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Abstract

The trends of rapid manufacturing (RM) have " influenced numerous
developments of technologies mainly in additive processes. However, the material
compatibility and accuracy problems of additive techniques have limited the ability
to manufacture end-user products More establlshed manufacturmg methods such
as Computer Numerical Controlled (CNC) machining can be adapted for RM under
some circumstances. The use of a 3-axis CNC milling machine with an indexing
device increases tool accessibility and overcomes most of the process constraints.‘
However, more work is required to en’hance the application of CNC for R.M, and this
thesis focuses on the improvement of roughing and finishing operations and the
integration of cutting tools in >CNC machining to make it viable for RM applications.
The purpose ‘of. this research is to further adapt CNC machining to rapid
manufacturing, and it is believed that implementing the suggested approaches will
speed up production, enhance part quality and make the process more suitable for
RM. A feasible approach to improving roughing operations is investigated through
the adoption of different cutting orlentations Simulation analyses are performed to
manipulate the values of the orientations and to generate estimated cutting times.
An orientations set with minimum machining time.is seIected to execute roughing

processes.

Further development is carried out to integrate different tool geometries;
flat and ball nose end mill in the finishing processes. A surface classification method-
is formulated to a55|st the integration and to define the cutting regions. To realise a
rapid machmmg system the advancement of Computer Aided Manufacturing (CAM)
is exploited. This allows CNC process planning to be handled through customised
programming codes. The findings from simulation studies are supported by the
machining experiment results. First, roughing through four independent
orientations minimized the cutting time and prevents any su'sceptibility to tool
failure. Secondly, the integration of end mill tools improves surface quality of the
machined parts. Lastly, the process planning programs manage to control the

simuiation analyses and construct machining operations effectively.
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CHAPTER1

INTRODUCTION

1.1 Research overview

In recent years, the goals of manufacturing systems have become more
intense due to global compétition in pro.doct developrﬁent. in order to reach the
market quickly, products ne‘ed to be manufactured within time frames that are
commonly used to produce protofypes (Koren 2010). Consequently, this trend has
attracted the attehti‘on of technology olevelope_rs to improve the  current
manufacturing methods employed in making prototypes. Historically, rapid
profotyping (RP) technologies .were- introduced in fhe 19805 and - were used to
quickly create prototypes in an automated manner. The main purpose of this group
of technologies was to assist new pr.oduc'_t dévelopment particularly for ana_lysis and
evéluation processes. RP allows design changes at early phases of product
devélopment and confirms_validity of fhe product before entering full scale
production. As RP technologies have evolved, their role has expanded to broduce
finished parts or end-user products. .Instead of | being “used just for‘
conceptualization, the advancements of techn_ology have empoweAred the pro'c'ess
to produce high.specification products such as moulds-and tooling, customised
parts and biomedical components ‘(Yan et al. 2009, Eyers et él. 2010, Campbell et al.
2012). Hence, several new terminologies have -been' introduced to reflect the
evolution of the technology which includes rapfd manufacturing (RM), rapid tooling

(RT) and rapid prototyping and manufacturing (RP&M).
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In order to establish RP technology as a reliable manufacturing method,
severél different techniques have been developed and commercialized. Most of the
teéhniques have beeh developed based on an additive mechanism that builds the
part by stacking layers of material (liquid, powder or sheet) until the‘ entire object is
fprmed (Wohlers 2008). Further ‘de'velopments have invented some advanced
techniques thatare capable of pfosessing metallic materials instead of just
prbducing polymeric products. Using more powerfﬁl energy sources such as
electron beams, the part is construsted by mel'ting and joining layers of material,
‘maintaining thé additive vmechanism. This is recognized as an additive
manufacturing (AM) process which is.intended to handle RM and RT applications.
However, as the technology continues to evolve and process requirements become
more complex, AM faces several difficulties in coping with the high demands of
maﬁufacturing end-user products. Currently, the p_rocess is still struggling to resolve
several limitations that restrict its abilities. Even the technology capable of
processing metallic materials, may not be able to fully cater for several important
issues which include roughness, accuracy, manufacturing matériéls and final part _
properties (Cémpbell et al. 2012, Wong et al. 2012).‘ Mosf research \W’ork has been
only focused on improving ,'AM processes.or maferjals, .neglecfing other methods:

that could be ad_opted for RM applications.

On the other hand, direct manufacture of metal parts is one of the key
indicators for the process to be used in RM applications. Qualitative asséssment of
various processes that aré capable of producing metal parts is presented in
Figure 1.1. According to this-diagram, only two processes are capable of directly
fabricating metal:parts. The rest can _bé considered as indirect processes because
they use other methods such as moulds and dies to actually produce the parts.
Since the limitations of AM processes remain unsolved, alternative methods need
to be considered for RM such as cutting'operafions. However, there is a iimitation in
terms of part complexity despite the sapability to handle low to medium production
quantities. This method | of manufacturing is categorized under subtractive
processes. Essentialiy, further investigatioh is requifed to exblore the capability of

this method in RM processes.

13
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Figure 1.1: Qualltatwe assessment of different processes in producing metal parts (Levy et
- al. 2003)

Subtractive rapid proto‘typing (SRP) is a conventional technology that has
been previously used to create prototypes. In general, the term subtractive means
the process of removing material away from the w.orkpiece to form physical objects
(Burns 1993). Tradltlonally, the cuttmg process utlhzes hand tools to shape the
materials and produce the‘part Later, the mtroductron of CNC technology has
improved the process with the capability of performlng dlfferent klnds of machmmg'
operations. This technology vwas developed before the mtro_ductlon of varlous:AM
processes. However, due to the attractive features of AM prccesses namely' fheir
easy of operation, increased desi‘gzn freedom, high autom":at'ie:h' and speed of
production, the deveIOpment of CNC machining rras- been Ieft‘behind and has not

been fully considered for RM ‘applications,

In terms of process capabilities, CNC machining enﬁ:ploys a different
mechanism in building the pa'rt_v:v'hi:ch is tetally'opposite to AM processes. Cutting
tools are used to pehetrate .an:d remove materialz”from the Work’piece Hence a
great variety of denser and’ stronger materlals such as pure metals can be-drrectly
machined. In addition, greater part accuracy and superlor surface finish are among
the interesting features promised by CNC machlnlng processes. Unfortunately, all
these benefits do not in themselves fully justify the implementation of CNC

machining for rapid processes.
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‘There are several factors that limit the ability of CNC machining to be
incorporated in RM processes. The central issue relies on the absence of rapid
machining systems to assist in th_e setup planning before executing cutting
operations '(Ffank 2007).- Unlike AM:'proceSSes, CNC machining requires a proper
process plan that primarily involves the development of cutti.ng- toolpaths. Many
variables need to :b_e defined in the planning stage including cutting parameters and
tool sizes. A common solution isto leave all the decisions to the skilled machinist in-
order to develop an effectlve machining program. As a result, the planning tasks are
highly dependent on‘human_inputs and this restric'ts process automation which is
an |mportant part of the reqwrement for a:rapid system. Another limitation can be
seen in terms of the approach to fixturing and tooling. If the part possesses intricate
and complex features, specnal tools and fixturing methods are required to develop
the geometrues In the case of re- f|xtur|ng the part, the coordinate system must be
setup again. ‘These time consuming activities still limit the performance of CNC
machining even though it is capable of surmounting many of the inherent

limitations presented by AM processes.

Recent developments in the appllcatlon of CNC machlnlng for: rapid
processes have Ied to a renewed mterest in adoptmg this technology A noveI_
approach known as CNC RP manages to use. the subtractlve process in RP&M
appllcatlons The CNC- RP methodology utlllzes a conventlonal 3 ax1s mllllng
machine with two opposnte 4”‘ axis indexers and is able to machme parts from
various cutting directions (eFrank et al. 2002). Machmmg from’ dlfferent orientations
is proven to éxpand the accessible regions and allows the..crea.t'i'on of parts with
complex shape.. Since ‘various materilals :can be"ma;chined vvith high preclsion and-
accuracy, this process is-sditable for.:making o'r:dina_ryprototypes,‘ ':tools, cust'omi_sed
parts or any components for small. produc'tionrUns.,Prototypes t_h_at pOssess similar
material properties as in full scale production will enable real validation and testing
processes. But, the application of CNC-RP goes far beyond component testing. CNC
machining is capable of fabricating tools that can be L-lsed for mass production.
Similarly, it aIso can produce fmal parts especually for more demandmg appllcatlons

with tight requwements The capablllty of CNC machmlng to produce parts directly

‘15



from Computer Aided Design-(CAD) models will bring the product to market sooner

-with minimum development cost (Rosochowski etal. 2000).

This thesis proposes and evaluates: further .improvements in CNC-RP
methodology and is specifically focused on making the process compatible to RM
applications In the globai market other than producmg ‘new products with
minimum cost and t|me it is-also necessary to achieve high quallty (Lan 2009)
Therefore there are two crucral aspects that can be con5|dered process
reqmrements Flrst the production time wh|ch mcludes both time spent in the
process pIannmg and part fabrication must be kept to a minimum Thus process
automation and optimization are the key soiutions to fulfil this requirement. RM.
processes are speuflcally'used to produce final parts that will be directly delivered -
to the”user Hence, quality attributes become a major concern and must be:
enforced on the part produced This can be seen in terms of accuracy and surface
integrity. In order to propose the improvements, further investigations on the

process methodology are carried out.

1.2 = Aglimpse of CNC-RP

Generally, three distinct develdpments based on. cutting orientations,
toolpath pIannmg and fixturing approaches have succeeded in establishing rapid ':
machining using CNC processes The use of mdexrng devuces allows the workpiece tol.
be rotated to various angles. In order to determine sufficient cutting orientations,
visibility ana_iysis is performed on the part prior to the machining 'proceSSes(Frankv'
et al. 2006).:The_output of the analy_sis is a minimum:set of orient_atiOnsv that allows
the cutting tool ‘to reach the entirety:of the part surfaces. Hence, a‘il-geometries that'
are visible from at least one of the orientations can be completely machined. Within
each cutting orientation, roughing and finlshmg operatlons are: performed one after‘
another (Frank 2007) Severai requrrements need to be obeyed durmg cutting
operations that are basrcally reIated to cutting Ievels and machining sequences. |
Once completed, the workpiece is rotated to the next orientation that reveals new

surfaces to be machined During this process, the workpiece remams on the

16



indexing device and thus preserves the original coordinate system, hence
eliminating the rework of further settjps. The processing steps in CNC-RP are

visualized in Figure 1.2.

(Side View)

MACHINE

3

ROTATE

MACHINE
™ ROTATE.

MACHINE

T
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i

ROTATE.
MACHINE SUPPORT

.ﬂ ROTATE

MACH;NE’SUPPORT'

] ] Sever part
! H * at sacrificial supports
| )
'
LI |
Lo

Figure 1.2: Processing steps in CNC-RP (Wysk 2008)

;;

CNC-RP employs a feature free approach which does' not éonsider any
features that may be present on the part. Therefore umversal toolpath plannmg is
adopted that 5|mp|y machmes aII surfaces on the part The sma||est tool dlameter is
selected in fmlshmg operatlons ‘with the a|m of reaching all part -geometrles (Frank
2003). Most of the cuttmg parameters are standard|zed for both roughmg and
finishing operatlons Some of the demsuons may not be- the most favourable for
machining operatlons, but, it aI_I'_ows'the rapid generation'_.of todlpaths and fulfils the
requirements for RM proceeéesi. The fixturing method employs _the addition of small _
diameter cylinders parallel to the axio of rotation at both ends.of the part. These
supports are machined simultaneously with the part ahdvrerhain connected to the
workpiece once machining. has bee_h;completed. The:se sacrifici.al supports must be

then removed during later post processing. Most of the tasks performed in CNC-RP

17



are assisted by customised algorithms that are ‘incorporated in commercial

Computer Aided'Design/Comput'er Aided Manufacturing (CAD/CAM) packages.

1.3 Problem statement

‘I‘mplemeht'ation of -CNC ‘machining in RM . processes requires different
approaches ‘that _cont?radict common practice. The nature of machining processes
involves considerable human input to control and run the operation. This is
different from other RM tools such as Al\'/"l_v processes that tend to have less human
involve”ment'and are "fuIIy vautomated during:.prodl;ction. In order to incorporate
CNC machining in- RM processes, ne_w:approaches have been developed which
mahaée to adop:t'- exteﬁsive levels of automatvion in the processing steps. However,
there afe several issues with currenf implementations that cause inefficiency and
limitations to the_ process. In gene_ral,‘ this (;.an be ”perceiVed from vth>re'e different
perspettives t’ha‘t:':relatze fo cutting:'orientations, tooling approach and process

planning.

The integra_t_ioh of a 3-axis milling-machine and 4™-axis indexers for CNC-RP
preserves some flexibility in the. system to rotate . the v.\./orvkpiecev to various
orientatioris; .As illusfrated in Figure 1.3, diffe'r_eht cutting directiohs bosseés
differe_nt.l‘evels of acces)sibilify. .Theref(‘)re»,:‘an algorithm is dev'.elopéld to assess ‘thve
surface visibility of the part from different.'diré_ctions (Frank__é:f él.:"2006). Basic_ally,‘
the main .;‘)'ijrpose of visibility anaI\:/si's is tov determine i'the necéss_ary. cutting
orientations to fully machine the part. Hence, the orientations proposed are meant
to be effective during the last stage or in’»»finishiné operations th,af guarantee tool
accessibility' to all surfaces (Ren‘ner‘.2008)'; In early dévelopméhts,,_only a single
operation is performed within each "cutting orientation. Later development
introduced separaf;ed opérations where a rough cut is pe'_rfo_rmed'first followed by a
finishing process within the same orientation, S_o,: instead of removing the bulk of
the material, the finish cut just needs to_remoVe the remaining material not

accessible to the roughing tool.
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R

Figure 1.3: Cutting tool accessibility (Frank et al. 2004)

During r_du'ghing operations, the cutting tool needs to remove a large
amount of material and penetrate the workpiece until the maximum cutting depth
is reached and this is dependent on the tool length. The condition of this machining -
is visualized in Figure 1.4. This is a part of the requirement to prevent the formation
of thin material {thin webs) during the subsequent cutting orientations which is an
undesirable situation in machining. Another method to avoid this problem is by

machining with at least three cutting directions.

Tools L
- Part geometry

Workpiece - Excess stock

Figure 1.4: Long cutting depth-adopted by CNC-RP (Frank. 2007)

There are two issues that can be investigated based..on current
implementations. First, constraining roughing operations to cutting orientations
also used for finishing processes tends to limit the possibility of optimising the
process. Therefore, ihstead of. re-I'y_i_ng on the ori.entati‘ons proposed by visibility
analysis, roughing operations can be.‘:perfor'me:d at dif:ferent.angles that aim for high
volume removal and minimum“machi:ni'n‘g time. S:o far, however, nov'rjesearch has
been found that attempts fo optimiSe the roughing bperation in order to improve
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overall process efficiency. Sincé the process is.highly dependent on part geometries,
this serves as an alternative approach to cutting the workpiece from various

orientations.

The second issue is related to the cutting -Ievel employed in the roughing
operation. The drawbacks of this decision can be seen in terms of tool usage and
selection. Cutting operations ‘involve physical contact between the tool and
workpiece. One of the factors that effects tool performance is the contact length
which will influence flank-wear and tool temperature (Sadik et al. 1995). Hence, a
long tool contact length can easily cause a deflection due to the cutting forces
generated. Without appropriate control of machining parameters, the cutting tool is
subjected to bending, distortion. and chatter during machining. All these
phenomena directly affect the quality of the machined part. In CNC-RP, process
continuity between each orientation is paramount. Any tool breakage will interrupt
the coordinate system including tool location and leads the whole operation to fail.
One of the tool requirements for this operation is to have sufficient flute length to
keep the tool close to.the part and excess stock. This tends to cause restrictions in -
the selection of a tool as a long cutting tool is not commonly used and available.
Therefore, the determination of cutting levels in this process needs to be revised.
However, far too little attention has been paid to minimizing the cutting levels due

to the requirement of thin web avoidance rules.

The tooling approach in CNC-RP. is quite straightforward. Originally, ‘the
selection of cutting tools is just based on the smallest diameter available for the
predetermined length that depends on workpiece size (Fran-k et aI_. _2;(;)02). Hence,
the depth of cut is set at a minimum to achieve the requiréd surface finish.
However, neglecting some important parameters has resulted in inefficiency during
the machining operations. For example, using a single tool size simpl»i_f_ies th_e
toolpath development but the trade-off of this decision’is'a.slow rate of material
removal. Therefore, roughing operations are proposed to counter this inefficiency
problem. The tool size is selected based on a linear relationship with the workpiece
diameter. In addition, a flat end mill is commonly used to machine the part since

the process relies on 2D cross sectional slices of the model (Frank 2003). Therefore,
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a staircase effect is developed on part surfaces as can also commonly be seen in AM
broces'se_s.’ But, the éapability of CNC machini_ng to cut at very shallow depths

minimizes the appearances of stepping.

In CNC machining, the development of cutting toolpaths is carried out by a
CAD/CAM system. It is:undeniable that these systems are capable of assisting in
toolpath generation but the task of determining the type and size of cutting tool is
usually overlooked (Veeramani et al. 1997). Recent developments have succeeded
in proposing an optimum' tool size combination by using several optimization tools
(Renner 2008). However, to date, there are no clear guidelines to integrate different
types of cutting tools into.the process. This integration is important since in one
cutting orientation, different kinds of surfaces are presented on the 3D object.
Hence, using a flat end mill to machine non-flat surfaces is not really efficient as it

obviously causes a staircase appearance as-shown on Figure 1.5.

Stairéase effect
Contour

Figure 1.5: Staircase effect on contoured surfaces
Process planning in. CNC machining deals with large amounts of data and
requires support tools to optimise .the operation. This is one of the factors that
make some gco‘h’sider_ CNC process planning to be’ ‘primarilyg:_ a ménual task
(Anderberg et al. 2009). The planning:task in CNC machining is crucial and directly
correlated to the. time, skill and cost to machine discrete parts (Frank 2007).
Therefore, an efficient machining planis usually developed through experience by

skilled CAM operators (Frank et al. 2006, Relvas et al. 2004). From a production
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perspective, it is important to minimize the time spent in producing parts. However,
from the perspective of rapld processes, the tlme spent on both planning and
productlon must be kept to a mmlmum. _Therefore, the generation speed of
toolba-ths and faultless machining codes needs to be increased. This is a key
indicator that will deterrhine the appnlic'ability of CNC machining in RM processes
(Qu et.aI.- 2001)L+he existence of Computei' Aided Process Planning (CAPP) systems
manage's"to' ;r:nihimize the time allocated for planning tasks. However, CAPP systems
need tobe developed cOrrec_t|y in order to produ_ce effective machining operations.
Previously, CNC-RP: has preserved a certain level of automation in process planning.
Hence, most of the tasks execu_ted_in the .planning stage are well-assisted and
established. as a rapi:d maohinjng system. In accordance with the automation
require'ment, any new approaches »i'htroduced to improve the machining operation
must definitely be equipped .inthbth:e planning tools to assist the development

stage.

1.4  Aims and objectives

The aim of this research is:

“To strengthen the implementation of CNC machining in RM processes
(CNC-RM) by improving the machining and tooling approach at the sare tirh:e

‘establishing a rapid machining system”

Further investigation of current implementations of CNC machining in rapid
processes has revealed several inefficiencies in the methodology The problems
discussed in sectlon 1. 3 have clar|f|ed the gaps found in the present approaches

Hence, there are two main objectives formulated to tackle the issues raised.
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Objective 1: lnv_e_stigate a different strategy to improve roughing operations by

manipulating cutting orientations.

1.4.1 Rationale of objective 1.

'Roughing operations are performed in CNC machining to remove the bulk of
material from the workpiece and to generate the profile of the part. In the metal
cutting _ibndtlstr'y, roughing operat_ipns bare considered to be time consuming
processes and can take up to 50% of the total machining time depending on the size
of workpiece and part {Kuragano 1992). Since roughing and finishing operations are
directly correlat‘ed, rerrt_ovtng"the_ bulk of the rpaterial in the first place will assist the
rest of the cutting processes -i'nv finishing operations. This justifies the need to
develop a_vpr'op_er plan for ‘an ‘optimum material removal process during the
roughing stage. Nevertheless, a common practice in rough cutting is still employed

using larger tool sizes and aggressive cutting parameters to shape the part.

Particularly in RM application, the roughing Qperation is supposed to be
executed in therOrientati(:)'n_s, that provide maximum rernoval volume rather than
maximum surface areas.._The'priehtatior‘\' propese‘d by \iisibility_'_ahalysis is tot:'allyv
concerned with achieving maximum surface a'reas__selthat aII‘V_fe:atUres are accessible
by the cutting tools. Henee, finishing operations are the most'”li‘kely.suitable process
for these orientations. On the othevr -hand, estab.lishing»other_ or_ient_atio‘ns for
roughing operations:might be useful td improve the machining :Aefficriency.' This
approach tendsv't_-o increase the number of orientations which,cdntradicts previeus
studies that prefer to have minimum orientations (Frank et al. 2006). But,
considering an automatlc mdexmg device |s used, the rotatlon task ‘can be"
controlled dlrectly from the machmlng code. The key parameters to valldate the
approach are time spent- to machine the part ‘and also the ‘effectiveness of the’
sequence of operatlons Inorder to generate these parameters vrrtual machining
simulation is ut|I|zed to handle the analysus An approach to. determining
orientations is required that possesses maximum roughing,time, minimum 'cuttihg

time and fulfils the cutting condition requirements.
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Objective 2: investigate_ the influen’c:e'of different cutting tools and formulate the

integration approach to be implemented in CNC-RM processes

1.4.2 = Rationale of objective 2 -

Improving“ part quality in.RM processes has become a major concern for
manufacturers. Th’e parts :pr:'oduced must- éxh_ibit the same properties and
dimensionél tolerances as”t_hoséj prodﬁcéa by'c_dnventional manufacturing methods
such as CNC machining (Zhao et al. 2000). Previous developments that adapted CNC
maﬁhiningg for rapid prbcesses we're‘capavble of fulfilling this requirement. However,
Iimit-ed:;:tool seleétion durfng finishing operations has restricted the ability of this
process to ‘fabric.ate/. superior - quality products. Aiming for process. planning
simplification,:-there is ho clear method developed to integrate different cutting
tools in finishing operations. In 3-axis machining, a flat end mill possesses the
capability to machine flat regions that can be represented as horizontal or vertical
surfaces. However, due to the limitations in machining axes, this tool is not suitable
for machining other kinds. of surféc_e_s suc‘:h:as _f_reé form or sculptured surfaces. As
the flat end mill is.the tool most likely to be adopted, the staircase appearance will
be present 'c.)n the machined part and .fhis affects surface q'uali_ty. This situation
leads to the investigafion of iir’nplementi_r_\g_diff'erenvt types of cutting tools in CNC-
RM proéessés. bPr-imar'in, the implications- can be observed through the excess

volume and surface roughness of the machined parts.

A variety of tools are available in CNC machining to allow the process to
handle different part surfaces. Additionally, “th'iis. technplogy is equipped with
automatic tobl_:changi”hg-‘systems which can be cohtrolled v.dir‘ectly from coded
instructions. So; :ivh'co:rpbrating different cutting tools in the 'machininvg-:operations
would not be a pr:obll_e'm to the system. Nevertheless, in thé‘CNC-RM 'applicétidn, :
critical attention “is reqvuired in assisting the cutting area selection within and
between each of fhe orientatidns.»Th‘e aim is to brovidé flé:xibilit_y iﬁ'cutting tool
selection and at the same ‘time meet the automation requirement in the planning
stage. However, the nature of machining p‘roce’s‘ses»re:qui'fesvdiffe'rént tools to

effectively machine different part features. Therefore, a universal approach needs
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