only to a certain extent the experimental observations acquired in
microscale domain. This seems to indicate that further challenges are introduced in

processes in which the size of the tool is comparable to the size of the voids.

Statistical analysis used to investigate porosity-cutting forces correlations along with the
effect exerted by primary cutting parameters on this correlation revealed three unique

aspects of this interdependence:

1 Higher correlation exists between them in low frequency domain when compare
to high frequencies. When the distance between porosities becomes small, it is reasonable
to expect that frequent excitations transmitted to the micromilling system will force it
into ? highly vibratory behavior that will simply overcome the regular interplay between

cutting forces and material continuity.
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2) A superior correlation exists in less intensive cutting regimes, typically expressed
through smaller cutting feeds. This observation echoes appropriately the first observation,
since at smaller cutting feeds, the frequency of excitations decreases and hence material

homogeneity becomes the primary factor with impact on cutting force signature.

3) A superior correlation exists for larger tool/workpiece contact interfaces. As
expected, once the magnitude of contact between the two main components of the cutting
system increases, contribution of the material on cutting forces goes up, which in turn

triggers corresponding decreases in the influence of the cutting process dynamics.

The overall conclusion of this work is that mechanics of the porous materials
micromilling is ultimately controlled by the interplay between material continuity and
dynamics of the cutting. Under appropriate conditions, any of these two components can
become the predominant factor and therefore determine a particular behavior of the

micromilling system.

Rational extensions of this work could aim to determine optimal process parameters that
are capable to satisfy a desirable objective. Specific objectives with practical relevance
are: acquiring of a controlled surface roughness or surface smearing, enhanced tool
durability, reduced tool chatter, etc. Also, an interesting future research direction would
involve development of an appropriate modeling of the process, based on coupled

theoretical, numerical and experimental validations.
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