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Summary

Abrasive machining is used for the generation o f freeform femoral implant 

surfaces in the biomedical industry. The abrasive machining operation is typified by 

high speed material removal in multiple axes, difficult-to-machine material and the use 

o f hard abrasives on toroidal shaped grinding wheels. Such machining operations are 

often inefficient due to conservative choices o f machining parameters, which are based 

upon trial-and-error approaches in order to maintain workpiece surface integrity. 

Process monitoring is necessary to achieve process optimisation, through the 

identification and avoidance o f process disturbances, which could cause poor surface 

integrity at chosen machining parameters.

The aim o f this thesis is to develop a platform for process monitoring and 

characterisation o f the abrasive machining process for freeform surfaces. Two main 

aspects are addressed in this work. Internal machine signals are utilized as a more robust 

and flexible alternative to external sensors for process monitoring. The selection and 

characterisation o f a suitable internal machine signal for process monitoring is 

addressed. The development o f  a position-oriented monitoring and analysis method is 

also explored. This is in order to assist in determination o f process characteristics that 

allow for the identification o f  the origin o f process disturbances in relation to the 

toolpath position over the surface o f the component.

The sensitivity o f the internal machine power signal towards changes in process 

parameters is an important consideration if the signal is to be utilised for process 

monitoring. Experiments were carried out in order to assess the sensitivity o f the active 

power signal for flat surface grinding. The investigations showed that cutting power was 

sensitive to changes in process parameters o f depth o f  cut, feed rate, wheel speed and 

tool wear, illustrating that cutting power is a suitable quantity for monitoring and 

characterisation o f the abrasive machining process, as well as for identifying the onset 

o f tool wear.

A position-oriented analysis method was developed to enable a distinct 

determination o f process characteristics by combination o f position and power/tool-



workpiece engagement data. The developed method was applied and tested under 

different machining parameters with two feed rates and radial offset/tool path spacing.

Internal machine signals o f position and power were combined and evaluated over 

the course o f an abrasive machining toolpath. This revealed an inter-positional 

dependency between the two quantities. Power was shown to increase significantly with 

increasing tool-workpiece engagement and feed rate. Regions o f high cutting power 

over the toolpath could be attributed to the changing engagement conditions due to the 

part geometry.

In order to further understand the process characteristics it is necessary to quantify 

the material removed during the process. To this end, a custom laser profile monitoring 

system was developed which measured the difference in material before and after 

abrasive machining. Results showed that material varied considerably over the surface 

o f the implant, with more material being removed in areas such as the patella track and 

the casting gates, and less material at the femoral condyles which could be attributed to 

the tool-workpiece engagement conditions at these regions.

A model based on laser measurements o f the part before and after abrasive 

machining was developed in order to estimate tool-workpiece engagement conditions 

over the course o f the freeform toolpath. Results for tool-workpiece engagement 

showed the majority o f calculated values to be in the range o f 0.01 -  1 mm^, with areas 

o f high engagement found similar to the laser measurement results. The calculations for 

engaged area provided the basis for determination o f specific energy in the process.

Specific energy was shown to decrease with increasing engaged area and feed 

rate, by an approximate average value o f 44% and 16% respectively. Specific energy 

was also found to be highly positional-dependent. The results o f the specific energy 

analysis indicate specific energy could potentially be reduced in certain regions through 

an increase in material removal rate in order to increase machining efficiency.

This thesis has demonstrated the advantage o f applying a position oriented 

approach towards analysis o f internal machine signal power and material removal data 

from laser measurements, where process disturbances and machining characteristics can 

be identified and investigated in a more comprehensive manner. The research has also 

highlighted that the position-oriented monitoring approach with internal machine 

signals can serve as a basis for process monitoring, control and optimization in the 

future.
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Nomenclature

Symbol Definition

a depth o f  cut (m m )

A w ear flat area (% )

a,b,b ',c points o f  intersection betw een toolpath  n, n+1, and cast curve

A ] , A 2 areas o f  engagem ent betw een toolpath  n+1 and cast curve (mm^)

A s tool-w orkpiece engaged area (mm^)

A jo ta l total calculated  area o f  tool-w orkpiece engagem ent (mm^)

A w tool-w orkpiece engaged area (mm^)

b contact w idth (m m )

C Carbon

CBN Cubic B oron N itride

C o areal packing density (grains/m m ^)

Co C obalt

cos (cp) pow er factor
Cr C hrom ium

d Euclidean distance (m m )

do offset radius from  centre o f  m achining arbour (m m )

DF degrees o f  freedom

Dicp transform ed cast laser point cloud

A overall root m ean square d istance betw een the cast laser scan
A r m s and the post-m achined scan (m m )

d s m ajor toric w heel diam eter (m m )

d s distance betw een cast and post-m achined laser scans (m m )

Exp SS expected sum s o f  squares

F F-test

HRC Rockw ell hardness

I electric current (A m pere)

Ig contact length (m m )

M reference post-m achined laser point cloud

M = [x iy iZ i] cast laser curve m atrix

M 2 =  [X2y2Z2] post-m achined laser curve m atrix

Mo M olybdenum

n sam ple size

NC num erical control

P cutting active pow er (W att)

P probability  value

iv



S y m b o l D e f in i t io n

P* air cut reco rded  ac tive  sp ind le  p o w er  for air  cu t o r  sp ind le  idling (W att)

p "* c a re a  spec if ic  p o w e r  (W att/m m ^)

P C R p er  cen t  co n tr ibu t ion  ratio

Ptotal to ta l rec o rd e d  ac tive  sp ind le  p o w er  (W att)

R m in o r  to ric  w hee l rad ius (m m )

r m in o r  to r ic  w hee l  rad ius taken  as o ffse t  rad iu s  (m m )

Ra av e rag e  su r face  ro u ghness  ( | im )

rpm ro ta t ions  per  m inu te

Rw local w o rk p ie c e  rad ius (m m )

rx an g le  o f  des ired  ro ta t ion  ( rad ian)

S ap p a ren t  p o w e r  (V o l t-A m p e re )

s too lp a th  sp a c in g  (m m )

s s tandard  dev ia tion

Sa 3 D  surface  ro u g h n ess  ( | im )

S dq R M S  surface  s lope

Sds su m m it  dens ity  (gra ins/m m ^)

S eq  SS sequen tia l  su m s  o f  squares

Sh sca l lop  he igh t o r  m a cro  su rface  ro u g h n ess  (m m )

s„ cub ic  sp line  cu rve

u specif ic  ene rgy  (J/mm'^)

ĉh spec if ic  ene rgy  for  ch ip  fo rm a tion  (J/mm'^)

V elec tr ic  po ten tia l d if fe rence  (Volt)

V =  M 2 - M v ec to r  d is tance  from  laser cu rv e  to p o s t -m a c h in e d  curve

Vf feed  rate  (m m /s )

Vs w h ee l  sp eed  (m /s)

Vw feed  rate  (m m /s )

w m a ch in e d  t rac k  w id th  (m m )

X i,  yi,  Zi C artes ian  c o o rd in a te s  o f  laser cu rve  n f rom  cas t  im plan t (m m )  

C artes ian  c o o rd in a te s  o f  laser  cu rve  n from  p o s t-m a ch in e d
X2, yi, Z2 im p lan t  (m m )

yc k n o w n  cen tre  o f  ro ta t ion  for A -ax is  o f  laser  h o ld e r  (m m )

ydist tr ia n g u la te d  d is tance  from  laser  to  ob je c t  (m m )

0 an g le  o f  ro ta t ion  o f  A -ax is  o f  laser h o ld e r  ( ° )

e ang le  o f  ro ta t ion  o f  A -ax is  o f  m a c h in e  a rb o u r  ( ° )

sa m p le  m ean

9 p h ase  o f  vo l tag e  re la t ive  to  cu rren t  ( ° )

V



Chapter 1

Introduction

The manufacturing sector in high-wage countries is characterised by the production 

o f high value components with technologically intensive processes. This type of 

manufacturing process however entails considerable cost through energy and material 

consumption [1], In order to maintain a competitive advantage, the manufacturing process 

must be as resource and energy-efficient as possible. Process monitoring and control is key 

to enabling high-efficiency production.

Process monitoring can increase performance and efficiency o f machining through 

the avoidance o f and compensation for process disturbances as well as prevention of 

workpiece damage [2]. The scope o f process monitoring can include tool condition, 

process condition, workpiece surface integrity and chatter detection [3]. Examples of 

sensors currently used for process monitoring include force dynamometers, 

accelerometers, power meters, acoustic emission sensors, thermocouples and strain 

sensors.

New challenges however are facing the reliability and applicability o f such sensor 

systems for tool condition and process monitoring, as machining operations become more 

complex with multiple axes, increased velocities and freeform machining. Monitoring of 

the entire process condition and the resulting part quality is gaining more importance with 

new capabilities such as machine tool diagnostics and in- process quality control [4]. 

However, dissatisfaction has been expressed with not enough process, workpiece or tool 

condition monitoring knowledge making the transition from research environments to real 

industrial machining applications [5, 6].

There is a necessity for sensor systems to be integrated directly with the machine 

tool, without the lengthy setup times and modifications to the machine tool structure 

characteristic o f some typical sensor solutions currently available. Modern machine control 

systems allow open access to internal signals in the numerical controller providing the 

opportunity to measure and record these signals via the Human Machine Interface (HMI).
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However, as this technology is relatively new in application, there is a need to investigate 

the sensitivity o f internal signals as well as their potential towards application for complex 

freeform machining operations [3],

1.1 Research background

A key sector in Irish industry currently facing high-end manufacturing challenges is 

the orthopaedic manufacturing industry. Due to the worlds aging population and the effects 

o f degenerative jo in t disease, the market for orthopaedic implants is growing [7], Femoral 

implants are needed as a result o f joint arthritis, osteoporosis and fracture, and the main 

function o f the implant is to replace the weight-bearing surfaces o f the knee joint in order 

to relieve debilitating pain. Femoral implants typically comprise o f a Cobalt Chrome 

femoral head component which articulates on a low-friction polyethylene platform resting 

on a Cobalt Chrome tibial tray, as illustrated in Figure 1.1.

fem oral c o m p o n e n t

V

p o ly e th e len e  
insert

tibial tray | ■

(a) h u m a n  k n ee  jo int (b) k n ee  rep lacem en t

Figure 1.1: (a) The normal anatomy o f  a human knee, anterolateral v iew , (b) exam ple o f  an orthopaedic 
femoral implant [Source: D ePuy, Johnson & Johnson]

The focus o f this research lies with the manufacture o f the femoral component. Such 

components are subject to high dimensional quality standards to ensure minimum wear and 

efficient transfer o f load through the articulating surface when in vivo [8], Machining 

operations must guarantee the highest quality o f parts in order to maintain appropriate part

femur

tibia
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quality. At the same time, process efficiency must be achieved while maintaining 

flexibility to adapt to changes in product types.

M anufacturing o f the femoral component takes place in four main stages; casting, 

abrasive machining, milling and polishing as illustrated in Figure 1.2. The implant is first 

investment cast based on a wax negative mold. Due to stringent dimensional requirements, 

this process alone is not sufficient to generate the final profiled surface; therefore the 

casting is to near-net shape and is followed by material removal operations o f abrasive 

machining and milling. Abrasive machining is responsible for the majority o f the material 

removal and the generation o f the final surface profile, while milling is used to trim the 

edges o f  the implant. The final stage in the process is polishing where the implant surface 

roughness is reduced through belt lapping and robotic arm controlled cloth polishing o f the 

surface [9].

in v estm en t
casting

abrasive  m ach in in g  /  
m illing e d g e s

polish ing

Sa = 2.58 nm S a = 1 .0 3 | jm  Sa = 0 .06nm

Figure 1.2: Implant manufacturing process chain illustrating surface area roughness, Sa, w ith exam ple 
surface topographic im ages at different stages in the process

1.2 Motivation and challenges in abrasive machining o f  femoral components

Cobalt Chrome alloys have excellent properties for biomedical implants including 

high strength, hardness, wear resistance, and biocompatibility [8, 10]. This, however, 

makes the alloy difficult to machine. The abrasive machining process therefore involves 

the use o f sophisticated machinery including high speed spindles, three or more axes 

machining and the use o f hard abrasives o f Cubic Boron Nitride (CBN) on electroplated 

steel wheels. Toric shaped grinding wheels are also typically employed in the abrasive 

machining process o f the implants due to their freeform profiles [11].

Although advances in cutting technology make it possible to machine such alloys 

nowadays, the material removal process places significant demands on the technology. 

Oliveria et al. outlined some o f the industrial challenges faced with grinding [12].
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These include;

• Surface integrity and process reliability

• Robust grinding process monitoring and control

• Grinding process energy efficiency improvement

Surface integrity and process reliability are important for ensuring that critical 

components such as those for aerospace, or biomedical applications can cope with the 

increasing demands o f performance and reliability during the components life. M ajor 

issues that can be encountered in the grinding process that affect the surface integrity 

include chatter vibration, grinding bum, residual stresses, profile errors and surface 

roughness deterioration [13],

In order to guarantee the required surface integrity, production grinding processes 

have traditionally been developed using experimental trial-and-error approach with 

extensive surface evaluations. These processes are often very conservative in terms o f 

process parameters with low material removal rates. One o f the ways o f achieving 

efficiency in a process is by increasing the material removal rate. However, it is critical to 

understand the effects o f changing operating parameters before new grinding/abrasive 

machining strategies can safely be implemented [12]. Process monitoring is key towards 

identifying grinding machining process disturbances that could induce poor surface 

integrity. In addition to disturbance detection, information regarding the measured process 

quantities obtained with the monitoring system can be used for optimizing the process [14].

Recording o f internal machine signals is a promising technique for process 

monitoring o f freeform abrasive machining o f  femoral implants without unwanted 

interference within the machining envelope or structure. Active power can therefore be 

monitored from the machine, along with servo drive position. However, before this 

technique can be successfully applied, there is a need for evaluation and characterisation o f 

the signal in response to varying process parameters [15].

In freeform machining, the workpiece and tool engagement situation is constantly 

changing therefore making determination o f process characteristics through power or other 

sensors particularly difficult. A position-oriented analysis presents an opportunity to assist 

in determination o f process characteristics and allow for identification o f process 

disturbances in relation to the toolpath position over the surface o f the component [16],
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Process disturbances can therefore be more reliably determined and the source o f the 

disturbance investigated with this type o f analysis.

Another challenge is the lack o f knowledge surrounding the exact quantity of 

material removed during the process. In order to understand how the power signal is 

affected by different machining parameters, it is necessary to quantify this variable. There 

are a number o f measuring techniques currently used for measurement o f freeform shaped 

parts including coordinate measuring machines, stationary optical systems, interferometric 

systems and profilometry [17]. The most cost effective and flexible solution for this 

application is laser profilometry. Measurements o f the material removed during the process 

using this profile measurement technique, combined with position-oriented power 

monitoring, form a process monitoring platform that can serve as a basis for future process 

optimisation through offline adaptive control.

1.3 Research objectives

The aim o f the present research is to investigate the characteristics o f the freeform 

grinding process with respect to power monitoring applied to the process. Two aspects 

were investigated, first characterization o f the internal machine power signal, and second, 

application o f a position-oriented analysis strategy towards freeform grinding. The 

objectives and tasks o f the project may be stated as;

• To examine the application o f and sensitivity o f the internal machine motor power 

signal applied to flat surface and freeform grinding.

• To characterise the material removed during freeform grinding and to investigate 

the tool-workpiece engagement during freeform grinding.

• To characterise the freeform grinding process through a position-oriented analysis.

The internal machine signal o f active power o f a spindle during surface grinding of 

Cobalt Chrome alloy was monitored under various conditions through a machine-NC- 

based application. The sensitivity o f the power signal towards material removal and tool 

wear was investigated. The effects o f changes in feed rate, wheel speed, depth o f cut and 

tool condition were also investigated through Taguchi experimental design.
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A laser measurement system was developed to determine the material removed 

during a freeform abrasive machining process for femoral implants o f Cobalt Chrome 

alloy. Based on these measurements, a tool-workpiece engagement model was developed 

to estimate the engagement over the course of the toolpath. A position-oriented analysis 

method was developed to correlate machine internal power and position signals with 

model-based engagement over the full surface of the implant. In order to form an estimate 

of the efficiency of the process the specific energy parameter was calculated over the 

course of abrasive machining of the freeform surface.

A case study involving the application o f the position-oriented analysis strategy was 

undertaken. The position-oriented analysis strategy was applied under different machining 

parameters with two feed rates and radial offset/tool path spacing tested for abrasive 

machining of femoral implants. The sensitivity o f the analysis strategy to changes in 

process parameters was illustrated for process power, model-based tool-workpiece 

engagement and specific energy over the surface of the implant.
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Chapter 2

Literature review

In the biomedical and aerospace industry freeform surfaces are often generated by 

abrasive machining of difficult-to-cut materials. The abrasive process is typically 

geometrically complex, energy intensive and hard-wearing on tooling. Due to the high 

process energy and forces and constantly changing tool-workpiece engagement 

conditions it is difficult to specify optimal process parameters. The implementation of 

process monitoring leads to a better understanding of process characteristics and 

engagement conditions, which are directly related to surface integrity of the component 

as well as the efficiency of the process. This chapter therefore reviews work on 

characterisation of the abrasive process with a particular focus on process power 

monitoring.

2.1 Process characteristics

2.1.1 Abrasive machining

Abrasive machining is a process defined by the tools geometrically undefined 

cutting edges [18]. Typically, the machine tool is either of the form of a wheel 

comprised fully of abrasive grit, or with the grits adhered to the wheels periphery. 

During the process both the wheel and the workpiece move at high speed relative to 

each other. With high speed operations the combined cutting speed can reach anywhere 

between 1200 m/min up to 15000 m/min, and material removal rates up to 2500 

cm^/min and above can be achieved during the cutting process. The material removal 

rate Q„ however does depend to a large extent on the cutting technology, workpiece 

material properties and the required geometry and surface finish of the component [5].

As a result the grinding used in modern day manufacturing can be distinguished 

between two types of processes. Precision grinding typically involves depths of cut in 

the tens of microns range, with which a high surface finish/low surface roughness and 

excellent form accuracy can be obtained. Abrasive machining on the other hand seeks to 

remove large volumes of material at high material removal rates whilst maintaining
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excellent form accuracy within tight tolerances [19], A high surface finish is not the 

main goal o f the process as further finishing operations usually follow. Therefore the 

depths o f cut in abrasive machining are greater, ranging from the hundreds o f microns 

to tens o f millimetres. Abrasive machining is particularly suitable for difficult-to- 

machine materials such as high alloy steels, Titanium, Cobalt Chrome and nickel base 

alloys.

Much research has been carried out on abrasive processes in recent years, and 

novel techniques have been developed, notably; Creep Feed Grinding (CFG), its use 

highlighted in the production o f deep slots and fir tree patterns in turbine blade roots, 

and High Efficiency Deep Grinding (HEDG), a process capable o f delivering both high 

wheel and workpiece feed rates with large depths o f cut, typically used for the 

machining o f profiles in parts [20]. Table 2.1 shows some typical grinding parameters 

for the various techniques, where the specific removal rate is the product o f the depth o f 

cut and the workpiece speed as shown in Equation 2.1.

Q'w =  o-V f ( 2 . 1)

Param eters R ecip rocatin g  G rinding C reep-feed  G rinding H ED G

D epth  o f  cut, a L ow

0.001  -  0 .0 5  m m

H igh

0.1 -  30  mm

H igh

0.1 -  3 0  m m

W orkpiece  sp eed , Vf H igh

1 -  30  m /m in

L ow

0 .0 5  -  0 .5  m /m in

H igh

0 . 5 - 1 0  m /m in

W h eel sp eed , L ow

2 0  -  60  m /s

L ow

2 0  -  60  m /s

H igh

80  -  2 0 0  m /s

S p ec ific  rem oval rate, ' L ow

0.1 — 10 m m Vs

L ow

0 . 1 - 1 0  mm^/s

H igh

50 -  2 0 0 0  mm^/s

T able 2.1: T yp ica l grinding param eters for com m on  grinding tech n iq u es [21]

The advantages o f high speed grinding in abrasive machining can only be utilised 

in an effective manner if  the machine exhibits certain requirements for this high 

performance grinding technology. When working with high rotational speeds the 

grinding wheel/spindle/motor system must run extremely accurately and with a 

minimum amount o f vibrations. A high level o f rigidity is therefore required for the 

entire machine system. Additionally, precise balancing o f the grinding wheel is 

necessary. In terms o f the tool, the wheel used for high speed grinding should be strong



enough such that the centrifugal force does not lead to a breakage in the high speed 

operation range. Therefore superabrasive electroplated wheels with a steel hub are 

particularly suitable for this type o f application. Lighter wheels are also in development 

and increasingly becoming available, the use o f Carbon Fiber Reinforced Polymer 

(CFRP) can enable wheel speeds o f up to 200 m/min to be realised [22]. Along with a 

rigid and precise machine structure, in high performance grinding the machine often 

includes sophisticated pieces o f equipment incorporating high speed spindles, several 

grinding wheels, dressing devices, custom built coolant delivery systems and workpiece 

on-line measurement.

2.1.2 Freeform abrasive machining

As technology has evolved the occurrence o f complex shaped parts and freeform 

part surfaces has become more frequent. Freeform surfaces are now used in the aviation 

industry for turbine blades, in medicine for knee prostheses, and in the automotive 

industry for car body tool dies [23-25], In order to facilitate the generation o f these 

surfaces by material removal, modern grinding machines typically utilise 3 to 6 axes o f 

movement for high volume metal removal and difficult-to-machine materials.

An example o f  a 5-axis machine for the grinding o f turbine blade profiles is 

shown in Figure 2.1. Such multi-axis machines are often complemented with latest 

generation control units that are capable o f high speed interpolation o f tool paths 

between the axes as well as open controller architecture where machine variables may 

be used for process monitoring [26].

0  F ram e
1 .V -prisn ia tic  jo in t
2 ,4-ro ta ry  jo in t
3 W o rk p ie c c
4 ) '-p r ism a tic  jo in t
5 2 - p r i im a t ic  jo in t
6 /^ -ro ta ry  jo in t
7 S p in d le
8 C u tt in g  to o l

Figure 2.1: 5-axis turbine blade grinding machine [27]
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All complex 3 - 5  axis grinding processes have been derived from the two 

traditional main classes o f grinding; flat surface grinding and cylindrical grinding. 

Figure 2.2 describes these basic processes.

Vfa

w'

F igure 2.2; Surface grin ding  (le ft), external cy lind rica l grinding (right) [18]

In surface grinding the wheel moves orthogonally to the workpiece by a depth o f 

cut Qe If  traversing across the workpiece the wheel is moved by the amount Up between 

grinding paths. In external cylindrical grinding the workpiece is rotated between 

centres, the grinding wheels peripheral surface engages with the outside o f the round 

workpiece and the feed direction o f the grinding wheel goes alongside the workpiece 

rotation axis.

The basic grinding processes and its many subdivisions have been fundamentally 

distinguished according to the German standard DIN 8589 [18]. For complex parts with 

freeform geometries however the relatively basic type o f movement as described by 

surface and cylindrical grinding are not sufficient to generate the required surfaces. 

Shape grinding instead is used where a contoured wheel moves across the part in a 

number o f non-linear paths generated through NC code.

Toric grinding wheels

Toric shaped grinding wheels, a form o f wheel with a minor and major radius for 

reaching the contours o f curved surfaces, have been increasingly employed in the last 

decade to generate these types o f complex shapes through multi-axis machining. First 

reports in the literature o f torus shaped grinding wheels appeared in the early 1990’s. 

Aspheric shaped mirrors were previously manufactured using conventional grinding to 

obtain a rough shape then polished with loose diamond abrasive while repeatedly 

performing measurements and shape inspections. This was a lengthy process taking

10



days to manufacture a single lens. With the advent o f superabrasives, a Cast Iron Fiber 

Bond Diamond (CIFB-D) wheel could be used. This standard wheel was then shaped to 

a toroid cross-section by using a diamond dresser to cut the profile in the wheel. These 

newly-shaped toric wheels were then employed to machine precisely and quickly 

aspheric shaped ceramic mirrors while keeping surface roughness and form error to a 

minimum [28]. In order to maintain form accuracy and a low surface roughness a 

further method was developed where the axis o f  the wheel was inclined at 30° and the 

entire width o f the wheel was used over the aspheric mirror, effectively changing the 

grinding point across the wheel from left to right as it moved across the part. It was 

found that a wide range o f profiles could be ground using this method, and wheel wear 

was kept to a minimum as the entire width o f the wheel was effectively used, thereby 

wearing the wheel in an even and efficient manner [29].

Further research was carried out for a similar application where non-axisymmetric 

aspherical lenses were ground using toroid shaped wheels which had been trued with a 

diamond dresser. Okuyama et al. investigated the effect o f form deviations o f the wheel 

surface, noting that both the waviness and amplitude o f the toroid shape trued wheel 

surface had a significant effect on workpiece quality. The inner toric radius was found 

to be most influential on form error, as the full wheel circumference error was generally 

compensated for through the influence o f both wheel and feed speed. It was also noted 

that the form deviation o f a grinding wheel surface must be smaller than the objective 

machining accuracy to generate a surface without significant form deviation [30].

Other applications o f machining with toroid-shaped wheels have included rake 

grinding o f a taper ball end mill, where previously the conical surface or edge o f a 

standard wheel would have been used for this application. Feng et al. found that the 

curved geometry o f  a torus-shaped grinding wheel tool was particularly suitable for 

generating a constant helical angle and constant normal rake angle on the spiral rake 

surface o f a taper ball-end mill as the toroid-shaped wheel produced minimum gouging 

and an accurate profile [31].

More recently, NC shape grinding for the machining o f complex freeform shaped 

parts has been investigated by Jansen et al. [32]. A simulation o f the grinding process 

with toroid shaped wheels was developed to address the issue o f geometrical grinding 

errors in the process as illustrated in Figure 2.3. In this simulation a wheel-workpiece 

contact area was determined through a finite element geometric-kinematic simulation

11



for force prediction in conjunction with a model o f the process/machine dynamics. 

From this, grinding forces were predicted and profile errors from grinding were 

estimated with the surface o f the workpiece after the grinding process being the main 

output [33-35],

Profile (measured)
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%
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0 20 40 80mm

Figure 2.3: The simulated and measured w orkpiece surface [32]

Although this simulation encompassed the main interactions between the grinding 

machine structure and the process, there were some limitations -  notably the depth o f 

cut had to be known for the simulation, and increasing complexity resulted in increasing 

computational cost. In the context o f  the current work, machining with toroid shaped 

wheels in line by line paths is referred to as ‘shape grinding’. In the shape grinding 

process the toroid shaped wheel is moved in several toolpaths across the workpiece as 

shown in Figure 2.4.

A

Figure 2.4: Schem atic o f  toroidal w heel and planar workpiece
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This m ovem ent and tool shape allows for a large degree o f  flexibility in the 

w orkpiece form. W ith a freeform  w orkpiece, the m aterial rem oval rate can vary both 

along the path and betw een tw o consecutive paths. The desired surface can be produced 

by m ultidim ensional relative m otions betw een grinding wheel and w orkpiece, as shown 

in Figure 2.5. The contact area betw een the grinding wheel is therefore com plex and 

varying. Investigations o f  three-axis grinding o f  freeform  surfaces with toric grinding 

w heels have also show n that contact conditions betw een the grinding wheel and 

w orkpiece significantly influence the shape accuracy [23]. The lim its for the shape o f  

the w orkpiece are given geom etrically  by the radius o f  the grinding wheel profile and 

by the grinding w heel radius. The sm allest producible concave radius on the w orkpiece 

is given by the respective tool radius.

Figure 2.5: Freeform NC shape grinding with toroidal w heel

A n analytical m odel w as developed by D enkena et al. for analysis o f  tool- 

w orkpiece engagem ent for prediction o f  surface roughness [36]. The geom etrical 

contact w idth o f  the tool bg, the engagem ent area and the specific m aterial rem oval 

rate Q ^ ’ over the depth o f  cut Oe in convex and concave m achining w ere estim ated
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through a mathematical representation of the contact conditions as illustrated in Figure 

2.6. The contact width hg and the material engagement area were found to be higher 

for concave than for convex surfaces. The engagement calculation for the second 

toolpath was also noted to be of high importance as this toolpath represents the majority 

of the contact conditions.

material engagement conditions
grinding wheel

____________________________________________________________ workpiece
cutting c ro ss section- Aw,i. Aw,2 minor ring tool radius: rtooi
geom . contact width: b g  1 , b g  2 cutting speed: V c

feed rate: Vf sidew ays infeed: a t
depth of cut: ae

Figure 2.6: Engagement o f  the grinding w heel on differently curved surfaces [23]

Denkena et al. applied the analytical model for contact conditions in order to 

predict surface roughness for machining of ceramic implants with small toric shape 

grinding tools [37]. The model was then further developed by Denkena et al. for frontal 

grinding at an inclined lead angle in the feed direction [11, 38]. The objective was to 

determine the height of the roughness peaks between the feed grooves, otherwise known 

as scallop height or macro surface roughness, as illustrated in Figure 2.7. The 

theoretical macro surface roughness was found to match well with the measured surface 

roughness in grinding trials, with any underestimate of the surface roughness being due 

to micro-surface roughness variations in the feed direction for frontal grinding 

conditions. The developed model is useful for predicting changes in surface roughness 

when grinding parameters are altered in an attempt to optimise the process.
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Figure 2.7: Macro surface roughness for sidew ays and frontal grinding with toric pins [38]

2.1.3 Material removal, forces and specific energy

Grinding wheels are generally composed o f either primarily abrasive grits or grits 

embedded in a secondary bond material. The grits provide the cutting action for 

material removal during the grinding process. Grit materials are typically crystalline in 

nature and tend to have predominantly negative rake angles up to a  =  —75° , as 

illustrated in Figure 2.8 [39].

V
C

Abrasive Grain

C h i p

W orkpiece

Figure 2.8: A brasive grain with a negative rake angle generating a chip, adapted from [40]

During the material removal process, grits move along cutting arcs or paths in a 

track bound manner, as shown in Figure 2.9. Each grit may have one or more cutting 

edges. The material removal action itself is initiated through these cutting edges 

engaging with the workpiece and forming chips that are removed from the work 

surface.
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Figure 2.9; Optical micrograph o f  grinding tracks v isib le for new w heel on Cobalt Chrome alloy

The cutting force acting upon the individual grit during a cutting edge engagement 

can be broken down into a component F, in the tangential direction of the cutting speed 

and a component F„ in the direction normal to this. The tangential force component is 

generally responsible for the cutting chip removal, while the normal force acts to press 

the cutting edge into the workpiece and may be responsible for material deformation. 

For grinding with non-symmetrical profiles there may be an additional force component 

present in a direction parallel to the wheel axis which may be denoted as [18, 40].

Fc =  F t +  Fn +  Fa (2 .2)

In the early fifties strain gauges were primarily used to analyze forces in surface 

grinding by Marshall and Shaw [14, 41]. More recently, force dynamometers with 

piezo-electric force transducers have been used to measure the tangential and normal 

forces in order to characterize the process [42, 43].
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Figure 2.10: Forces in grinding

A related analysis m ethod, which can som etim es be a more practical solution in 

industrial settings, is to m easure the pow er expended in grinding. Since in grinding the 

feed rate is usually m uch sm aller than the wheel speed, V f «  , the total grinding

pow er, P,  associated w ith the norm al and tangential force com ponents in surface 

grinding can be w ritten as [20]:

P  =  F tV s  (2.3)

A key fundam ental m etric related to the pow er consum ed in the process is known 

as the specific energy, u, which is defined as the energy per unit volum e o f  m aterial 

rem oved.

u =
a b v f  Qw

The specific energy o f  the cutting process is an im portant quantity for a variety o f  

reasons. It is the w ork required to convert a cubic volum e o f  m etal into chips, and is 

approxim ately independent o f  other variables. It is also a function o f  the w ork m aterial 

and the m ean chip size, and is generally proportional to the toughness o f  the metal being 

ground. Specific energy can also be used as a general m etric to describe the efficiency 

o f  the m achining process.

Specific energy in grinding o f  steels has previously been m easured and found to 

be as high as 20-60 J/mm^ and even higher for fine grinding. For difficult-to-m achine
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m aterials this may be even higher. W hen com pared to o ther m aterial rem oval processes, 

such as turning, for exam ple, specific travelling energy e c dissipating into the 

w orkpiece was com pared for external traverse cutting and grinding and found to be 

0.056 J/mm^ and 16.5 J/mm^ respectively [44]. The grinding process typically involves 

high w heel/w orkpiece velocities and large strains. W ith such high speeds there should 

not be sufficient tim e for a significant am ount o f  heat generated by the plastic flow o f  

the m aterials and chip to be conducted away into the w orkpiece during the chip 

generation process. Therefore the chip form ation process should be close to adiabatic. 

The upper bound or lim it on the energy per unit volum e in such a process should 

therefore be the energy necessary to m elt a unit volum e o f  m aterial, in order to generate 

a chip. The m elting energy per unit volum e o f  iron is 10.5 J/mm^ and th is value is 

generally representative o f  steels [40]. H ow ever, specific energy values recorded for 

grinding are typically m uch higher than this. It is clear that there are other m echanism s 

at work in the process responsible for expending energy in w ays other than pure chip 

generation.

The actual engagem ent betw een the grit and work surface has been found to take 

place in three defined phases [45], Rem oval o f  the w orkpiece m aterial is achieved 

through chip form ation. Chip form ation is initiated through a plastic shearing action 

when the cutting edge has penetrated to a critical depth o f  cut, [46]. The critical depth 

o f  cut is highly variable, and factors which can affect it include the sharpness o f  the 

cutting edge or wheel w ear, the cutting face orientation, its rake angle, radius and the 

friction coefficient [18, 40].
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Figure 2.11: Specific energy versus volum etric removal rate per unit width in straight plunge grinding
[40]

In Figure 2.11 the specific energy for chip form ation during plunge grinding o f  

steel is shown to decrease to a value o f  13.8 J /m m \ This value is m arkedly higher than 

the m elting energy for iron at 10.5 J/mm^. The reason for this originates with 

M erchant’s classic m odel o f  chip form ation, where according to the m odel 75%  o f  the 

chip-form ation energy is typically associated w ith shearing, and the rem aining 25%  

w ith chip-tool friction [47], This im plies a value o f  10.4 J/mm^ for the shearing 

com ponent o f  75%  o f  Uch w hich is rem arkably sim ilar to the corresponding m elting 

energy o f  iron o f  10.5 J/m m ^ The other 25%  o f  the m inim um  energy input is 

expended by rake face friction betw een the chip and the abrasive grain. This 

correlation betw een grinding and m elting energies has been found for a w ide range o f  

m aterials, as show n in Figure 2.12.
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Figure 2.12: M inimum specific energy, u„,„ versus melting energy, for various m etallic m aterials
[48], [40]

When the specific cutting energy is evaluated at various removal rates it can be 

seen that for slower material removal rates, which correspond to smaller chip 

thicknesses, the specific cutting energy becomes extremely large. This is commonly 

referred to as the ‘size effect’.
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Figure 2.13: Illustration o f  plowing and chip formation, where a is the depth o f  cut, also referred to here 
as the downfeed, d, hn, is the maximum undeform ed chip thickness, also referred to as t and h ’ is the 

critical depth o f  cut where chip formation com mences, also referred to as ter [40 ,49]



The size effect is due to energy dissipation between a combination o f plowing, 

sliding and chip formation mechanisms due to the interaction between the abrasive 

grain and the work surface. After the initial phase o f  elastic deformation when the 

cutting edge o f the grain has first made contact with the workpiece, and before chip 

formation occurs, plastic flow or plowing o f the workpiece material takes place [40, 

50], During plowing material flows to the sides o f the engagement zone forming ridges, 

but it may also flow beneath the cutting edge o f the abrasive grain to its flank face. The 

energy expended due to plowing contributes to the observed ‘size effect’. The relative 

amount o f  plowing can be decreased through an increase in the material removal rate, 

where an increase in the feed rate or depth o f cut will enlarge the undeformed chip 

volume, so that the relative amount o f material plowed aside before reaching h 

decreases relative to that provided afterwards by chip formation, as illustrated in Figure 

2.13 [49].

1n S
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bond
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'v  bulging

workpiece
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e lastic  a n d  plastic 
deform ation a n d  

chip formation

Figure 2.14: Zones o f  elastic and plastic deform ation in chip removal [18]

The third mechanism that can contribute to the overall large magnitude o f specific 

energy in grinding is referred to as sliding. At times the cutting edges can fail to 

penetrate the workpiece, instead rubbing or sliding across the workpiece surface without 

generating any chips [51]. This sliding mechanism is as a result o f wheel wear, where 

the grits are dulled or flattened to such a degree that they are no longer removing
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m aterial during the process. The dulled flattened abrasive tips are com m only referred to 

as ‘w ear fla ts’ and are caused by attritious w ear o f  the grinding wheel [52]. This 

m echanism  can expend little to no energy for a perfectly sharp wheel, how ever as the 

wheel w ears dow n the energy due to sliding increases. The total energy in the process is 

therefore split betw een the three grinding m echanism s described above as described in 

Equation 2.5.

u  =  u c f i +  Upi +  Usi  (2 .5)

Pow er forces and tem perature are all highly influenced by the degree o f  sliding, 

plow ing and cutting energy in the process. There will always be a m inim um  process 

energy level needed for the energy necessary to generate a chip, w hich roughly 

corresponds to the energy needed to m elt a unit volum e o f  that m aterial [48]. Typically 

though, the energy necessary for cutting is higher than this base level o f  energy, and 

m ost o f  this rem aining energy expended through plow ing and sliding is dissipated as 

heat into the w orkpiece and abrasive cutting tool [47].

2.1.4 Tem perature and velocity effects

Due to the high velocities and relatively small uncut chip thickness, the process o f  

abrasive m achining gives rise to m any challenges. The issues o f  m ain concern are 

typically therm al dam age o f  the w orkpiece and tool wear.

In grinding, m ost o f  the m echanical energy is dissipated as heat at the wheel- 

workpiece contact zone [47]. In this zone the heat is then dissipated betw een the 

grinding w heel, qs, the w orkpiece, the chips, qspan. and the cooling lubricant, qkss. as 

illustrated in Figure 2.15 [18]. M ost o f  the heat generated during cutting is caused by 

friction at the tool face, chip surface and during chip cropping. A  small portion o f  the 

heat generated is due to friction o f  the grinding wheel bond m aterial against the 

workpiece.
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Figure 2.15: Energy distribution and heat flow  during cutting edge penetration [18]

Heat is also generated through plastic deformation o f the workpiece. This can 

result in the generation o f high temperatures which can cause various types o f thermal 

damage to the workpiece, such as burning, metallurgical phase transformations, 

softening or tempering o f the surface layer with possible rehardening, unfavourable 

residual tensile stresses, cracks and reduced fatigue strength. Furthermore, thermal 

expansion of the workpiece during grinding can lead to residual stresses and contribute 

to inaccuracies and distortions in the workpiece [53, 54]. An example o f damage o f the 

surface integrity o f a ground workpiece o f a steel gear due to grinding burn is shown in 

Figure 2.16. The thermal damage is visible in this image with nital acid etching o f the 

surface. As a result o f high temperatures during the process the martensitic phase in the 

gear is transformed to cementite and the hardness in the surface layers is reduced. High 

tensile stresses occur as a result o f the thermal damage and as a consequence cracks 

appear on the gears surface [55].
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Figure 2.16; Possible grinding errors on a gear [55]

The application o f coolant can help prevent such issues from arising through 

conduction o f some o f the thermal energy into the fluid instead o f the workpiece, 

however the fluid film burnout limit is a limitation for the effectiveness o f  coolant in 

such applications. This is because as the temperature increases the boiling mechanism 

can progress to film boiling where a vapour film is developed between the workpiece 

and the fluid. The vapour acts as an insulator and prevents heat transfer to the fluid. As a 

result, the workpiece temperature quickly rises and surface burning o f the material may 

occur [56].

The temperatures in grinding may be approximated by the application o f moving 

heat source theory where the grinding zone is modeled as a source o f heat that moves 

across the surface o f the workpiece. Temperatures o f the workpiece surface are typically 

estimated through calculation o f the total heat flux, q,, and subtraction o f the grinding 

wheel, chips, qspan, and cooling lubricant, quss, components. The fraction o f the total 

energy for each o f these components is estimated through calculation o f the heat or 

energy partition ratio. The energy partition ratio depends on the type o f grinding, the 

wheel and workpiece materials, and the operating conditions.

A sliding heat source solution was first developed based upon Carslaw and 

Jaeger’s early work [57, 58]. This solution was later applied analytically for thermal 

analysis o f fine grinding based upon a sliding heat source at the shear plane in dry 

grinding. More recent applications o f heat source theory have been extended to oblique 

shape heat source solutions for shallow-cut and deep grinding [59], and a circular arc
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shaped heat source for HEDG grinding [60]. The inclined heat source model is suited to 

large depths o f cut and high speeds and is illustrated in Figure 2.17.

This model gives a clear insight into why the HEDG grinding process is so 

efficient; with large depths o f  cut and high speeds a situation arises where part o f the 

heat entering the grinding zone is not conducted downwards, instead it is convected out 

across the workpiece to the advancing material. That heated material is then quickly 

removed with the chips during the process thereby reducing the maximum temperature 

where the newly ground surface is generated.

Grinding w heel

W orkpiece
H eat flux

Figure 2.17: Inclined heat source [59]

Energy partition ratios can also vary significantly depending on the type o f 

grinding, fluid application conditions, and wheel condition. Stephenson and Jin reported 

that the heat partition to the workpiece with increasing Qw’ was reduced, primarily due 

to the contribution o f heat removal by the grinding chips. This effect is illustrated in 

Figure 2.18 where the finished temperature o f the workpiece remains low with 

increasing specific removal rate [61]. A considerable amount o f  further work has been 

done on modeling temperatures in grinding, much o f which is described in detail in two 

recent CIRP keynote papers [53, 62].
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Figure 2.18: Predicted grinding temperatures on finished surface o f  workpiece (w heel speed 150 m /s, ae =  
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Residual stress is a type o f elastic stress which is present in a material even when 

no external force is being applied. Residual stress can have a significant effect on the 

way a component behaves, adding or subtracting from applied stress. The magnitude o f 

thermal energy entering the workpiece has a significant impact on the magnitude o f 

residual stresses within a part. Grinding causes residual stresses in the vicinity o f the 

surface layers o f a workpiece. Both tensile and compressive stresses can be induced by 

grinding. Residual compressive stresses are induced by localized plastic flow due to the 

mechanical interaction o f abrasive grains with the workpiece.

Residual compressive stresses are considered to have a beneficial effect on 

mechanical strength properties, whereas residual tensile stresses are considered to be 

detrimental. Since fatigue cracks always occur under tensile loading, the surface with 

the residual tensile stresses will always be the most prone to fatigue cracking. Residual 

tensile stresses are caused mainly by thermally induced stresses and deformation 

associated with the grinding temperature and its gradient from the surface into the 

workpiece. The influence o f residual stresses has been found to be relatively more 

pronounced with higher strength brittle materials. Severe grinding conditions on high- 

strength steels and aircraft alloys are typically responsible for larger residual tensile 

stresses thereby leading to reduced fatigue strength [53].
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Briiiksmeier et al. suggested that the generation o f residual stresses in a 

component from grinding are primarily caused by [63]:

• machining conditions

•  topography and specification o f the grinding wheel including wear

• cooling conditions

Chen et al. went on to suggest that thermal expansion and contraction in the 

grinding process was one o f the most significant factors in the generation o f tensile 

residual stresses. The emphasis o f their research was therefore to determine the grinding 

temperature for the onset o f tensile residual stress, tensile residual stresses were found 

to develop after the grinding temperature reached a critical level at approximately 

200°C for En9 medium carbon steel. It was also found that the critical temperature for 

tensile residual stresses was highly dependent on a materials properties, particularly its 

yield strength [64].

In a contribution to a CIRP keynote paper, Brinksmeier investigated the 

relationship between residual stresses and specific grinding power for grinding 

operations o f case hardened steel as shown in Figure 2.19. It was found that it was 

possible to induce compressive stress if  the specific grinding power was sufficiently 

low. The higher heat conductivity o f CBN grinding wheels was also found to produce 

lower specific grinding power and hence reduced thermal load, leading to less tensile 

residual stress in the workpiece [14],

As the generation o f residual stresses in the part is related to the temperatures 

experienced in the process, the detection o f the onset o f  grinding burn is a useful way o f 

avoiding residual stresses and thermal damage in the part. Since the grinding zone 

temperature is a function o f the energy introduced during the grinding process, the 

threshold temperature for burning o f the workpiece surface should be related to the 

specific grinding energy.
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to CIRP keynote paper on process m onitoring in grinding [14]

Based on Jaeger’s thermal model, Malkin developed burn threshold diagrams that 

consider the critical specific grinding energy for the on-set o f thermal damage, an 

example o f which is shown in Figure 2.20 [62], The increasing gradients o f the lines 

correspond to increasing critical temperatures, and the horizontal axis relates to a 

relationship between the effective wheel diameter, depth o f cut and work speed.

Higher temperatures
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Figure 2.20: Lines o f  constant maximum grinding zone temperatures [53]
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A more recent example o f a burn threshold diagram generated for HEDG o f cast 

iron is illustrated in Figure 2.21. In this the maximum surface temperature calculation 

has been modified to take into account the high percentage o f the total grinding energy 

removed with the chip (up to 95%) due to the increased speeds in HEDG as compared 

to M alkin’s previous estimate for a shallow cut regime o f 55% [65], If the specific 

energy remains below the temperature threshold line shown then grinding burn can be 

avoided. The difficulty in applying this method in process control is the necessity for 

application first o f a thermal model followed by experimental validation o f the results.
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Figure 2.21: Bum threshold diagram demonstrating a lim iting threshold for a temperature rise o f  I50°C  
for w heel speeds o f  100 m/s for SG cast iron [65]

An increase in the material removal rate is generally understood to result in both 

lower specific cutting energy and increased power and process forces [21, 66]. This is 

an important consideration for increasing efficiency o f the grinding process. 

Neugebauer et al. discussed high performance cutting and the opportunities associated 

with exploiting velocity effects in production processes in order to extend process limits 

[67, 68]. An increase o f feed rate and depth o f cut in high performance cutting 

operations typically results in lower specific cutting forces and energy, but higher 

cutting forces and power consumption. For example, Rowe et al. found that at low 

workspeeds the specific energy o f  the process was higher and the onset o f  thermal 

damage tended to occur at lower workspeeds. Increases in the base temperature and 

bulk heating could be avoided through increases in the workspeed with high speed 

grinding [69].

29



From a quality and economic point o f view the removal rate is the main criterion 

for the selection o f cutting speed, feed and depth o f cut. The application o f increased 

removal rates has some clear benefits, however there are some limitations involved, 

namely;

• risk o f thermal damage due to exceeding the critical temperature

• shorter tool life reducing productivity and efficiency

• surface quality reduction at higher feeds and larger depths o f cut

Therefore the machining conditions should be carefully optimized in order to 

provide high performance and efficient machining. This relationship is illustrated in 

Figure 2.22.
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Figure 2.22: Effect o f high speed cutting and increased cutting speed and depth o f  cut on the machining 
process [67]

Linke et al. discussed the implications o f high speed grinding showing the 

positive influence o f higher cutting speeds on surface integrity [70]. AISI 52100 

hardened steel was ground with vitrified bonded CBN grinding wheels. Specific energy 

was estimated from tangential force readings from a force dynamometer and 

temperature from a pyrometer. Experimental results for grinding demonstrated that the
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increased feed rates resulted in decreased specific energy and workpiece temperature, as 

shown in Figure 2.23.
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Figure 2.23: Specific energy as a function o f  table speed and grinding w heel speed (left) and measured 
and sim ulated temperature as a function o f  table speed for Vj =  160 m /s (right) (CG: conventional 
grinding, PG: pendulum grinding, SSG: speed stroke grinding) [70]

Comley et al. highlighted the benefits o f high speed cylindrical grinding in the 

production o f steel and cast iron camshafts [71]. Specific grinding energy was found to 

reduce as the specific material removal rate increased. As the material removal rate 

increased a greater proportion o f the energy is removed by the grinding chips, this effect 

was demonstrated with a peak followed by a reduction in the finished surface 

temperature. Tool wear was not adversely affected with spindle power remaining at a 

stable value. These results demonstrate that with careful selection o f process parameters 

significant achievements in reduction o f cycle time and process sustainability can be 

made.
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2.1.5 Wheel wear and super-abrasives

The wear o f a grinding wheel is usually expressed as a volumetric loss o f 

material. The G-ratio or ‘Grinding Ratio’ is a performance parameter used for 

describing the wheel wear resistance. It is the ratio o f the volume o f workpiece material 

removed per unit volume o f wheel wear, as given by Equation 2.6.

The lower the G-ratio is, the more wheel wear that occurs. Figure 2.24 shows a 

typical relationship between volumetric wheel wear versus the accumulated workpiece 

material removed for an external cylindrical plunge grinding operation where the slope 

o f the graph is the grinding ratio. The rate o f wear is an important consideration when 

seeking to optimize a process. If  an abrasive is chosen that wears too quickly, or 

machining parameters chosen that result in excessive wheel wear, any savings made 

through process optimization could be offset through having to replace the wheel too 

soon.
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Figure 2.24; V olum etric w heel wear versus accumulated material rem oval [40]
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Figure 2.25: Mechanisms o f  wheel wear, adapted from [40]

The prevailing m echanism s o f  wear in the grinding process have been quantified  

through num erous research studies since the 1970’s [72, 73], H igh temperatures and 

pressures in the grinding contact zone can result in m icroscopic wear in the abrasive 

grain and the w heel bond. Wear o f  the abrasive grains during grinding with both AI2 O 3 

and C B N  w heels can be attributed to three main m echanism s o f  wear as illustrated in 

Figure 2.25 [40] ;

•  Attritious wear

•  Grain fracture

•  Grain pullout/bond fracture

Attritious wear begins in the crystalline layers ly ing near the surface o f  the 

abrasive grain. Extreme pressures and temperatures in these layers from friction against 

the w orkpiece cause this layer to soften and becom e m ore susceptible to abrasion [18]. 

This results in dulling o f  the abrasive grain, and the growth o f  ‘wear flats’ [40], 

Attritious wear has a significant effect on the grinding forces, increasing them  through 

the generation o f  friction as the dulled grains drag across the w orkpiece. In the case o f  

grain fracture, alternating m echanical and thermal fatigue stresses can cause cracks in 

the abrasive crystals and eventually lead to fracture o f  the abrasive grain. W hen  

fragments o f  the grain break off, the area o f  wear is reduced and the grain is effectively  

sharpened.
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As the wear flat area is reduced so too are the grinding forces and power [40, 74], 

Grain microfracture can also take place where very small sections o f the grain break o ff 

the grit. Grain pullout refers to the dislodging o f the abrasive grains from the bond 

material. This mechanism has a similar effect to that o f grain fracture, whereby the 

amount o f possible wear flat area is reduced through the removal o f grains from the 

bond, thus the forces are somewhat reduced as a result.

Conventional Abrasives and CBN

In industry, one o f the most commonly used abrasive materials is aluminium 

oxide, or AI2 O 3 . Aluminium oxide is a ceramic abrasive typically used in the machining 

o f steel and other ferrous, high-strength alloys. Another commonly used ceramic 

abrasive is Silicon carbide, or SiC. SiC is harder than AI2 O 3 however it is not as tough. 

Silicon carbide is typically used for the grinding o f metals such as aluminium, brass, 

stainless steels as well as cast iron and some ceramics [75]. SiC does show reactivity or 

solubility with iron, showing high attritious wear grinding ferrous materials due to 

chemical and diffusion reactions with the workpiece forming carbides and silicides. 

This can limit SiC’s use for grinding ferrous materials, however, despite this, SiC is still 

the abrasive o f choice in industry based in part on abrasive cost but more on ease o f use, 

especially for dressing o f forms critical for aerospace and medical applications, while 

being able to generate acceptable workpiece quality [76].

Typical Knoop hardness values range from 1370 -  2260 kg/cm^ for aluminium 

oxide, to 2500 kg/cm^ for SiC [74], Abrasives with a much higher hardness value, such 

as CBN (Cubic Boron Nitride) or diamond, are known as superabrasives. Diamond has 

a Knoop hardness value o f approximately 6500 kg/cm^, and is typically used for 

machining hard abrasive materials such as ceramics, cemented carbides and glass. CBN 

has a Knoop hardness value o f  around 4500 kg/cm^, and is typically used for the 

machining o f  hard materials such as hardened tool steels and aerospace alloys [74].

Cubic Boron Nitride (CBN)

Cubic Boron Nitride was invented by the General Electric Research Laboratory in 

1957 [77]. CBN is a synthetic material that is composed o f cubic boron nitride grain and
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a special ceramic binder, an example o f CBN grain is illustrated in Figure 2.26. CBN 

has the same structure as diamond and is the second hardest abrasive material next to 

diamond [5, 78],

200(jm 150X

Figure 2.26: SEM im ages o f  new electroplated CBN w heel 120 grit, left, from [79], and right, worn 
electroplated CBN w heel surface courtesy o f  J.Badger, 2010

As well as for its high hardness, CBN is also noted for its high thermal stability up 

to temperatures in excess o f 1300°C. However, CBN is susceptible to chemical reaction 

at temperatures above 800°C with alkali and water, therefore the use o f straight oil- 

based coolant is preferable when grinding with CBN [80]. Another chemical related 

benefit with CBN is that, unlike diamond, CBN is non-carbon based, and therefore does 

not experience high wear rates when grinding steel. Diamond tends to experience high 

wear rates during grinding o f steel due to diamond’s carbon solubility in ferrous 

materials [77]. CBN is also relatively wear resistant; Aspinwall et al. studied machining 

with small diameter profiled single layer electroplated CBN and diamond grinding wheels 

during grinding of a nickel-based superalloy, Udimet720, where lower absolute wear values 

were observed for CBN than for the diamond abrasive used [81].

Oliveria et al. observed that although CBN superabrasive is rather expensive when 

compared to conventional abrasives, most economic analyses indicate that the added 

cost o f  CBN wheels pays off in terms o f enhanced productivity and workpiece quality 

[12]. For example, Rowe et al. demonstrated for grinding o f Inconel 718, vitrified CBN 

wheels used at high speed gave better quality with a lower cost than conventional 

abrasives, as illustrated in Figure 2.27 [82]. Liu et al. investigated the performance of 

AI2 O 3 and superabrasive wheels for grinding on a nickel-based alloy. Their main 

finding was that the performance o f a CBN wheel was found to be better overall than
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the A I2 O3 wheel, regardless o f whether the wheels were used for finishing or roughing 

operations [83].
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Figure 2.27: Comparison o f  costs per part when grinding Inconel 718, where the A represents A I 2 O 3 and
the B represents C B N  [82]

Rowe also noted that the main caveat to using CBN in grinding operations is the 

high material removal rates necessary to justify  the high associated costs o f  the abrasive 

and to avoid excessive wheel wear. Therefore it should only be considered to use CBN 

wheels on a suitable machine that provides good mechanical dampening and suitable 

strength in the spindle for such wheels [82].

M eta llic  E lectrop la ted Bonds 

CBN Crystals
Wear Flat Area

Nickel PlatingV

Steel Core

Figure 2.28: Cross-section o f electroplated C B N  wheel, adapted from [79, 84]

Electroplated, or galvanically bonded, CBN wheels consist o f a single layer o f 

CBN crystals held in place on a metal hub by an electroplated nickel binder. Figure 2.28 

shows the surface o f an electroplated CBN wheel w ith abrasive grain tips protruding 

above the electroplated nickel. Electroplated CBN wheels represent the largest share o f 

the single-layer market, especially in the automotive and aerospace applications and are 

central to most high speed grinding applications [85], Electroplated CBN wheels are 

generally less expensive than bonded types due to there only being a single layer o f
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superabrasive on the wheel. Much o f the expense o f the wheel is associated with precise 

machining o f the steel hub, which can usually be reused. The depth o f nickel plating is 

typically equal to about 30% o f the grain dimension. Plating thickness can be increased 

for added bond strength for grinding tough materials, and the grit height distribution can 

be improved to ensure most abrasive grains are active and cutting during grinding [85].

Upadhyaya & Fiecoat investigated the effect o f CBN crystals toughness and 

nickel wheel plating thickness on grinding performance [86]. Wheels with tougher CBN 

crystals were found to wear at a slower rate, and therefore remove more material and 

require less power. Furthermore, wheels with thinner plating layers were found to wear 

less and remove more material despite significant crystal loss up to wheel failure. This 

suggests that the wear rate depends more on crystal exposure than on active grain 

density [86], where active grain density refers to the density o f grains at the surface o f 

the wheel that perform the cutting operation [87].

Wear and Electroplated CBN

Wheel wear has more significant economic consequences for grinding with 

superabrasive wheels, owing to the high abrasive costs involved. Initial investigations 

by Shi and Malkin set out to examine the mechanisms o f wear for electroplated CBN 

through the measurement o f spindle power and wheel topography [88]. Net grinding 

power was measured during the grinding o f hardened steel and wheel topography was 

measured after the tests. Attritious wear causes dulling o f the abrasive grains by rubbing 

against the workpiece, and also increases the active grain density leading to a smoother 

workpiece and higher forces. Grain pullout resulted in less active grains, thereby 

reducing the active grain density for grinding. Grain fracture was also found to be an 

important factor in reducing the wear flat area on the wheel, thereby directly reducing 

the power and forces for grinding due to the reduced sliding friction involved [88]. The 

key difference between conventional bonded abrasive and electroplated CBN is that 

when grain pullout takes place there are no grains left to replace those that have been 

removed due to the single layer o f abrasive.

The changes in grinding behaviour over an electroplated CBN wheels’ life was 

subsequently investigated by Shi and Malkin [79]. Wheels with different grit sizes were 

observed over a wide range o f grinding conditions. One o f their main findings was that
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radial wheel wear could be characterized for a grinding cycle by an initial transient at a 

progressively decreasing wear rate to a steady state wear regime at a nearly constant rate 

as illustrated in Figure 2.29. This is important to note when monitoring wheel wear 

either through power measurement or wheel topography measurement, the power 

recorded for the first few tests is usually significantly lower than power recorded after 

the transient wear state o f the wheel has passed. Grain pullout was found to dominate 

the initial transient wear, whilst wheel wear in the steady state regime was found to be 

dominated by grain fracture. Grinding power was found to increase mainly by dulling o f 

grains by attritions wear and fine scale grain fracture.
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Figure 2.29: Radial w heel wear consisting o f  initial transient and steady states [79]

Wear o f electroplated CBN was further investigated by Guo et al. in 2007 [89]. 

Straight surface grinding tests were conducted using 120-mesh plated CBN wheels on 

nickel base alloy blocks, with wheel diameters ranging from 12.7 to 25.4 mm and 

wheels speeds o f 12 to 60 m/s. Results for spindle power and surface roughness are 

shown in Figure 2.30 for a 120-grit wheel, where the transient and steady-state stages 

for grinding power are illustrated as the accumulated volume o f material removed 

increases. Using these results a model was developed to predict the wear flat area and 

power increase as the volume o f material removed increased with model coefficients 

obtained through numerous empirical tests measuring forces during grinding at different 

process parameters [89].
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Thermal Aspects o f  Wear and Electroplated CBN

A s com pared w ith shallow  cut grinding using conventional alum inum  oxide 

w heels, M alkin and G uo found that low er tem peratures and less therm al dam age arises 

for cutting w ith CBN. This can be attributed to the very high therm al conductivity o f  the 

abrasive grains so that m ore grinding heat is conducted to the grinding w heel rather than 

to the workpiece. The therm al conductivity o f  CBN grain is approxim ately 35 tim es that 

o f  alum inum  oxide, resulting in a much larger fraction o f  the grinding heat being 

transported to the grain instead o f  to the w orkpiece, in other words a low er energy 

partition to the workpiece. The energy partition to the w orkpiece is typically about 20%  

for CBN, and can be even low er with vitrified and electroplated CBN w heels due to the 

added benefit o f  cooling by the fluid at the grinding zone [53, 90].

U padhyaya and Malkin found energy partitions ranging from 3% to 8% for grinding 

o f hardened bearing steel with a 120 grit electroplated CBN wheel at temperatures below 

the burnout limit for the oil coolant o f approximately I30°C. It should be noted that cooling 

by the fluid may be effective only if the grinding zone temperature is below the burnout 

limit. Figure 2.31 (a) illustrates maximum temperatures during grinding o f hard steel 

measured using thermocouples embedded in the workpiece. Temperatures are shown to 

increase with radial wheel wear, and as the fluid burnout limit is reached the temperature 

rises rapidly. Figure 2.31 (b) demonstrates the corresponding increase in specific energy 

derived from measured spindle power with increased wheel wear. Two main effects are 

illustrated by these findings as specific energy increases as a result o f  wheel wear, so too 

does the temperature experienced in the workpiece, and once the fluid burnout limit is 

reached the coolant is no longer effective at removing heat from the grinding zone [84].
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Residual Stresses with CBN Grinding

As workpiece temperature tends to increase with wiieel wear it can be safely 

inferred that residual stresses also increase with the onset o f tool wear. A poor choice o f 

grinding conditions can lead to the generation o f increased cutting temperatures which 

can contribute to the creation o f tensile residual stresses in the workpiece. Brinksmeier 

et al. reported compressive residual stresses to be more prevalent when grinding with 

CBN abrasive. This can be attributed to the high hardness o f CBN which results in less 

wear leading to less heat arising in the cutting zone, with the consequence that mostly 

compressive residual stresses are produced [63]. Similar findings were observed by 

Matsuo et al. for surface grinding o f thin annealed steel workpieces with CBN wheels, 

where a plastically deformed layer on the surface o f the workpiece along with a convex 

warp was found confirming the presence o f mainly compressive residual stress after 

grinding with CBN [91].

Tonshoff et al. reported a correlation between the magnitude o f residual stresses 

and workpiece surface temperature estimated through a grinding power model [92]. 

Chen et al. observed a similar linear relation between residual stresses and grinding 

temperature rise through a temperature heat model, and noted that a transitional 

temperature exists between compressive and tensile residual stresses with higher 

grinding temperatures inducing the onset o f tensile stresses in the part [64]. Duscha et 

al. investigated the effect o f increased velocities on residual stress for CBN grinding o f 

hardened steels. They found that for increasing feed rate o f 12 m/min -  180 m/min 

coupled with a constant specific removal rate o f  Q ’w = 40 mm /s that more compressive 

residual stresses were observed due to a more mechanical impact with lower 

temperatures [93].
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2.2 Process monitoring

As suggested in the previous section, abrasive processes are considered to be 

highly complex, dependant on a large number o f input variables and non-stationary, in 

that process mechanisms such as wheel condition change with time [14]. In order for a 

manufacturing enterprise to remain competitive it is necessary to ensure the 

manufacturing process is as efficient, precise and productive as can be. For industries 

typified by intensive machining operations such as abrasive machining, this can be 

achieved through process monitoring and optimization [3]. The role o f a monitoring 

system in grinding can be summarized with two key tasks;

• Process disturbance detection

• Process optimization

Monitoring systems for an abrasive process should be capable o f detecting 

disturbances such as process instabilities in the process, and be able to provide an 

opportunity to prohibit the disturbances. Major issues encountered in the grinding 

process are chatter vibration, grinding burn, residual stresses, profile errors and surface 

roughness deterioration. These issues can occur as a result o f selection o f unsuitable 

process parameters or as a result o f excessive tool wear. These issues must be identified 

and corrected for in order to maintain workpiece quality as well as machine equipment 

functionality.

Expensive damage and outage o f the production system caused by disturbances 

can be significantly reduced through implementation o f a good process monitoring 

strategy [13, 94]. In addition to disturbance detection, information regarding the 

measured process quantities obtained with the monitoring system can be used for 

optimizing the process. Optimization can be in terms o f total cycle time or cost. The 

information obtained from a process monitoring system can also be used to establish a 

database as part o f an intelligent system [13, 14], This can be achieved through offline 

optimization or adaptive control systems.

Figure 2.32 from Klocke et al. illustrates a general procedure for development o f 

process monitoring and control systems [2]. In order to generate a process monitoring 

and control system that produces reliable and useful results particularly in industry, the 

process challenges and commonly encountered disturbances must first be specified.
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Process parameters that affect the disturbances should then be identified and studied so 

that suitable sensors can be chosen that will pick up the relevant disturbances. After 

selection o f suitable sensors, process characterization can then take place by running 

tests at different process parameters and analysing the resulting process behaviour. A 

prototype monitoring solution can then be developed and subsequently transitioned into 

a real production situation if  significant industrial interest and backing can be secured.

(J )  Definition of
p rocess goals and 
roquirem ents_____

Requirement
specification

Process
description

Definition of 
p rocess param eter

Identification of 
p rocess describing 
parameters_______

@  Selection and 
integration of 
m easurem ent 
system s

Definition process 
determining sensor 
solutions

(Z) System 
developm ent

■ Development of 
industrial 
applicable 
monitoring and 
control system s

■ System te s t in 
production

Process t>ehaviour

Execution of 
determining 
process spot te s ts

d )  Development and 
verification of 
prototype solutions

■ Identification and test 
of potential 
monitoring and 
control system s as 
te s t bed solutions

P rocess analysis
■ Analysis of relevant 

process param eters

■ Signal analysis

■ Identification of 
process d isturbances 
and their determining 
signal taehaviour______

■  Research 
Industrial application

Figure 2.32: Procedure for the development o f  monitoring and control systems [2]

Over the past decade, extensive research has been carried out in process 

monitoring o f machining [14, 95]. Through advances in sensing technologies numerous 

physical quantities are now measurable and can assist in tool condition monitoring and 

control, including, for abrasive machining [14]

• Power

• Force

• Wheel topography

• Temperature

• Acoustic emission

• Vibration
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Figure 2.33: Measurable phenom ena for online sensor monitoring [3]

A recent CIRP keynote paper by Teti et al. describes the state-of-the-art in sensor 

technologies as well as signal processing and decision making strategies for process 

monitoring [3]. Measurement techniques can be classified into two approaches; direct 

and indirect, as illustrated in Figure 2.33. The direct approach to process monitoring is 

where the actual quantity o f the variable is measured and employed to derive useful 

information in relation to a process, for example in the case o f tool wear; machine 

vision. With the indirect measurement approach a process is assessed through auxiliary 

quantities such as power or cutting force component, and the actual quantity is 

subsequently deduced through correlation through empirical means [96]. The indirect 

method o f assessing a process through auxiliary quantities such as power is a more 

appropriate approach in industry, where ease o f use, space, setup time and maintenance 

issues are important considerations.

2.2.1 Forces, vibration, acoustic emission & temperature measurement

A considerable amount o f research has been conducted in the field o f tool 

condition monitoring where sensors for power, force, vibration, acoustic emission and 

temperature measurement have been utilized. This work has been comprehensively 

reviewed in a number o f keynote papers on process and tool condition monitoring over 

the past two decades, namely [3, 4, 14, 95, 97, 98].

According to Dimla et al. cutting forces and vibration are considered to be the 

most widely applicable parameters for tool condition monitoring during any metal- 

cutting operation [99]. Force monitoring typically takes place through the use o f a force
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dynamometer, an example is shown in Figure 2.34 (a). The first attempts to measure 

grinding forces date back to the early 1950’s and were based on strain gauges [14, 41], 

With the introduction o f piezo-electric quartz force transducers more accurate force 

sensing solutions have been realized. Over the past two decades force dynamometers 

with piezo-electric force transducers have been used to measure the tangential and 

normal forces in order to characterize the process [42, 43]. In a keynote paper on tool 

condition monitoring in 1995, Byrne et al. noted that commercial dynamometers 

consisting o f four three-component force transducers fitted under high preload in a plate 

arrangement provide the most accurate measurement o f cutting forces [4].

More recent novel applications o f force monitoring include force control for 

rotational grinding o f substrates for micro-fabrication o f semiconductor integrated 

circuits where normal force was monitored and controlled in a position feedback loop, a 

significant reduction in surface roughness was observed using this control strategy 

[100]. Other examples o f integration o f force sensors into the machine structure have 

included integration o f force sensing rings into the machining spindle for monitoring o f 

a drilling operation [101], and testing o f a prototype force measurement system 

comprising o f a Kistler high speed rotating cutting force (RCD) dynamometer for 

process monitoring o f a blisk milling process [102]. While these applications can 

provide significant insight into the process forces and characteristics, the main 

drawback for use o f  force sensors in industry is their prohibitive cost and the necessity 

for significant modification to the machining setup for installation.

Figure 2.34: Sensors for process monitoring, (a) force dynamometer, (b) thermocouple, (c) acoustic 
emission sensor, (d) accelerometer [Source; Kistler and Omega Engineering]

Much work has also been done on monitoring and identification o f vibration and 

chatter in grinding. For example, Inasaki et al. provided a comprehensive review o f 

chatter origins and suppression in their keynote paper, while Quintana et al. provided a 

recent review o f research in chatter in machining processes [103, 104]. Typically 

piezoelectric accelerometers are used for vibration monitoring in machining operations.
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where they can be used to detect chatter or tool unbalance [97], An example o f a recent 

application o f vibration monitoring studied the onset o f chatter with difficult to grind 

materials with a vitrified CBN wheel including Inconel and Silicrome using a test setup 

with an electro-dynamic shaker and an accelerometer. Results showed that induced 

random vibration had a significant influence on wheel wear [105]. Vibration monitoring 

has also been successfully applied in a position-oriented-monitoring strategy for the 

manufacturing o f blisk geometry with the objective o f identifying certain unwanted 

frequencies responsible for dimensional deviations in the finished product [106].

Many other sensor types have been the subject o f research including temperature 

measurement, acoustic emission and strain measurement. Temperature measurement is 

o f particular interest for the analysis o f thermal effects in the cutting zone for the hopes 

o f  correlation with issues such as thermal damage, including grinding bum and 

microstructural changes resulting in changes o f hardness o f the workpiece, and the onset 

o f  wheel wear. Limitations o f temperature measurement however include the 

requirement for considerable research in each application in order to account for 

changes in the boundary conditions such as tool geometry and the use o f coolant, and 

the distance from the sensor to the cutting zone in order to obtain the best prediction of 

the tool-workpiece temperature [95].

Davies et al. provided a comprehensive review o f temperature measurement in 

machining operations, and noted that for grinding, the most commonly used methods of 

temperature measurement include thermocouples, both embedded and machinable, as 

well as radiance techniques including IR pyrometers [107]. Xu et al. compared methods 

for measurement o f temperatures in grinding, comparing the performance o f an 

embedded thermocouple, infrared detector and a foil/workpiece grindable thermocouple 

to each other and concluded that all three methods provided reasonable results, while 

the foil/workpiece thermocouple proved to be the most sensitive picking up ‘flash’ 

temperatures during grinding [108].

In 2005, Brinksmeier et al. investigated the potential o f embedded thermocouples 

and miniature force sensors in the grinding wheel. Thermocouples in the form o f type K 

thin-film sensors o f Chromel and Alumel layer were deposited on silicon by 

evaporation techniques, thermowire sensors were also used. The sensor signal was 

transmitted by wireless means to a data acquisition system at a rate o f 40 kHz. The thin 

film thermocouple wires showed the highest response rate, while the thermowire wire

45



pair sensors displayed a more stable signal [109], The thermocouples were not 

calibrated, however the technology shows potential for the future in integration o f 

wheels, though cost and wheel stability may be a prohibitive factor when considering 

the use o f such technology in industry.

Acoustic emission is another widely used method for process monitoring in 

grinding [14], A primary application o f acoustic emission in grinding is to detect 

changes in the structural integrity o f the workpiece, such as grinding burn, while other 

applications have included recognition o f the start o f grinding contact as well as 

collision monitoring [13], Acoustic Emission (AE) refers to the generation o f transient 

elastic waves generated by the rapid release o f energy by a sudden redistribution o f 

stress in a material [110]. The mechanisms leading to AE generation include 

deformations through dislocations and distorted lattice planes, phase transformations, 

friction and crack formation and propagation [14].

A recent example o f an application o f AE in grinding has featured determination 

o f the contact length during grinding to assist in temperature modelling, where AE was 

monitored during wet plunge surface grinding o f hardened 55 HRC high speed steel 

workpieces using a vitrified-bonded aluminum oxide wheel. The AE signal was 

acquired using a Kistler 8152B sensor with a response frequency range o f 5 0 ^ 0 0  kHz, 

and the sensor was magnetically clamped to the vice holding the workpiece. Spikes at 

the start and end o f the signal were correlated with entry and exit o f the workpiece 

which corresponded to the correspond to the actual w heel-w ork contact length in 

grinding [111].

Another recent application o f AE investigated detection and prediction o f wheel 

wear in grinding. White fused alumina wheels were used to grind carbon steel at a 

rotational speed o f 30 m/s, with an oil-based coolant. The grinding process was 

monitored by an acoustic emission sensor with a frequency range o f 60-400 kHz 

mounted on the side face o f the worktable through magnetic force. Worn and sharp 

wheel conditions were distinguished from the AE signal using genetic algorithm 

classification methods, after removing noise in the signals with a high-pass filter with 

cut-off frequency o f 90 kHz. Experimental results showed that the system was able to 

classify the wheel state as sharp or worn with an accuracy o f up to 99.39% with a depth 

o f cut o f 10 |am [112]. Though the AE signal has proven to be a useful tool in research 

for identifying physical phenomena such as grinding bum, workpiece contact and wheel
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wear, the potential for appHcation o f  this sensor in industry is limited due to the 

necessity for mounting o f the sensor close to the workpiece [13],

Another sensor currently under development with high potential for process 

monitoring is the surface acoustic wave wireless passive strain, or SAW sensor [113]. 

SAW based strain sensing involves electrically inducing a surface acoustic wave into a 

piezoelectric material and then reconverting the energy o f the wave back into an 

electrical signal, where the frequency o f the wave is dependent on the amount o f strain 

the material is experiencing. A significant advantage o f SAW devices is their low power 

consumption due to the wireless interrogation. Promising results have been observed for 

oblique cutting o f aluminium with a carbide tool and spindle speed o f 600 rpm, where 

the SAW sensor response was found to correlate well with the active axis signal 

response with a Kistler force dynamometer. The sensor was also able to discern tool 

condition with increased amplitude observed in the sensor signal for a worn tool. The 

SAW technology shows clear potential for cost effective process and tool condition 

monitoring, however it may be some time before the technology becomes widely 

available.

2.2.2 Power measurement

Power measurement is becoming more commonly used in process monitoring for 

two reasons; first, power can be used as an indirect sensor for cutting force, and second, 

the measurement apparatus for power measurement does not disturb the machining 

operation [3, 114]. The current and therefore the effective, or active power o f the main 

spindle is in direct relation to the torque delivered at the shaft o f the motor where every 

event at the shaft is thus mirrored by the power input o f the motor drive [18, 115].

As illustrated in Figure 2.35 there is a relation between the active power also 

known as real power, the reactive power, and the apparent/complex power. Active 

power is measured in Watts (W) and is the product o f voltage and current through the 

resistance in a circuit. Active power is the power responsible for doing work or 

producing heat. In the monitoring application described in this research active power is 

recorded. Reactive power is power stored in and discharged by inductive motors, 

transformers and solenoids. Reactive power generates reactance in the circuit and is 

measured in Volt-amperes reactive (VAR). Apparent power is measured in volt- 

amperes (VA), and is the product o f line voltage and all the line current in the circuit.
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apparent power is also the vector sum o f the active and reactive power. The angle 6 is 

the angle by which the input voltage leads the input current.

\

R eactive Power 
Q = VlsinB 

(Power returned to  line)

A ctive Pow er  
P = V lc o s9  

(Power available for work)

Figure 2.35: Power triangle and relevant formulae

The motors used for spindles in high-powered industrial numerical control 

applications are typically alternating current servo motors due to their high accuracy, 

small size and lower cost. While single phase DC power is the electrical power equal to 

the current by the voltage, three phase AC power is calculated using Equation 2.7.

An example o f a typical power metering configuration is illustrated in Figure 

2.36. Spindle power is the most suitable machine power signal for measurement when 

investigating cutting power and forces, as this is the power signal that is closest to the 

actual cutting process. Spindle power can be a useful parameter in detecting machining 

problems such as tool breakages, collisions and tool wear. A typical power meter 

records voltage through crocodile clips on exposed wire, and current through the use o f 

Hall-effect sensors [14, 97]. Hall effect sensors comprise o f current transformers which 

are clamped around the insulated copper wire. The sensors produce an electromagnetic 

field (EMF) in the direction perpendicular to the current and the field, the resulting 

measured voltage (Hall voltage) across the output is proportional to the vector cross 

product o f the current (I) and the magnetic field (B) [116].

P =  VsVIcosG (2.7)
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Figure 2.36: Motor power measurement for a three phase motor, adapted from [148]

An early study by Mannan et al. in 1989 investigated the feasibility for cutting 

process monitoring through the measurement o f motor current and power [117], A 

custom designed instrument utilizing a Hall-effect transducer was used to monitor 

power and current on electric motors with different drives for turning, drilling and 

milling. Investigations showed that tool breakage could be successfully detected by 

motor current monitoring. Tool wear could also be identified via motor current during 

milling o f stainless steel and drilling with a 15 mm diameter tool at speeds o f 36 m/min 

and 30 m/min respectively.

Li and Tso later analysed the effects o f tool wear and cutting parameters on the 

cutting current signal in drilling [118]. Tests were performed for a range o f drill 

diameters from 4.6 to 7.4 mm and a range o f different speeds from 4 to 18 m/min for 

drilling o f quench steel. Spindle motor and feed motor current was found to increase as 

tool wear increased with an almost linearly incremental relationship, thereby allowing 

drill flank wear state to be reliably identified using this method.
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Al-Sulaiman et al. used a custom-made differential current detector box to 

measure machining power during the drilling o f mild steel and evaluated the signal as a 

means o f detecting tool wear for the drilling process [119], Tests were performed at a 

number o f different drill diameters from 6.35 mm to 12.7 mm during drilling o f  glass 

resin and Kevlar polyester fiber. Similar to the results shown by Mannan et al. and Li 

and Tso, an increase in power was shown as the tools wore down, as shown in Figure 

2.37, illustrating the effectiveness o f monitoring power for detection o f tool wear.
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Figure 2.37: The effect o f  wear for 6.35m m  drill and mild steel on pow er for different feed rates and 
cutting speeds [119]

At times it may be difficult or unsafe to measure the voltage through exposed 

wires. As the electrical voltage is preset at the motor, the required power in some cases 

can be sufficiently captured by the current signal alone [18]. For NC milling, Lee et al. 

determined that the sensitivity o f the feed drive motor current was sufficient for the 

characterization o f tool breakage in NC milling o f steel with a spindle speed o f 140 to 

360 rpm and a depth o f cut o f 3 mm [120].

Kim et al. developed a filter to extract the cutting force component out o f 

measured drive current signals during a contour NC milling process [121]. Current was 

measured from the servo motors o f a Fanuc CNC 15m. A steel workpiece w as used with 

a 20 mm milling cutter at speeds o f 600 rpm and feedrates o f 300 and 600 mm/min. 

Using an artificial neural network the current signals were processed to remove the 

friction component. Cutting signals from measured current matched closely with force 

traces measured by a force dynamometer during the machining process for circular
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interpolated contour milling, with an axial depth o f cut 1 mm and feed rate o f 600 

mm/min.

Axinte and Gindy reported on the effectiveness o f a spindle power signal for tool 

condition monitoring in milling, drilling and turning. Solid carbide drill bits were used 

on a nickel-based alloy, Inconel 718 [122]. Axinte and Gindy concluded that spindle 

power was comparable in sensitivity to force signals from a dynamometer in the 

detection o f tool wear in milling. Chipping o f the milling cutter during the milling 

process however proved difficult to detect using spindle power. The spindle power 

signal was sufficient in sensitivity for both turning and drilling processes to detect both 

the chipped tool and gradual tool wear. Filtering o f  the spindle power signal for critical 

frequencies was noted to improve the ability to detect chipping and other small events 

during milling.

Diaz et al. observed an increase in cutting power for a corresponding increase in 

the material removal rate for endmilling o f a low carbon steel for various machining 

parameters [123]. Power was measured with a Hall effect power meter on a Mori Seiki 

NV1500. The width o f cut was varied between 1 -  7 mm, the spindle speed between 

5426 -  7060 rev/min and feed rate between 330 -  860 mm/min. The average air cutting 

power demand o f 1510 W was subtracted from the average total power demand. An 

almost parabolic trend was observed for cutting power as a function o f the MRR o f the 

cutter.

An example o f a typical power profile for an internal cylindrical grinding machine 

is shown in Figure 2.38 where Herrmann and Thiede investigated a methodology for 

achieving energy efficiency in a manufacturing production environment [124]. The 

fixed energy profile is illustrated where the basic power for machine operation is shown 

with the power for machining. The basic power level for spindle operation should 

always be subtracted from the total power level for the machining time for calculation 

o f the actual power for cutting.
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Figure 2.38: Energy profile o f  Studer grinding production machine [124]

Early investigations were conducted by Brinksmeier and Minke on 

characterisation o f the CBN grinding process through power process monitoring for 

grinding during different cutting speeds [125], A CBN wheel was used on hot work tool 

steel with cutting speeds ranging from 120 m/s to 180 m/s. Total grinding power was 

found to increase almost linearly with increasing cutting speeds, and with increasing 

specific material removal rate as shown in Figure 2.39. Another interesting finding was 

that the power demand increased with an increase in coolant flow. This was likely due 

to the braking effect that increased coolant flow has on the spinning o f the grinding 

wheel. Kwak et al. observed similar results for external cylindrical grinding o f 

Chromium-M olybdenum steel, where power was measured through three Hall effect 

sensors on the electric cables o f  the spindle motor. Power was observed to increase at 

varying degrees with increasing depth o f cut, workpiece speed and traverse speed [126],
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[125]

The surface condition o f a traditional grinding wheel changes considerably with 

progressing machining time, the wheel dulls and dressing o f the wheel becomes 

necessary in order to restore its sharpness. Determination o f the wheel life is important 

as too frequent dressing wastes expensive abrasive as well as valuable operation time. 

Early investigations by Inasaki showed that monitoring the power consumption was 

useful in the determination o f  the grinding wheel life, as the calculated time constant 

from the derivative o f the grinding power over time showed a steady increase in 

magnitude with corresponding increase o f material removed with the wheel [127].

Subrahmanya and Shin employed a selection o f sensors including acoustic 

emission, power metering, piezoelectric accelerometers and a capacitance probe for 

displacement measurements during chatter to monitor a plunge grinding operation. In 

these experiments an aluminium oxide grinding wheel was used to grind hardened steel 

alloy workpieces at a wheel speed o f approximately 28 m/s. Experimental results and a 

decision-support algorithm illustrated that AE signals were most sensitive to grinding 

bum, and chatter, vibration signals from accelerometers were found to be the next 

senstivive towards burn and chatter, however both sensors had issues with repeatability. 

Spindle power consumption was deemed to be the most sensitive and robust sensor used 

towards wheel wear [128].

Investigations into the detection and effects o f  grinding burn through the use of 

power monitoring were conducted for a grinding o f spiral bevel ring gears utilizing a 

vitreous bond CBN grinding wheel [13]. Monitoring o f grinding power revealed an
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almost linear increase in power with accumulated material removal, as illustrated in 

Figure 2.40. Grinding bum was detected for the first time using nital etching at a rate o f  

8100 mm^/mm for the 28**' part. In previous work Inasaki also identified grinding burn 

through power readings using AI2O 3 wheels on mild steel, and subsequently confirmed 

the presence o f  burn using nital etching [127],

Karpuschewski and Inasaki commented that for medium or large-scale production 

in the automotive industry, using grinding wheels with lifetime power monitoring is a 

very effective way to avoid thermal damage o f  the gear workpiece and also to avoid use 

o f  the environmentally harmful etching process [13, 55]. Other authors have also noted 

that monitoring o f  grinding power through the use o f  Hall Effect sensors on the spindle 

motor in order to calculate specific energy for use with a thermal model, can provide the 

basis o f  an adaptive strategy for the prevention o f  thermal damage in grinding [6 6 , 129, 

130].
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Figure 2.40: Power m onitoring in spiral bevel gear grinding to avoid grinding bum [13]

The use o f  power monitoring in combination with other sensors for avoidance o f  

thermal damage as well as optimisation o f  the grinding process is becoming more 

frequent. For example Guo and Malkin have investigated optimisation o f  the grinding o f  

turbine blade root profiles using continuous dress creep-feed form grinding (CDCF) 

[131]. In CDCF grinding a profiled wheel is continuously dressed as it machines the 

blade with a diamond roll to maintain the required profile geometry and wheel 

sharpness. In order to optimize the cycle time and remain below  damaging thermal heat- 

fiux limits in grinding, force and power models were developed. Measured grinding
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pow er and forces from a 3D  force dynam om eter were used to calibrate m odels. The 

process w as then optim ized to achieve reduced cy c le  tim e with respect to adjusting the 

w orkpiece speed and dress infeed per w heel revolution. A  40%  reduction in cyc le  tim e 

w as achieved using this method and process anom alies could be detected by using  

calculated control lim its from the power m odel [132], G uo and M alkin also investigated  

the im plem entation o f  pc-based optim ization softw are for cylindrical plunge grinding 

with m odels derived from force and wear flat area as w ell as energy partition 

relationships with power for the prediction o f  thermal dam age. Sim ulated power usage 

w as found to agree w ith measured power [133].

G uo et al. performed research into an optim ization strategy for five-axis grinding 

with C BN  w h eels [134]. The contact geom etry betw een the w heel and w orkpiece w as 

analysed as a stack o f  discrete sub-w heels for w hich  the physical process parameter 

such as forces, power, and temperature w ere predicted using the contact data. The 

interpreted geom etrical data w as then used with em pirical grinding m odels to predict 

physical process parameters such as forces, pow er and heat flux. Som e m odel 

parameters w ere found previously and then taken as d ecision  variables in a m ulti

constraint optim ization [89], By varying the workspeed to suit certain geom etrical 

interactions, the process could be optim ized and cy c le  tim e reduced. Further 

experim ental validation work is needed for this m odel.

R ecently, Guo investigated m odelling and sim ulation o f  m old and die C BN  

grinding [135]. A m odel w as constructed based on the previous m odel described in 

[134] utilising em pirical results for pow er and grinding forces in order to predict 

process parameters o f  forces, power and heat flux. Results from grinding a h a lf bottle 

shaped m old illustrated that by varying the workspeed cy c le  tim e could be reduced by 

50% w h ile  ach ieving reduced grinding forces and power.

Another area where pow er m onitoring and analysis can be useful is for the 

detection o f  unproductive ‘air grinding’, or w hen no material rem oval is taking place. 

A n issue to keep in mind how ever when performing this kind o f  analysis is that the 

signal delay must be taken into account, especially  the sw itch  from a rapid feed  rate to 

contact feed rate just before m achining contact [14].

Pow er m onitoring has also been demonstrated to be a useful parameter in the 

investigation o f  w heel ‘co llap se’ during grinding o f  H SS steel with vitrified AI2 O 3 

grinding w heels. C ollapse, according to Badger, is a phenom enon where power
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increases gradually with attritious wear until a critical value is reached, at this point 

wheel wear is rapid and then suddenly drops down to a steady-state value. Post-collapse 

power was found to be in the order o f 80% o f the pre-collapse power. Wheel collapse 

was mainly attributed to large mechanical forces causing grit and bond fracture, caused 

by increased forces from wear or dulling o f the grits [136].

Recently Murray et al. investigated power monitoring o f a grinding operation for 

Cobalt Chrome femoral implants [137]. The focus o f the investigation was to conduct a 

life cycle analysis o f the grinding process. The CNC grinding machine used for the case 

study was a Huffman HS-155R Multi-Axis Superabrasive Grinding System. The 

machine had a 20.9 kW spindle motor, five-axis configuration and two CBN-plated 

stainless steel grinding wheels. A fluid handling system was attached to the grinding 

system consisting o f a 11.2 kW coolant pump, two 0.37 kW coolant filtration pumps 

and a 0.745 kW  mist filtration pump. The energy used by the grinding system was 

measured using a Fluke 1735 power logger, and average active power was recorded in 

0.5 s intervals for the filtration system, the main power o f the grinding machine, the 

servos used to control movement o f the fixture and grinding wheel, and the spindle 

motor. The mass o f the implant was also measured before and after the grinding process 

where it was found that the average mass o f material removed for each part was found 

to be 0.05 kg. The power consumed by the spindle motor was found to be the only piece 

o f equipment that significantly altered the total power consumption o f the grinding 

process, an example o f recorded spindle power is shown in Figure 2.41.
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Figure 2.41: Power consum ption o f  the spindle motor for grinding o f  femoral implant [137]
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Murray et al. noted that the variation in required power could be attributed to 

changes in the material removal rate caused by the tolerance variations o f the casting 

process for the femoral implants [137], In terms o f the carbon footprint o f the process, it 

was found that energy use in the form o f input electricity accounted for 55.9%, while 

scrap production accounted for 34.6% and the CBN wheel plating accounted for 7.6%. 

Furthermore, a summary o f the energy use o f different functions for the manufacture of 

5000 implants revealed that the spindle accounted for 47% o f process energy use, while 

coolant was 34% and the other 19% was due to auxiliary processes including filtration. 

This indicates that increasing the energy efficiency o f  the grinding process o f  femoral 

implants by increasing process efficiency and reducing the amount o f scrapped parts 

could potentially do more than any other measure to reduce the carbon footprint o f the 

grinding process in a sustainable manner. The limitation o f  this study in the context of 

the current work is that the variation o f the spindle power consumption due to the 

alternating tool-workpiece machining conditions was not investigated and correlated 

with measured spindle position. Power monitoring was also performed through an 

external handheld power metering device with a low 0.5s sampling interval, and 

machining parameters were not varied.

The benefits o f power monitoring have been reiterated by Byrne et al. who noted 

that drive power o f motors is one o f the most important sensor systems for indirect 

continuous measurement as it is a derivative o f the cutting force components which are 

the characteristic variables for the process [4J. While sensors to measure current or 

effective power o f feed drives or the main spindle represent the simplest alternative to 

force dynamometers in technical terms, and are also quite simple to retrofit, there are 

however some disadvantages to using such sensors, namely [4]

• The friction component in the drive guideways is contained in the measuring 

signal, this may be quite large and may fluctuate with lubrication state and 

traversing rate

• Actual cutting forces are only a fraction o f the main power

• Spindle power is proportional to the resultant cutting force in the direction o f 

the primary motion, and depending on the type o f grinding involved and the 

abrasive-workpiece engagement conditions, this may result in the power being 

a less sensitive parameter in the monitored forces
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Power monitoring for the grinding process and the associated difficuUies were 

further discussed by Tonshoff et al. [14], Tonshoff et al. concurred with Byrne et al. 

indicating that the moment o f friction as well as current variations due to rotational 

speed changes must be eliminated first before analysing the power signal in grinding. 

Fixed power demands for a process must also be subtracted from the total process 

power in order to obtain the cutting power component for further analysis.

Ketteler observed that the amount o f power consumed by the spindle motor is not 

only determined by the torque that is needed by the tool to cut the material, but also by 

other sources [138]. The main influences on the sensor signal were identified as;

• Tool; tool wear, tool material and geometry

• Cutting process: cutting conditions, coolant

• Workpiece: dimensions, state, failures o f cast parts

• Machine tool: friction o f the spindle bearings, friction in the gear box, 

friction in the guideways, efficiency o f the motor

Investigations into the efficiency o f the motor by Kettler showed that the power 

consumption o f the main spindle motor idling at a constant speed could change by 12%, 

depending upon whether the machine tool is cold or has already been machining for a 

certain period o f time [138]. As Tonshoff et al. also noted, these variations must be 

taken into account when analysing spindle motor power signals.

Another factor to take into consideration when inferring cutting force through the 

use o f a power signal is that it is crucial the relationship between input current/power 

and output force/torque is linear and understood. The performance o f current/power 

sensors can be improved by developing a model o f the distortion introduced by the 

sensor within the mechanical/electro-mechanical system [3],

Another important consideration for motor power and current monitoring is the 

sensitivity and dynamic bandwidth o f the sensor [3], The bandwidth o f  the power 

measurement must be considered as the sampling rate for the current should be high 

enough to provide meaningful information about the process characteristics. Stein and 

Wang noted that the bandwidth o f the spindle motor servo imposes limiting factors to 

the combination o f spindle speed and number o f cutting edges on the tool [139]. This is 

particularly relevant for tool condition monitoring o f milling, as the bandwidth o f the
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hall effect sensor should be higher than the frequency o f the applied cutting force, i.e. 

the tooth passing frequency, in order to measure the periodic cutting force [121]. 

Bandwidth frequencies o f 60 -  100 Hz have been noted for current measured from feed 

drive and spindle motors [140, 141]. If the sensor frequency is not high enough to detect 

a periodic cutting force suitable for tool condition monitoring o f individual milling 

tooth cutters for high spindle speeds it may be still be suitable for helping to maintain a 

constant material removal rate during machining, as a mean value o f the cutting force 

can be inferred. For example, Kim et al. used spindle motor current measurement for a 

fuzzy logic control loop where a constant mean cutting force was maintained during 

milling by adjusting the feed rate in real time for varying depths o f cut [142].

Despite the difficulties outlined already with using the motor power signal as an 

indirect sensor o f cutting force, monitoring o f spindle power remains one o f  the least 

obtrusive and most promising o f all the machining process monitoring strategies 

available for an industrial environment.

2.2.3 Internal machine signal measurement

Monitoring o f internal drive signals can be an excellent alternative to measuring 

power with current probes and voltage clips, as internal machine signals provide the 

ability to monitor important machine parameters without the use o f external sensors.

Recently, Rivero et al. utilized internal machine signals to identify tool wear 

during the high-speed milling o f aerospace aluminium alloy [143]. Experiments were 

carried out on a high-speed horizontal Fatronik three-axis machining centre with linear 

motor drives, Fidia numerical control and Simodrive 611 for the spindle control. The 

spindle had a maximum speed o f 24,000 rpm and 27 kW nominal power. Cutting power 

consumption was measured by the internal current o f  the motors closed-loop controls at 

3 kHz, where the internal current was then converted to voltage outputs by the motor 

drives and collected using a signal amplifier with a National Instruments DAQ card at a 

sampling rate o f  25 kHz. The voltage was related to cutting forces through a conversion 

based on the maximum rated voltage o f 5 V. Cutting speeds o f 1200 m/min and feeds o f 

5000 mm/min were used with a 16 mm two-tooth carbide milling cutter o f 16 mm 

diameter on aerospace alloy Al 7075-T6. Analysis revealed that cutting power and axial 

force signals undergo significant variation after milling for an extended period o f time 

due to the effects o f tool wear. Therefore the internal machine current signals for the
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spindle and z-axis were deemed to be sensitive to tool wear during dry milling o f 

aluminium alloys [143].

Other applications o f sensorless monitoring have illustrated the potential for tool 

failure monitoring during drilling operations [144, 145]. Franco-Gasca et al. performed 

drilling tests on as cast pearlitic iron, using a CNC Baker-422 drilling machine with 53 

mm diameter drills. The current signal was monitored from the servomotor spindle 

driver using a data acquisition system with an analogue to digital converter with a 

sampling frequency o f 256 Hz. The collected data was processed and a low-pass 8*’’ 

order filter removed noise components from the data. Drill wear was estimated with 

high reliability under different drilling conditions using the developed filtering and 

wavelet transform algorithm for the internal machine current signals.

Kim et al. employed a similar strategy where the spindle load meter within the NC 

controller o f the machine was used to estimate the drilling torque and corresponding 

drill wear [146]. HSS drills o f 4 and 6 mm were used on a mild steel S45C workpiece 

and progressive flank wear o f the drill was consecutively measured with a Nikon tool 

microscope after a specified number o f holes were drilled. During drilling the NC load 

meter signal during drilling was passed through a low pass filter to eliminate high 

frequency noise then subsequently sampled at 500 Hz and stored in a cassette for offline 

analysis. The acquired data was then used to estimate the drilling torque and drill wear, 

where it was shown that the spindle motor power provided a reliable indication o f the 

onset o f drill wear.

Verl et al. investigated the recording o f drive variables for the use o f prediction of 

necessary maintenance due to time-related wear and tear in a machine [147]. Tests 

were performed on a custom machine table comprising o f a ball screw drive with a 

working range o f 800 mm. The position signal from servo motors linear and rotary 

encoders were monitored and the development o f  wear was identified in the form o f 

positional error in a long term machining test.

Open architecture control & data acquisition

Sensorless monitoring is one o f the least intrusive o f power monitoring strategies 

for machining. Open architecture controllers are a modem enabler o f sensorless process 

monitoring by allowing for the collection o f machine data via numerical control. The 

machine controller hierarchy for internal machine signal monitoring of a typical Siemens
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numerical control machine tool is described in Figure 2.42. A typical machine tool consists 

o f a panel for the operator known as the human machine interface, or HMI, which can either 

come in the form o f  a proprietary panel or a windows pc-based interface. The HMI sits on 

top o f a PLC or NC controller, depending on the make o f the machine. In Siemens based 

control, the HMI usually resides on top o f the numerical control, in this case the 840D si. 

The NC passes on commands to the drive controllers, which control the state o f the drive 

motors o f the machine tool spindles and workpiece axes drives. Siemens equipment 

communication is based on the Profibus standard protocol.

In order to obtain data directly from the drives such as position, feed, speed and 

pow er consum ption the controller needs to be ‘open ’. I f  the drive is open user variables 

be set up w ithin the HMI interface for the collection o f  m achine data. The concept o f  

such open control is a relatively recent developm ent, and is referred to as ‘open 

architecture con tro l’.
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Figure 2.42: Internal machine signal measurement, adapted from [148, 149]
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Open architecture control is a concept derived from the flexibility requirement for 

systems concerning process monitoring and control [150], Open interfaces and 

configuration methods are provided in a vendor-neutral, standardized environment and 

can enable users to design their own controls according to a given configuration [151]. 

A related benefit o f open architecture control is that software developed for open 

control can be reused and user-specific algorithms can be deployed. In particular, open 

numeric controls offer an opportunity for getting access to drive and control signals 

[152], Drive signals contain information on the mechanical behaviour o f the drive chain 

components; therefore the use o f internal machine signals is a reliable and cost effective 

approach for process monitoring o f machining operations [153].

Currently, the majority o f available commercial process monitoring and control 

systems including Prometec, Artis, Comara KG, Montronix and Dittel, systems remain 

as add-on external hardware modules integrated with the machine tool and utilize 

Profibus communication [149]. The trend in both commercial solutions and academic 

research is set to continue towards more flexible software applications that can integrate 

into the higher HMI level on machine tools [154].

The Siemens 840Dsl is a system-wide open and interconnectable multi-axis 

digital numerical control system currently found in many modem machine tools [149]. 

The open nature o f the 840D controller has led to research work on monitoring internal 

drive signals on machine tools with Siemens control.

An example o f  a structure for remote monitoring o f a Hermle C600U milling 

machine with a Siemens Sinumerik 840D controller is described by da Silva et al. [155]. 

Machine data including axes position was collected through a data acquisition system 

consisting o f a Siemens PCI board CP5611, internet server and data acquisition 

software developed in C++. Whilst the research described by da Silva et al. focuses on 

remote web-based monitoring o f the overall machine condition, nonetheless it illustrates 

a feasible way o f extracting machine data from a Siemens control.

Hardware Tracing on Siemens 840D control

A proprietary solution that can be used for hardware tracing on modem Siemens 

840D control is the SinuCom NC Trace tool. The SinuCom NC Trace tool forms part o f 

a commissioning tools bundle for the 840D controller [156]. It is interesting to note
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there are similar trace systems available for other modern numerical controls including 

the Cycle Time Analyzer by Bosch, TNCscope by Heidenhain and OPC. Perhaps 

underutilized as a basic commissioning tool for machine builders, NC Trace for 

Siemens 840D control has only recently been discovered as a useful tool for researchers 

in process monitoring. NC Trace provides the ability to record internal control data in 

interpolation cycle time or control loop cycle time o f typically 1.5 ms. Furthermore, the 

tool has the ability to trace OPC data with a cycle time o f approximately 100 ms, 

depending on the number o f selected trace values. The signals o f importance for process 

monitoring and analysis are: time, axis positions, spindle and drive power, velocities, 

acceleration and jerk o f the axes, and velocity o f the tool centre point and the current of 

the drives. In addition to process raw data, the trace tool can also record the command 

line o f the NC program that is active when the trace data is acquired [157, 158]. The 

ability to monitor machine variables directly from the controller without any additional 

hardware presents an opportunity for a process monitoring strategy and software 

developed through research that can feasibly be transitioned directly to an industrial 

machining application.

An adaptive logging module for process monitoring utilizing the NC trace tool to 

monitor control digital drive signals was designed by Brecher and Rudolf [159]. Signals 

acquired through the NC Trace module for tool wear monitoring included feed drive 

speed and position, feed drive current, main spindle rotational speed and main spindle 

current with a typical sample rate o f two milliseconds. However, before the data was 

analysed to detect the state o f tool wear, the disturbance effects o f friction and 

acceleration in the machine drives were first eliminated. As mentioned by Byrne et al. 

[5] disturbances, especially friction component in guideways may be contained in the 

measured signal, and if  possible they should be eliminated before obtaining meaningful 

data from the signal. In the adaptive logging module the frictional and acceleration 

effect was compensated for through the use o f friction field models and analysis o f the 

control loop. Tool wear could then be identified through the increasing amplitude o f the 

torque generating moment [159], The compensation for friction in the guideways is 

perhaps more relevant for monitoring o f the current o f feed drives where the change in 

amplitude o f current is small relative to process disturbances such as tool wear. To 

obtain meaningful data from spindle power the basic fixed power demand for idling or
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air cut power is subtracted from the total recorded power, thus providing the power due 

to cutting alone which can be used for analysis o f the process.

Brecher and Rudolf applied the concept o f monitoring o f digital drive signals 

through development o f an application for the Siemens HMI based on an artificial 

neural network for surface roughness average parameter (Ra) predictions [15], The 

machine tool used was a three-axis vertical EmcoMill E900 with Siemens 840Dsl 

numerical control. Internal machine signals were recorded using Siemens SinuCom NC 

Trace. C45 steel was milled within +/-20 % o f a spindle speed o f 2018 rpm, cutting 

speed o f 265 m/min and axial depth o f cut o f 1 mm. An example o f recorded digital 

drive signals recorded at a sample rate o f 2 ms is illustrated in Figure 2.43. On the left- 

hand side, the torque-generating current signals o f the feed drive axis and the main 

spindle are shown while the right-hand side represent the position signals and the 

rotational speed. A HMI GUI was developed in order to facilitate the interaction 

between the operator and the NC kernel. Surface roughness was estimated based upon 

the recorded digital drive signals, where it was noted that an increase o f the material 

removal rate o f 20% could be achieved with optimised process parameters as calculated 

by the artificial neural network.
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Figure 2.43: D igital drive signals obtained from N C U  kernel for z axis and main spindle [15]

The capabilities o f NC kernel data and external sensor data captured with 

piezoelectric accelerometers were compared in similar work by Quintana et al. for 

indirect evaluation o f surface roughness in vertical milling operations using the same
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experimental setup described previously by Brecher and Rudolf [15, 160, 161]. 

Vibration was monitored during the experiments with two unidirectional piezoelectric 

accelerometers placed following the machine tool X and Y axes directions with one 

residing in the spindle and the other on the machine tool table. Internal machine signals 

o f current, position and velocity for the spindle and feed drives were monitored through 

SinuCom NC Trace. The internal machine signal data for surface roughness prediction 

through artificial neural networks was shown to be clearly reliable as well as a 

convenient approach for sensorless process monitoring. The results presented a slightly 

higher correlation factor in the case o f the data acquired from the internal machine 

signals o f R=0.95947 than with a neural network using accelerometer data o f 

R=0.94353.

Additionally, it was noted that accelerometers must be installed in a fixed place on 

the machine tool and the signal can be affected by several levels o f noise or dissipation 

due to the varying distance between the point o f  origin o f the vibration and the point 

where the vibration is captured. In comparison, the control drive’s internal data signals 

are digitalized and pre-processed in the numerical kernel control and power amplifier 

and evaluation o f the signal is based on the mean value o f the digital drive signals, 

therefore the influences o f noise are decreased to a minimum for the internal drive 

signals. Furthermore, while the internal machine current signals are measured directly at 

the drives this is still not at the cutting tool interface so it should be taken into account 

that it is possible for friction o f the guideways in the drives to affect the signal, as 

described previously by Brecher and Rudolf [15].

Brecher and Rudolf concluded that monitoring o f internal machine signals has 

proven to be just as effective as the use o f external accelerometer sensors and as a result 

is a significantly more time-effective, flexible and cost effective solution for process 

monitoring as shown in this application and potentially in many other machining 

applications.

2.2.4 Position-oriented analysis

The alternating machining conditions during the machining o f freeform surfaces 

can make determination o f machining characteristics extremely difficult. Correlation o f 

process power and forces with tool position can provide a positional dependent analysis 

o f the process characteristics. This can assist in determination o f the root cause o f
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process disturbances thus improving the monitoring abihties in a freeform grinding 

process.

De Lacalle et al. investigated the correlation between cutting forces and their 

actual point o f generation during the machining process [162], High speed milling was 

used in the manufacturing o f molds o f hardened steel. Slender tools were used due to 

the high depth and low fillet radii o f  the cavities. Cutting forces therefore produced tool 

deflection in this case and as a result deviations in the tolerances o f the machined part 

were generated. A three component quartz dynamometer Kistler 9255B was used during 

tests. The positions o f the three axes o f the CNC machine tool were collected from the 

internal programmable controller (iPLC) using an analog/digital data acquisition board 

controlled through Labview with a sampling frequency o f 208 kHz per channel. 

Position and force data were correlated and matched within a 20 ms time window where 

for a given point in x, y and z the corresponding maximum value o f Fx, Fy and Fz are 

taken within a 20 ms time window o f the recorded position.

Figure 2.44 shows an example o f a stamping die for a car body component where 

the same experimental setup used in [162] was used in further work by de Lacalle et al. 

in order to measure the positional and cutting force information during machining [163]. 

The post-processed result o f the cutting forces are illustrated, where the colour map 

shown is the cutting force component including the maximum Fy value given as a 

function o f position (up), and (down) two vector graphs (Fx,Fy,Fz). De Lacalle noted 

that some conclusions could be drawn from this analysis including; the cutting force 

was very stable, and was highly dependent on the slope o f the workpiece. Also, while in 

zone A, a higher value o f the force was observed to correspond with an excess of 

material left by the semi-finishing operation. De Lacalle observed that the position- 

oriented approach generates more information than classical linear-machining tests in 

which forces are only recorded as a function o f time which therefore lose their relation 

with the part geometry. This approach is particularly useful in attributing the cause of 

process disturbances to machining conditions encountered during the process. A force 

dynamometer was also used in the demonstrated approach, however de Lacelle pointed 

out that this method could be easily adapted to internal machine signal monitoring 

where the spindle current consumption could be collected instead o f cutting forces.
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Figure 2.44; Real cutting force map o f  the superfinishing operation o f  a stamping die (G G G 70L), w hile  
the zoom ed area (A ) show s the increase in forces due to residual material on the die [163]

De Lacalle et al. investigated further application o f the force and position 

monitoring solution for optimization o f surface quality through adaptation o f toolpath 

and cutter orientation [164], An 8 mm diameter ball-endmill was used for milling o f a 

freeform surface comprised o f hardened tool steel. Cutting parameters o f 6000 rpm and 

a feed rate o f 600 m/min were used. Cutting forces were measured with a Kistler 

dynamometer, while the tool axes position was measured through a data acquisition 

device on the machine as described in [163]. Dimensional errors o f the workpiece were 

measured using a coordinate measurement machine. The toolpath was varied with 

different inclinations and directions as illustrated in the last row in Figure 2.45. Test 1 

was a conventional toolpath. while Test 2 was a basic application o f a toolpath based on 

a three axis cutting force estimation model, Test 3 was the same toolpath however with 

more control points, and Test 4 was a five axis milling toolpath based on the cutting 

force estimate toolpath. Results are shown in Figure 2.45 where Test 3 provided the 

highest accuracy with errors under 10 |xm in most o f the milled areas. Deflection force 

was also observed to be at a minimum with the toolpath used in Test 3. The findings by 

de Lacalle et al. illustrate the application o f position oriented monitoring for evaluation 

o f process characteristics and cutting conditions for adapted toolpath strategies.

67



D o w n m illin g

U pm illir tg

Figure 2.45: (Top) Predicted deflection forces, (Centre) Measured deflection forces, (Bottom )
D im ensional errors measured in a CMM [164]

Position orientated analysis o f cutting forces has also been investigated by Klocke 

et al. during freeform milling o f  an impeller blade [16, 165], Position information was 

acquired from a Chiron FZ15 machine centre equipped with a phase-shifted sinusoidal 

encoder. Signals from the rotary encoder were converted using an interpolation unit to 

transistor transistor logic (TTL), then de-noised using an opto-coupler and the final 

signal acquired with a National Instruments PCI 6602 counter card. The measurement 

chain used to quantify process forces consisted o f a stationary three-component 

dynamometer Kistler 9255B mounted onto the machine table, along with a rotary force 

dynamometer Kistler 9123C applied to measure the tool forces. Signals from the force 

dynamometer were conditioned to output voltage signals o f +/-10 V and acquired via a 

National Instruments DAQ card. Force platform dynamometer, rotary force 

dynamometer and machine position signals were correlated based upon calculating the 

time delay between each o f the signals based on values for signal conversion and 

transmission delays, with a 21.7 % delay shift o f one spindle revolution observed. The 

positional measurement accuracy was also verified to within 0.004 mm. Forces during 

surface finishing o f an im peller’s blade were then examined using position-orientated 

process monitoring. During the finishing process a signal anomaly o f the resultant force 

was observed after approximately 25 seconds o f  machining and this is illustrated in
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Figure 2.46. The increase in forces at this point can be attributed to the tool’s 

changeover to the backside o f a blade, due to the thin-walled configuration o f the blade. 

Reaching the leading edge; the tool initiates vibrations into the work piece, which 

results in the observed increase in the force measurement. Klocke et al. observed that as 

the evidence o f the demonstrated signal anomaly is strongly position-related, this 

application illustrates the potential for position-oriented analysis o f signals in freeform 

machining where workpieces and processes can be analysed towards anomalies and 

disturbances in consideration to their origin.
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Figure 2.46: Position orien tated  m onito ring  during  fin ish ing  o f  an im peller b lade  [16]

More recently, Kratz has explored position-oriented monitoring o f vibrations 

during finish milling o f thin-walled components [94, 106]. Accelerometers were based 

on the spindle housing and the resulting vibration signals were analysed with a joint 

time frequency map method developed by Kratz. The frequency map method is 

calculated by determining joint time frequency analysis o f each machined line parallel 

to the x-direction, then extracting the amplitude value o f the specified frequency in 

combination with the positional information o f each FFT and charting this information 

in the parts coordinate system. A result o f a sample finishing operation for machining of 

a thin-walled, 36mm overhanging cantilever is shown in Figure 2.47, where each line of 

cut’s frequency content has been analysed in segments and rated based upon the 

frequency content with status set red yellow or green according to the processes 

stability.
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Figure 2.47: Validation o f  m onitoring solution algorithm [106]

Process instability highlighted in red on the left o f Figure 2.47 corresponds to the 

dimensional deviation on the part shown on the right. This analysis shows that 

amplitudes o f certain frequencies are assignable to resulting dimensional deviations and 

the surface roughness o f the thin-walled component. A limitation o f this approach 

however, is the requirement for accelerometers, which while integrated into the spindle 

housing still require modification to the machine structure as well as improved cross

correlation between recorded sensor signals for freeform machining.

2.2.5 Laser displacement measurement

Freeform surfaces with a complex geometry have been recognised as important 

design forms for modern components. Examples o f freeform shapes found in industry 

include airplane wings and fuselage, optical parts and mirrors, car body parts including 

stamping dies, as well as turbine blades, impellers and blisks. Freeform parts are 

considered to be advanced surfaces, and may have no axes o f rotation or translational 

symmetries. The geometry o f freeform surfaces cannot be described by a single 

universal equation, as is the case for a spherical surface, but require a myriad of 

equations including toroidal, biconic and microstructures as well as NURBS [166].

Inspection o f free-form surfaces has traditionally involved skilled technical 

personnel who inspect the surface using a number o f mechanical gauges and templates. 

This is still common practise in industry for certain stages o f inspection during the
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process where the use o f go/no-go gauges is common practise [167], There is 

considerable scope for improvement and automation o f  inspection methods in industry 

which could eliminate the need for manual inspection while introducing a robust form 

of traceability into the process.

In a recent CIRP keynote paper Savio et al. describe the state o f the art in 

metrology o f freeform shaped parts [17]. Currently, the most important general-purpose 

instrument for the inspection and dimensional verification o f freeform shapes in 

industry is the Coordinate Measuring Machine (CMM), due to the CM M ’s flexibility 

and high accuracy for measuring different shaped parts. CM M ’s can be equipped with 

both contact and non-contact probes. Contact probes are the most commonly used 

systems and acquire detailed dimensional data by moving a sensing probe device along 

the work-piece surface. Scanning probing systems are preferred over touch trigger 

systems as they provide a continuous deflection output that can be combined with the 

machine position to derive the location o f the surface. Optical CMM-based probes are 

also gaining acceptance in industry, with their advantages including the non-contact 

nature o f the measurement system where the dangers o f surface damage associated with 

contact metrology are avoided, the fast acquisition rate for large numbers o f  points, and 

the high degree o f associated flexibility with measurement settings. Optical probing 

systems comprise o f distance triangulation sensors that can be classified into three basic 

types, depending on the number and position o f points that are measured at the same 

time: point sensors, line or stripe sensors, and area sensors. Examples o f commercially 

available non-contact laser measurement probes include Nikon Metrology CMM-based 

laser scanners as well as Faro laser robotic arm scanners.

Laser scanning is achieved through the principle o f laser triangulation [168]. The 

main components o f a triangulation sensor are a collimated light source, generally a 

laser diode, and a detector unit consisting o f an imaging lens and a position-sensitive 

detector, either a CCD line or position- sensitive diode (PSD), as illustrated Figure 2.48. 

The optical axes o f the light source and the imaging lens form a fixed angle, the so- 

called triangulation angle. Triangulation refers to the measurement o f distance through 

calculation o f the triangulation angle. In laser measurement the laser diode projects a 

laser spot onto the object to be measured. The object surface is positioned sufficiently 

close to the point in which both the light source and imaging lens axes intersect and the 

diffuse reflection o f the light spot on the workpiece surface is imaged onto the detector.
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Distance to the measurement object is calculated by the sensor through the position o f 

the light spot on the detector and from the distance o f the transmitter to the receiving 

element. Typical measurement ranges for triangulation-based sensors are 2 mm tc 200

The main source o f error for laser measurement tends to be related to the optical 

characteristic o f the workpiece surface where very smooth surfaces can provide 

insufficient diffusely reflected light. However, this error can be compensated for by 

controlling the laser intensity and the sensitivity o f the detector. Other common errors 

can be induced by the slope o f  the surface which can produce direct reflections to the 

detector, volume scattering particularly for plastic material, an inhomogeneous surface 

texture, specular reflections or ridges left by machining [17, 168].

Laser measurement data analysis methods

There are a number o f steps that must be performed before evaluation o f acquired 

laser measurements for freeform surfaces is possible and these are stated in Figure 2.49. 

Filtering o f the data may be necessary if  there is considerable noise present in the signal 

dependent on the acquisition device used. Registration o f the acquired point clouds is 

usually necessary for laser measurements o f  freeform surfaces as the measured part

mm; while resolutions up to 10“* mm can be achieved.

Potential
Workpiece
Positions

Laser Diode
Detector

Figure 2.48: Principle o f  the laser triangulation sensor [168]
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coordinates typically do not match exactly with the coordinates o f the part with which 

the measurements are to be compared to. The part for comparison can take the form o f a 

CAD model or a second point cloud o f another or the same part pre- or post-machining. 

Coarse alignment refers to matching o f the point clouds through coordinate 

transformation and/or basic alignment based on surface feature matching.

d a t a  a c q u i s i t io n :  
l a se r  s c a n n i n g

r ~
fi l ter ing

I
^  p o i n t  c lo u d  re g i s t r a t io n

c o a r s e
a l i g n m e n tr '

f ine
a l i g n m e n t

e v a l u a t io n  o f  
m e a s u r e m e n t

Figure 2.49; Overall laser measurement and analysis strategy, adapted from [17]

method commonly used for further fine alignment registration is the Iterative 

Closest Point (ICP) algorithm [167, 169, 170]. The algorithm works through calculation 

first of the closest Euclidean distance between each corresponding point. A 

transformation matrix that minimizes the sum o f square errors between the 

measurement point set and the correspondent set is then calculated. The transformation 

matrix is then applied, and the first step repeated and the algorithm iterated until the 

objective value decreases to less than the threshold value.

An efficient method o f implementing the ICP algorithm is through the use o f kD- 

tree searching. A k-Dimensional tree is a way o f organising many points such that they 

can be efficiently searched through in order to determine, for example, the nearest 

neighbours o f points. Each node on the k-D tree contains a multidimensional point with 

N coordinates and also has an axis member which defines the split plane dimension. 

Each node also has a Left and Right neighbour and Parent link as illustrated in Figure 

2.50.
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R o o t
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Figure 2 .5 0 : Illustration o ficD -tree  algorithm  [171]

The split dim ensions are rotated from  the first to the N-th. or 3'^  in this case, 

m eaning that the nodes from  the first level o f  the tree are split to left and right with 

respect to the first dim ension, x, the second level w ith respect to the second dim ension 

,y, and the third level w ith respect to the third dim ension. W hen the N-th level is 

reached the split plane index is set again to zero. For exam ple, for a 2D space with 

points x and y, if  x_node < x_parent, the node is placed to the left, o therw ise the node is 

placed to the right. For the second level the only difference is that the split plane is y, if 

node y < parent_y the node is placed to left otherw ise it is placed to the right [171]. 

Once the kD tree is built the data can be searched for the m ultidim ensional nearest 

neighbour using the m inim um  Euclidean distance betw een points.

I f  two point clouds o f  X -Y -Z data are to be com pared by selecting sim ilar curves 

from each dataset, it is im portant that they lie on the same plane so that they can be 

com pared accurately. I f  the 3D curves w hich have been projected onto the same plane 

are then rotated to a 2D plane, then the difference betw een the two curves can be 

calculated easily. Principal com ponent analysis (PCA) has been w idely used in system  

identification and dim ensionality  reduction in dynam ic system s. The technique has been 

used previously to extract features from  m ultiple sensory signals treated as a h igh

dim ensional m ultivariate random  m atrix, com posed o f  several vectors form ed by the 

signals [3], This w as used in the identification o f  tool w ear in broaching from  two 

perpendicular cutting force signals [172]. Principal com ponent analysis identifies the 

m ost influential sim ilarities or differences in a given data set. The m ethod involves first 

calculating the m ean o f  the data set, then subtracting the m ean to centre the data. The 

covariance m atrix m ust then be calculated; where the covariance is a m easure o f  how
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much the dimensions vary from the mean with respect to each other. The eigenvectors 

and eigenvalues o f the covariance matrix are then calculated and analysed, where the 

eigenvector with the highest eigenvalue is the principle component o f the data set [173]. 

The Matlab princompO function returns the principal components for a given data set, 

where the first two define vectors that form a basis for the plane o f best fit [174]. The 

data set can then be projected onto this plane by multiplying by the principal component 

transformation matrix.

Laser measurements o f freeform components are typically evaluated by 

calculation o f the deviations from the nominal or comparison model. An example o f a 

map o f deviations calculated from measurements for a femoral implant is illustrated in 

Figure 2.51, where the material removed from machining is clearly illustrated.

Surface Deviation +/- 0.25 mm 

1 mm

0.25 m m  

- 0.25 mm

1 mm

Figure 2 .5 1: Example o f  map o f  deviations for laser scan comparison o f  femoral implant casting and post- 
m achined, measured with a Metris LC -60D  CM M  based laser scan head [175]

M artinez et al. compared contact and non-contact laser scanning methods for 

dimensional measurement to determine if  both methods could produce the same reliable 

results [176]. A TP20 Renishaw touch-trigger probe with a 2 mm tip diameter was 

compared against the performance o f a LC50 Metris laser scanner system; a line 

scanning triangulation sensor capable o f capturing a line segment o f approximately 750 

digitized points. Both systems were mounted on the same Brown & Sharpe global 

CMM base. Martinez et al. found that both measurement methods produced similar 

results with deviations found in the range o f  7 -  15 |im for laser and touch probe results. 

More recently, Besic et al. compared the two measurement methods investigated first by 

Martinez et al. o f a touch-trigger contact probe and optical laser sensor. A filtering
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technique applied to the laser point cloud to remove noise from the data was noted to 

further improve the measurement results for the Metris LC50 laser scanner, with 

measurement errors below 7 |im  for flatness, and 6 |im for parallelism observed for the 

filtered data [177].

While it has been noted that CMM-based laser scanners can provide comparable 

accuracy and resolution to that o f traditional touch-probe techniques, one o f the main 

drawbacks o f measurement with a CMM is that the part must be first carefully placed, 

then held stationary during inspection, and inspection time can also be relatively slow. 

Another drawback for measurement using CM M ’s is the lack o f potential for integration 

into an automated process chain due to the fact that CM M ’s are typically large and 

expensive machines.

Laser measurement with CMM-based laser scan heads also typically involves 

substantial human involvement in laser scan path planning and selection of 

measurement settings [167], Such processes are not cost effective and lack flexibility. 

While automated solutions are being investigated for laser scanning path planning there 

is still a need for a fully automated inspection solution that is flexible enough to be 

integrated into a production process and can replace the need for manual gauge 

inspection.

Alternatives to CMM based laser measurement systems are currently being 

researched. One such example is a novel vision system designed by Brosed et al. which 

consists o f a laser triangulation sensor with a motorised stage for inspection o f complex 

geometry parts [178]. Results for repeatability and accuracy were compared for the 

robotic arm. A CMM using a heat exchanger as a reference part with several elements 

to be verified set in various positions and orientations. Repeatability errors for the robot 

arm laser system were found to be in the range o f 20 to 75 |im in the worst o f cases, 

indicating significant potential for the use o f a robot arm non-contact inspection system 

particularly suitable for geometry that is difficult to reach with conventional probe 

CMM systems.

Another example o f robotic-based laser measurement was used for determination 

o f the volume and position o f  material to be removed for robotic belt grinding process 

for aero engine blades [179]. In order to choose optimum machining parameters it is 

useful to know the material that must be removed from a workpiece. A 3D scanning 

system with an ABB robotic arm fitted with a RobotScan H-200 laser scanner was
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tested for this purpose. Laser measurements were performed on the semi-fmished blade 

ready for robotic belt grinding. The point cloud data was then registered and compared 

to the CAD design model through an iterative closest point (ICP) algorithm. The 

material to be removed from the semi-fmished blade by the following belt grinding 

process could then be determined through calculation o f the Euclidean distance between 

the design model and the semi-fmished blade laser scan around the surface o f the blade.

There is considerable potential in applying laser measurement to inspection o f 

freeform surfaces, as well as for assisting in the determination o f the varying material 

removed over the surface o f the femoral implant from abrasive machining. If this 

quantity can be determined optimisation o f the abrasive machining process is then 

possible, as without knowledge o f the material removal and machining characteristics 

effective process monitoring and optimisation cannot be achieved.

2.3 Summary and context

The manufacture o f high value components with complex, freeform surfaces entails 

considerable cost through time, energy and material consumption. Achieving efficiency 

o f such machining processes is important in order to ensure long term competitiveness 

and economic sustainability. Efficiency o f the abrasive machining process through 

increases o f material removal rates can only be achieved if a suitable process 

monitoring platform is available in order to fully understand the underlying process 

characteristics so that surface integrity o f the workpiece can be maintained [66, 68].

Advances in sensors and machine numerical control enable process monitoring o f 

machining operations through monitoring o f internal machine signals including position 

and process power [3], However, as this is a relatively recent development only a 

limited amount o f research has been performed surrounding the sensitivity and potential 

o f the signals for application in high performance machining operations [15, 159, 161].

A position-oriented evaluation o f sensor signals has been noted to be o f benefit in 

evaluation o f the process behaviour as process anomalies can be attributed to their root 

cause during machining [16, 94]. A new area o f research with considerable potential for 

application in an industrial setting is in using position oriented monitoring in 

conjunction with internal machine signal monitoring applied to freeform machining.

Usually in order to fully understand machining characteristics the volume and 

location o f material removed in the process must first be known. Offset toolpaths are
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used for machining freeform surfaces and so the depth o f cut during the process is 

unknown. Laser measurement is gaining importance as a viable inspection method for 

freeform surfaces [17, 168], However there are few papers published in using laser 

measurement to determine the quantity o f material removed during a process, and few 

solutions available that are flexible enough to allow for future integration into a process 

monitoring chain.

Authors have acknowledged that alternating machining characteristics can arise as 

a result o f the complex contact conditions during grinding o f freeform surfaces with 

toric shape wheels [23]. Previous work on the modelling o f engagement conditions 

during grinding with toric wheels has featured known depths o f cut and has focused 

mainly on the prediction o f surface roughness and process forces [11, 32, 36]. 

Estimating tool-workpiece engagement based on real measurements o f material removal 

and power during the process could provide significant insights into process behaviour 

during grinding o f freeform surfaces with toric grinding wheels and indicate ways o f 

improving process efficiency.
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Chapter 3 

Experimental methodology

In this chapter the workpiece material, test specimens, tooling, machining 

equipment and experimental and process monitoring protocols are described.

3.1 Machine tool

3.1.1 Machine description

The Haas Multigrind CB is a 5-axis CNC machine tool used for grinding and 

milling in specialised sectors such as biomedical devices. The high powered spindle has 

a variable speed o f up to 10,000 rpm for milling, and 8,000 rpm for grinding, with a 

corresponding maximum feed speed o f 30 m/min. The spindle is a two-end spindle, 

with the maximum power rating for both spindle ends at 29 kW. The machine is fitted 

with a custom fixturing unit for holding femoral implants. A full specification o f the 

machine is shown in Figure 3.1.

M ultigrind CB Technical Data

Grinding Spindle - Two Ends
R e cco m m en d ed  co n tin u o u s  p o w er rating 23 kW
M axim um  p o w er rating 29 kW
R otation  sp e e d  sta n d ard 8000 rpm

Travel
X-axis 700 m m
Y-axis 410  m m
Z-axis 500 m m
A-axis 320"

Accuracy/Feed rates
Linear axis reso lu tion 0.0005 m m
Feed ra te  linear 30,000 m m
R otary axis reso lu tion 0.001 ’
Feed ra te  ro ta rt  A axis 2600 rpm

Control
S iem ens S inum erik 840 Dsl

Figure 3.1: H aas m ultigrind C B  5 -a x is  m ach ine [Source: H aas M ultigrind]
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3.1.2 Machine-side data acquisition

The Multigrind CB used in this research was equipped with a Siemens 840D si 

numeric control. Siemens Sinucom NC software was installed during machining 

commissioning at HAAS Schleifmaschinen GmbH in Germany in order to interface 

with the numeric control. The Siemens 840D si numeric control system provides direct 

or indirect access to drive data such as torque-generating currents and power signals or 

position. This signal information can be acquired synchronously to the interpolation 

cycle time, servo controller loop cycle time. The Sinucom Trace software installed on 

the Human Machine Interface (HMI) enables acquisition and logging o f control data 

and drive signals with a real time connection to the Siemens 840D si controller as 

shown in Figure 3.2.

S in u C o m  NC Trace

H u m a n  M a c h i n e  
I n t e r f a c e  HMI /  PC

P r o f ib u s  I/O

N u m e r i c a l  c o n t r o l  -  
w i t h  d ig i ta l  d r iv e  

c o n t r o l l e r s

f

S i e m e n s  84 0 D s l

M a in  S p in d le  F e e d  m o t o r  
m o t o r

Figure 3.2: Siemens 840D schematic, adapted from [156]

Machine and servo data variables for the monitoring o f active power in Watts, 

current in Amps and tool base position in inches were all monitored from the Siemens 

Sinucom Trace software for the purposes o f this research. Variables monitored and their 

definitions are listed in Table 3.1. Active power is the power as defined by Equation

80



3.1, which takes into account the power factor and the actual line current and voltages, 

and is the power responsible for doing work in the process.

Variable Name Description Units

nckServoDataActPower32
Active power actual value, monitored 
for machining spindle and axes drives

Watts

nckServoDataActCurr32
Torque-generating current actual value, 

monitored for machining spindle and 
axes drives

Amps

actToolBasePos
Tool-base position, monitored for axis 

drives X,Y,Z and A
Inches (subsequently 

converted to Metric mm)

Table 3.1: Siemens 840D si machine variables and Sinamics S120 servo variables

P  =  V S V l c o s e  (3.1)

The sample rate used in this research was the maximum available at 333 Hz, with 

a sampling interval o f approximately 3ms which corresponds to the position controller 

loop cycle time. An example o f a digital drive active power signal recorded from 

Sinucom Trace is shown in Figure 3.3. The spindle was rotated at 8,000 rpm with 

machining parameters o f 0.5 mm depth o f cut and 59 mm/s feed rate for flat surface 

grinding o f Cobalt Chrome alloy.

_  30,000-] 
(/)

i  20,000:
t u r n  o n  r u n n i n g  id le  g r i n d i n g  id le  _ b r a k i n g

§ 10,000^

^-10,000:

Time (s)

■ - 20,000

Figure 3.3; Active power signal recorded from the main spindle for flat surface grinding

When material removal is monitored using active power as the metric, a point 

either side o f  where material removal takes place is selected, for example in Figure 3.3 

either side o f the region denoted by material removal or grinding. The mean o f this 

region is then calculated and used as the active total power value for the corresponding 

test. In order to calculate the power required for material removal alone, the power
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draw n w ithout m aterial rem oval, also know n as an air cut, as illustrated by the spindle 

running idle in Figure 3.3, is subtracted from  the total active pow er reading, P , as 

given by Equation 3.2.

^  ~  ^ to ta l ~  ^ a ir cu t (3-2)

SinuCom NC Trace

s
•  < i o  o
A  ' •

Record  p o w e r  and 
posit ional da ta  

f rom  m ach in e  In 
‘ .CSV  fo rm a t

R eco rded  da ta  
p ro c e ss e d  In 

M at lab

S iem ens  840D sl USB Key W indow s c o m p u te r

Figure 3.4: Internal machine signal data acquisition chain

Data w as recorded from  the Sinucom  Trace software in the form  o f  *.csv files as 

illustrated in Figure 3.4. The files were stored on the m achine pc during testing, and 

were subsequently dow nloaded via usb key after the tests were finished. Each csv file 

was opened in M icrosoft Excel 2010, the file header was deleted, variables were 

renam ed and then saved as a standard text file (*.txt). Each text file was then im ported 

into M atlab w here the data was subsequently processed.

3.1.3 Tooling: Electroplated CBN wheel

The w heels used in this research were electroplated CBN contoured w heels on a 

steel body and w ere produced by G unter Effgen GmbH. The CBN  grit size in all cases 

w as B301, w hich is the CBN designation for a grit size o f  approxim ately 301 |xm. The 

w heels had a m ajor radius o f  100 m m  with a m inor contoured radius o f  12 m m . Figure 

3.5 and Figure 3.6 show  the w heel and its dim ensions. The presence o f  the 12 m m  

contour radius is to enable the w heel to m achine fem oral im plant profiles. The 

electroplated CBN coating covered the 12 m m  radiused sides w ith a surplus 1 m m  on 

each side. W heels were balanced in the m achine w ith the assistance o f  a D ittel M 600 

balancing m odule and counterbalance weights.
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CBN coating extent
contour radius

150.56

176

200

Figure 3.5; Effgen electroplated C B N  B 30I w heel with contoured radius o f  12mm and full wheel
diameter o f  200m m

^ Electroplated  CBN

S p in d le  b a lanc in g  
w e ig h ts

Steel w h e e l  b o d y

Figure 3.6: Electroplated C BN  B 30I w heel in place in machine with counter-balance w eights

Oil-based cutting fluid was applied through high-pressure 20 bar 1 mm diameter 

nozzles surrounding the spindle and rotary axis. A Henkel oil, Multan CRIO, was used 

for coolant in this research. The coolant oil had a boiling point o f 260°C [180].

3.2 Workpiece materials

3.2.1 Workpiece characterisation: Cobalt Chrome alloy

Cobalt Chrome alloy is widely used in the orthopaedic implant industry for both 

femoral components and tibial trays. Typically the alloy comprises o f a high percentage 

o f Cobalt, Chromium in combination with Molybendum and Carbon resulting in an 

alloy with high strength, hardness, elastic modulus and wear resistance. Cobalt Chrome 

alloy also has a high resistance to corrosion due to its chromium and molybdenum
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content [10, 181]. The standard C obalt Chrome alloy used in investm ent casting o f  

biom edical implants is designated as A ST M  F75, and com prises o f  27 -  30%  

Chromium, 5 -  7% M olybdenum  and 0.35%  Carbon [182].

Implant Alloy ASTM
Designation

Elastic
Modulus
(GPa)

Yield
Strength
(MPa)

Ultimate
Strength
(MPa)

Fatigue
Strength
(MPa)

Hardness
(Vickers
Hardness)

Elongation 
at Fracture 
(%)

Stainless steel
ASTM F138 190 792 930 241-820 130-180 43-45

CoCrMo alloys
ASTM F75 210-253 448-841 655-1277 207-950 300-400 4-14
ASTM F90 210 448-1606 1896 586-1220 300-400 10-22

Ti alloys
Ti-6A1-4V ASTM 136 116 897-1034 965-1103 620-689 310 8
cpTi ASTM F67 110 485 760 300 120-200 14-18

T ab le  3.2: M aterial properties o f  b io m ed ica l a llo y s  [181]

The properties o f  the alloy are described in Table 3.2. C om m only used  

com mercial/proprietary nam es to describe this alloy include V itallium  and H aynes 

Stellite-21. W hen Cobalt Chrome alloy  is investm ent cast, the alloy is m elted at 1350 to 

1450°C and then poured into ceram ic m oulds o f  the desired shape. The m oulds are 

made by fabricating a w ax pattern to near-final dim ension and then coating the pattern 

with a special ceramic. A  ceram ic m ould remains after the w ax is m elted out. The 

m olten metal is then poured into the m ould. The m olten metal is then poured into the 

mould. O nce the metal has solidified  into the shape o f  the m ould, the ceram ic m ould is 

cracked away and the cast implant can then be m achined to its final d im ensions [183].

Cobalt undergoes a structure transformation at 450°C  and is face centred-cubic 

,fcc, above this temperature and hexagonal close-packed, hep, below  it. M ixtures o f  

both structures usually exist at room  temperature. A s-cast Cobalt Chrome alloy  

typically consists o f  an alpha phase Cobalt-rich matrix , plus interdendritic and grain- 

boundary carbides, primarily M 2 3C 6 where M represents Cobalt, Chromium, or 

M olybdenum . The precipitates have been noted to be the main strengthening  

m echanism s w hich  help to increase the abrasive wear resistance in these types o f  a lloys 

[183-186]. The alpha phase grains o f  Cobalt Chrome alloy are also quite large and can 

be seen  in Figure 3.7 along w ith the interdendritic phase [183, 185].
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Figure 3.7: A s-cast microstructure show ing features at grain boundaries and interdentritic regions (optical
micrograph) [185]

Many o f  the attributes that contribute to Cobalt Chrome alloy being an excellent 

biom aterial also contribute to m aking the alloy difficult to cut, necessitating the use o f  

tough abrasives such as CBN  [8 ], A lum inium  O xide w heels, AI2 O 3 , have been found to 

wear at a faster rate during grinding o f  Cobalt Chrome alloy. One o f  the best attributes 

o f  Cobalt Chrome alloy is corrosion resistance, which is related to its high chrom ium  

content and the surface oxide, nom inally Cr2 0 3  [183], H ow ever, this surface oxide has 

been found to strongly adhere to alum inium  oxide ow ing to the mutual solubility o f  

these tw o oxides [40]. This effect may have an increase on the rate o f  attritious wear o f  

the alum inium  oxide w heel due to the affinity o f  alum ina for metal oxides. In 

com parison, the wear process w as found to be mainly physical during grinding with  

C B N  w h eels, since C B N  is more stable at high temperatures [187].

M etallurgical examinations o f  Cohalt Chrome m aterial

M etallurgical exam inations w ere carried out in order to exam ine the 

microstructure o f  the supplied investm ent cast femoral Cobalt Chrome material. 

Sam ples were cut by m eans o f  w ire electrical discharge m achining from three as-cast 

implants and three post-m achining implants near the patella track and just to the left o f  

the casting gate on the femoral condyle. The sam ples were then mounted in epoxy resin 

and polished  in three stages; first with 320 grit paper, then 1200 grit paper, and finally  

polished w ith a diam ond suspension solution to a 1 |xm surface finish.
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Figure 3.8: SEM im age o f  Cobalt Chromium F-75 alloy from femoral implant

A Zeiss Supra Variable Pressure Field Emission Scanning Electron Microscope 

was used for examination o f the etched surfaces. Figure 3.8 and Figure 3.9 show a SEM 

image taken near the patella track. The carbides present in the material and grain 

structure are clearly visible. Carbide phases form with the added carbon in the alloy and 

act to reduce the wear rate o f the Cobalt Chrome alloy through their increased hardness 

[186, 188].

SOOkV Zone Mag- 2.88 KX 
■j W D = 4 .7  mm

InLens Tlme:12:3822 15 J u n  2011

File N a m e = P M 2 _ 1 0  tif

Figure 3.9: SEM im age o f  carbide phase in Cobalt Chrome alloy from femoral implant
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condy le  section

■  C ast  R ight C o n d y le  

C ast  P a te l la  T rack

M a c h in e d  Right C o n d y le  

M a c h in e d  P a te l la  Track

patella  sec tion

V I 4 0

Figure 3.10: M icrohardness measurements o f  Cobalt Chrome alloy femoral implant sections

M icrohardness measurements o f the workpiece were taken using a Mitutoyo 

hardness testing machine at a load o f 1 kg and 15 s indent duration with a Vickers 

indenter. Microhardness results are shown to be similar for the various implant sections 

with a mean o f approximately 37 HRC, as shown in Figure 3.10.
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T ool :  CBN B 3 0 1  Gri t C o o l a n t :  O i l -B a se d

Figure 3.11:  Nanoindentation hardness values for an as-cast and post-grinding condyle section

Nanoindentation hardness tests were also performed on the samples. A MTS 

nanoindenter XP with a diamond Berkovich indenter was used to perform the tests. An 

example o f nanoindentation results is shown in Figure 3.11, where nanoindentation was
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performed over the depth o f the sample from the surface to a depth o f 196 |im with a 

spacing o f 4 ^im. Comparable values o f nanohardness have been found by Warren et al. 

to be 8.8 GPa for the ground surface o f AISI 52100 steel [189]. The seemingly random 

increases in nanohardness can be attributed to the carbide phase content o f the alloy. An 

indication o f the hard casting skin is illustrated in the graph for the cast section o f the 

femoral condyle, where the hardness is at its maximum at the surface, and decreases 

through the depth o f the sample until a depth o f approximately 36 microns where the 

hardness then levels off. Typical depths o f cut during grinding o f the femoral implant 

ranged from approximately 0.1 mm to 2 mm, therefore it can be assumed that the cast 

skin layer was removed after grinding. An interesting finding in terms o f the grinding 

process is also shown in Figure 3.11 where some indication o f grinding-induced 

hardness is shown near the surface over approximately the first 20 |im o f the sample. 

This implies that if  significant temperatures are present in the process workpiece 

hardness could be induced by the process.

3.2.2 Planar grinding workpiece

Workpiece material was supplied for the planar grinding tests in the form of 

investment-cast bars o f Cobalt Chrome alloy. Test parts in the shape o f T-bars were 

then sectioned and milled from the cast bars with thickness o f 8 mm, flat surface area o f 

68 mm x 25 mm, designed to fit in the machine fixture, as shown in Figure 3.12. The 

bulk hardness o f the Cobalt Chrome alloy used in these tests was measured and found to 

be approximately 37 HRC.

Figure 3.12: Schematic o f  w orkpiece dim ensions

3.2.3 Experimental setup

The Cobalt Chrome alloy specimens used in the planar grinding tests were held in the 

machining arbour with an additional clamp in order to provide stability in the Y-
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direction and in order to prevent excessive chatter vibrations during machining. Figure 

3.13 shows the clamping arrangement and design.

left  w h e e l  u se d  in t e s t s

m a c h in in g  d i rec t io n

t -b a r
w o rk p ie c e

c o o la n t
nozz les

a r b o u r

Figure 3.13: (a) Clamp and workpiece (b) Clamp and w orkpiece installed on arbour

Surface grinding tests took place in the Y-direction. The spindle was a two-end 

spindle with two wheels installed; all tests were performed using the wheel on the left as 

illustrated in Figure 3.13. The left and right wheels were distinguished by an ‘X ’ and 

‘X X ’ laser mark on the steel wheel body respectively. This also enabled identification 

when the wheel set was unmounted from the spindle.

3.2.4 Femoral component workpiece

Femoral implant castings were used for the machining trials, an example is shown 

in Figure 3.14 where some key part dimensions are illustrated. An interesting feature to 

note is that the radii over the freeform surface vary between 15 -  25.4 mm. The height 

o f the casting gates is not included in this schematic which can extend up to 2 mm 

above the surface o f the implant.
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CAD model front view rear view

box area casting gates

57.2 mm

65.6 mm

71 mm
patella track

/

casting gates 

right condyle left condyle

Figure 3.14: Schem atic o f  implant dim ensions and photograph o f  typical implant casting used in tests

Figure 3.15 illustrates the femoral implants held in place on the machine arbour. 

A post-machined implant is shown on the left and an implant casting is shown on the 

right. During abrasive machining of femoral implants the A-axis rotates and the spindle 

moves up and down in the Z-direction for each toolpath line perpendicular to the X- 

direction. The toolpath spacing is the amount by which each toolpath line is separated 

by in the X-direction.

Implant castingimplant post-grinding

Figure 3.15: Experimental setup with machine axes

3.3 Workpiece surface and tool wear characterisation

3.3.1 Workpiece surface roughness measurement

The surface roughness profilometer used to measure the surface roughness 

average, Ra, for the Taguchi array tests in Phase 1 was a Mitutoyo Suftest SJ-400 

profilometer with a 5 (xm nominal stylus tip. The evaluation length was 2.5 mm, the cut-
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off length, Xc, was 2.5 mm, and the traverse speed was 0.5 mm/s. The average 

roughness parameter was measured 5 times along each tool path in order to obtain the 

mean value. No curvature compensation was used.

3.3.2 Tool wear measurement

The wheels used in this particular application are B301 electroplated CBN wheels. 

Electroplated CBN wheels are characterized by a single layer of grits electroplated to 

the steel wheel hub with a nickel alloy. According to the supplier, the thickness of the 

electroplated layer is typically half that of the grit size, as the grit size in this application 

is 301 fim the electroplated layer therefore has an approximate thickness of 150fjm. As 

there is only one layer of CBN grit present, the wear that occurs during the grinding 

process is typically micro wear where the individual grains wear down or are dislodged 

from the bond, as opposed to the macro wear with significant wheel diameter reduction 

that would appear with resin bonded or conventional grinding wheels.

Wear of grinding wheel grits has always been difficult to measure due to the 

various different angles and orientations of the individual grits and the large quantity of 

grits present [40]. A number of methods were attempted in this research in order to 

quantify wheel wear, however, optical microscopy with a USB camera as well as wheel 

replication utilizing an optical microscope proved to be the most effective methods for 

the quantification of wheel wear.

Optical microscopy

Optical micrographs were taken of the wheel surface using a 5MP usb polarized 

microscope camera, Dinolite AM7013MZT, at 20x and 200x magnification. The 

grinding wheel was held on a granite base for stability and the USB microscope was 

clamped on a Mitutoyo stand perpendicular to the wheel surface. The areal packing 

density, or grains per unit area, for 10 images of an area of 16 mm^ for both the new and 

worn wheel was measured [88]. The count was performed manually by identifying and 

recording the number of grains with ImageJ image processing software.
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wear flat g ra in  p u l lo u t

Figure 3.16: Exam ple o f  optical micrograph from U SB  m icroscope for a worn electroplated w heel surface 
with wear flats v isib le, left: 20x  m agnification o f  16mm^ area for areal packing density measurement, 
right: 200x  m agnification

Wheel surface replication

After the machining tests were completed, replicas o f both the new and worn 

wheel were taken using Microset lO lTH material at 5 arbitrary locations around the 

wheel surface. Replicas o f the wheel surface were taken in order to avoid cutting a 

section out o f the steel hub which could still be replated and reused. M icroset lO lTH is 

a two-part synthetic rubber compound specified to have a resolution o f 0.1 ^m and 

exhibit high contrast characteristics. Cai et al. found that out o f  three different replicate 

materials tried including; Microset 101, Thixoflex and Contrast T which are both 

addition-curing silicone-based impression materials. M icroset 101 was the best replicate 

material tried due to Microsets 101 high resolution and easy application. Also, for a test 

using vitrified CBN wheels, the Rt surface roughness o f  the replica was found to be 

approximately 60%-90% o f the values for the wheel depending on the surface 

roughness o f the wheel, while the error using Microset replica was estimated to be less 

than 20% for fine-grain wheels [190].

Before application the wheel surface was cleaned with alcohol to remove any 

traces o f the oil-based coolant and debris. The replicate material was then applied to an 

area on the wheel surface with an application gun. Before the material set, a microscope 

slide was placed on top o f the material with a small weight to ensure that (a) the 

replicate material penetrated down to the electroplated nickel layer o f the wheel surface 

and (b) that there was a flat backing on the material to enable examination under the 

microscope. The replicate material was then left for an hour to cure, and subsequently
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peeled from the wheel surface when ready. An example o f the replicate material 

examined under the SEM is shown in Figure 3.17, where the difference between new 

sharp CBN grains and a worn wheel surface with an example o f grain pullout can be 

seen.

Optical micrographs were taken o f the replicas with a Leica DMLM microscope 

fitted with a 5MP Canon Powershot S50 camera. Images taken at lOx magnification o f 

the replicas reveal flat reflective areas which represent the wear flats on the active 

grains. Subsequently the wear flat area, A, which is the percentage o f the wheel surface 

consisting o f  wear flats, was estimated by calculating the wear flat by overlaying a fine 

grid on the optical micrographs [40]. The image processing and grid construction was 

conducted using ImageJ software.

SEM H V SO O kV  W D 5 4 6 0 m m
SEM MAG 402 X Dot SE Oetectoi
DBte(m/dV) 12A5S11 CMA

MIRA'- TESCANSE M H V S O O k V  WO 15 09
SEM MAG 3 3 3  x D«( SE D «
Dst»<m'd.'y> 1 2 /01 'H  CMA

MIRA'. TESCAN

Digital M tc'oscopy Imaging I

Figure 3.17: SEM im ages o f  w heel replicas (a) N ew  and (b) Worn

White light interferometry

The surface o f the replicas as well as certain workpiece samples were also 

examined with an Omniscan MicroXam white light interferometer. Three dimensional 

surface topography plots were produced from three replicas each o f the worn and new 

wheel. The topography plots were processed and curvature-compensated for in SPIP 6 

software. The plots were then analysed using MountainsMap 6.2 and the 3D surface 

topography parameters calculated as shown in Table 3.3.

The 3D surface topography parameters Sa and Sdq are part o f the 12 S-parameter 

set in the ISO standard 25178-2 (2012) Geometrical Product Specification (GPS) -  

Surface Texture Areal -  Part 2 [166]. Sa is a height parameter describing the 

arithmetical mean height while Sdq is a hybrid parameter which describes the root mean
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square gradient of the surface. Sds is another spatial parameter which is the number of 

sum^mits of a unit samphng area, useful for describing the density of grain summits on a 

grinding wheel. SSc is a hybrid parameter which describes the average of the principle 

curvatures of the summits within the sampling area, which can provide an evaluation of 

the average radius of the grits which describes the sharpness of the grits [191]. An 

example of results obtained from white light interferometry detailing the average 

surface roughness, Sa, of the surface area is shown in Figure 3.18.

For examination of the surface roughness parameters for the replicas of the wheel 

surface, some processing of the data was applied in SPIP Image Metrology software. 

Any obvious outliers in the data from light scattering in the z-direction were first 

removed. A three degree polynomial plane correction was then applied to the data. A 

selective threshold Fourier filter, a function in the SPIP software, which is a 

combination of a low-pass or smoothing filter, and a high-pass filter to detect contrast 

with a threshold, set to 20 % in this case, was then applied to the data in order to remove 

noise from light scattering.

Parameter Description Units
Sa Surface area roughness nm
Sds Density o f  peaks mm'^
SSc Mean summit curvature m m '
Sdq Root mean square value o f  surface slope

Table 3.3; Surface Topography Parameters

cast right condyle  g ro u n d  right condyle
Sa = 2.48 pm  Sa = 1.31 pm

x: 0.73 mmx: 0.73 mm

Figure 3.18: Example o f  white light surface roughness values for cast and post-abrasive machining for
condyle section o f  femoral implant
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3.4 Laser measurement 

3.4.1 Laser measurement rig

During abrasive machining depths o f cut o f between approximately 0.1 mm and 2 

mm can occur, based upon measurements taken between castings before and after 

machining. The thin layer o f material removed can be detected using a laser sensor that 

measures displacement through the principle o f optical triangulation. A special purpose 

laser measurement rig was designed in order to measure the material removed during 

abrasive machining, as detailed in Figure 3.19. The laser sensor used, MicroEpsilon 

ILD -1700-50, provides a linear measuring range o f 50 mm and a resolution o f 3 |im, 

where the resolution refers to the smallest possible change o f a quantity which can be 

reliably measured by the sensor.

The specified linearity o f the sensor for the full scale output is +/- 0.08% or 40 

|im, where linearity is the largest deviation from a best-fit straight line over the 

measurement range created by data from the sensor with reference taken from a true 

distance scale. The spot diameter at midrange for the laser was 55 (im, the distance 

between all measurements taken with the laser displacement sensor were greater than 

this value in order to prevent overlapping o f the laser spot.

A resolution o f 10,000 pulses per rotation is used for the servo-motors in this 

application. A linear slide provides the X-axis travel and the associated screw lead is 

2.54 mm with a linear resolution o f 0.00254 mm, which is close to the resolution o f the 

laser displacement sensor. The backlash, where backlash is the axial distance the nut 

can be moved without turning the lead screw, and the lead screw accuracy were 

examined by the suppliers for a 12.7 mm lead screw and a 3 kg load and were found to 

be < 0.003 mm and 0.0006 mm/mm respectively.

For the purposes o f this testing and verification stage a static measurement 

strategy is employed. This is in order to avoid the risk o f associated error with dynamic 

data acquisition during movement o f the motors. Distance measurements along the 

profile o f the implant are accomplished through the following measurement strategy; 

the laser is fired, displacement is recorded, the motor moves the part by a set step along 

the X-direction, the laser is fired and the procedure repeats until a full profile scan is 

acquired, as described in the schematic shown in Figure 3.20. As movement in the 

linear X-axis took place in one direction the risk o f backlash was minimized.
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Once a fu ll profile scan is acquired the implant is then rotated by a set value and 

the procedure is repeated until the fu ll implant surface has been scanned. This procedure 

is controlled through Labview 2011 and associated V i ’ s.

Laser Measurement System Technical Data

Control
National Instruments Labview 2011

Servo motors
RP Mechatronics RCM-23L30-RT3
Torque 0.87 Nm
Encoder resolution 50,000 pulses /  rotation
Maximum rotational speed 2000 rpm

Travel
Reliance Cool M otion Stage RCMS23L-0100
X-axis linear slide 304.8 mm
Linear slide resolution 2.54 nm
Based on 12.7mm lead w ith a 3kg load
Backlash <0.003 mm
Lead accuracy 0.0005 m m /m m

Laser sensor
MicroEpsilon ILD-1700-50
Linear measuring range 50 mm
Spot diameter at m idrange 55 |jm
Resolution 3 pm
Linearity (FSO) 40 pm or +/- 0.08 %

Figure 3.19: Schematic o f developed laser measurement system and associated technical data, FSO -  Full
Scale Output/full range

servo  nnotor ■ rv% I —t I ^ *•

laser displacement sensor
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Motors

Open motion comms and 
move to start position

r ---------------------------------------------------------
I For rotation angles 1:260

For X-direction steps 1;260

Write laser and motor 
position to file

Return to origin

Motors

Move motor by step value in 
X-direction

M otor linear movement

Record data

Open laser comms and 
acquire laser point data

Laser

Rotate motor in A-direction

M otor rotation

;_________________________________________ j

Figure 3.20: Labview schematic o f laser measurement iabview control system
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Chapter 4 

Process characterisation through power monitoring

Internal machine signals can be a useful means o f monitoring a cutting process, as 

indicated in Chapter 2. Spindle power is related to grinding process energy, forces and 

heat generation in the workpiece. The magnitude and rate o f energy transfer in the 

process determines to an extent the occurrence o f form deviations, thermal damage and 

residual stresses o f the workpiece. Power expended during abrasive machining is 

primarily influenced by operational parameters, tool wear and the machinability o f the 

workpiece. The sensitivity o f the internal machine power signal to changes in process 

parameters is an important consideration if the signal is to be utilised for process 

monitoring. Therefore, it is necessary to understand how changes in cutting velocity, 

depth o f cut and tool condition affect the power signal, and the sensitivity o f the internal 

machine signal to these process changes. This has been studied in a limited fashion for 

the milling process previously [143, 161]; however, the characterisation o f internal 

machine signals for abrasive o f Cobalt Chrome alloy with electroplated CBN wheels 

has not yet been investigated.

This chapter therefore aims to:

(a) Characterise the machine internal power signal

(b) Investigate the power signal response with respect to varying grinding 

parameters

4.1 Evaluation o f signal: power monitoring and material removal

The first step in utilising a power signal as a process metric is to quantify the 

power response without material removal. This is the base level o f power drawn by the 

spindle necessary for rotation at the set speed. Spindle active power was measured at a 

variety o f speeds up to the maximum machine rated rotational value o f  8000 rpm whilst
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holding the grinding spindle stationary, an example raw data plot is illustrated in Figure 

4.1.

20.000 tu rn  on spindle rotatat ion  at  8000 rpm turn  off

5  10 ,000-

■o - 1 0 , 0 0 0 -

Tim e (s)

P aram ete r;
Vs = 84 m /s

Tool;
N ew  E le c trop la ted  CBN 
B 30 1 G ri t

C oolant;
Henkel M u l tan  CRIO

- 20,000

Figure 4.1: Example raw data plot for spindle active pow er rotating at 8000 rpm

As shown in Figure 4.2 there is a relatively linear increase in power until 7000 

rpm is reached, past this point at 8000 rpm spindle power is shown to drop slightly. This 

departure from the increasing trend is likely related to the efficiency o f the motor; a 

measure o f how well input electrical energy is converted into mechanical output energy. 

Constant losses in the motors circuit can be due to friction, windage and iron losses. 

Since constant losses are essentially independent o f load, whilst stator and rotor losses 

depend on the square o f the load current, the overall efficiency o f a typical induction 

motor can be significantly low at low load levels [192, 193]. Typically motors run more 

efficiently closer to their rated power, usually in the range o f 50-100% [194]. This may 

go some way towards explaining the lower power draw at the fastest rotational speed of 

8000 rpm, where at 8000 rpm, the highest load level without machining, the circuit is 

more efficient at converting electrical to mechanical energy, and therefore less power is 

required at this setting.

The effect o f applying coolant in the process is also illustrated in Figure 4.2. The 

coolant fluid fed in under pressure exerts a braking effect on the grinding wheel surface, 

thus the magnitude o f the spindle power is increased significantly when the coolant 

supply is turned on. The hydrostatic pressure from the coolant can be seen to have an 

increased braking effect as the spindle rotational speed is increased [125].

Another interesting feature from Figure 4.2 is the difference in trendlines shown 

for spindle current and power. This can be attributed to the voltage from the frequency
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inverter stepping up as the rotational speed is increased [195], As the voltage can 

change depending on the rotational speed o f the drive it is generally better to monitor 

the power as this quantity takes both the voltage and current into account.

Rotational Speed (RPM)

Pow er Coolant On 

Pow er Coolant Off 

« C urrent Coolant On 

 C urrent Coolant Off

J3 1200 -

i  1000 -

31 42 52 63

Rotational Speed (m /s)

Parameter:
Vj = 5 - 84 m /s

‘7T
a
E Tool:

E lectroplated
c
Q>w CBN, B301 Grit
w
3

KJ
Coolant:

*o
C Oil-Based
Q.(/)

Figure 4.2: Mean spindle power consum ption versus rotational speed

An example o f a frequency domain plot for a spindle speed o f 84 m/s is shown in 

Figure 4.2. The main spindle rotational frequency o f 133.2 Hz can be detected in the 

spindle power signal with a further harmonic frequency o f  66.7 Hz.

■5T1000 
g  900^ 

5  800 

I  700^ 

.> 600
<  500 0
E  400 

W 300-

■o 2 0 0 -3
1 .  100 -  

E
<  0

— V = 84 m/s 133.2 Hz

66.7 Hz

[

Parameter:
Vj = 84 m /s

Tool:
New Electroplated 
CBN, B301 Grit

Spindle Rotational 
Frequency:
8000 rpm  = 133.33 Hz

0 20 40 60 80 100 120 140 160 180
F requency  (Hz)

Figure 4.3: FFT exam ple plot for spindle rotation at 8000 rpm

The frequency component responsible for spindle rotation determined through 

Fast Fourier Transform o f the data is illustrated in Figure 4.3. The amplitude o f the
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corresponding signal noise for the active spindle power is also illustrated in Figure 4.4, 

where it can be seen that as the rotational speed o f the spindle increases so too does the 

‘noise’ component related to the frequency for powering the rotation o f the spindle. 

This component needs to be subtracted from the main signal in order to obtain the 

power due to material removal.
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Figure 4.4: Spindle rotational frequency response

The frequency component o f the spindle power data related to rotational speed 

presents a linear trend, whilst the peak to peak noise associated with the rotational 

frequency resembles a trend similar to that shown in Figure 4.1 for the mean spindle 

power and current values. The maximum rated rotational speed at 8000 rpm presents a 

relatively efficient speed in terms o f both spindle active power consumption as well the 

associated noise component.

The next stage in examining the power signal was to characterise the power 

expended during the material removal process. Flat surface grinding was performed on 

workpiece specimens o f Cobalt Chrome alloy. Operational parameters that may be 

encountered during a typical abrasive machining operation o f a femoral implant were 

selected. An example o f  a cut from abrasive machining across a Cobalt Chrome alloy T- 

bar shaped workpiece is shown in Figure 4.4. The grinding tracks across the ground 

surface typical o f a new sharp electroplated CBN wheel are visible.
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i

Parameter:
a = 0 .8 m m  
Vs = 84  m /s  
Vf = 55 m m /s

Material:
CoCrMo F-75 Alloy 

Tool:
N ew  E le c trop la ted  CBN 
B301 Grit

Coolant:
Henkel M ul tan  CRIO

Figure 4.5: Example o f  two ground tracks across T-bar shaped workpiece

An example o f a spindle power trace for surface grinding with a new wheel and 

0.8 mm depth o f cut is presented in Figure 4.5. Both the raw data and RMS moving 

average are illustrated. The region denoted by A shows the power consumed as the 

wheel approaches the workpiece. This is the power necessary for spinning the wheel at 

the required speed with coolant turned on. Region B denotes the power consumed 

during abrasive machining o f the workpiece. A significant increase in power can be 

seen here over the duration o f wheel-workpiece contact. At a feed rate o f 55 mm/s, the 

time taken to traverse the workpiece o f length 25.15 mm is 0.46 seconds; which is 

approximately the duration o f increased power corresponding to wheel-workpiece 

contact shown in Figure 4.5. Region C denotes the power consumed where the wheel 

has exited the workpiece.

B, contact w ith  workpiece

Raw Data
RMS Moving Average

-1000 I • “ • ' • ’ I T '  T  T --------- ' : ' • ' ■ 1 -  !

0 1 2 3 4 5
Time (s)

Figure 4.6; Spindle power trace example

Parameter:
a = 0 .8  m m  
V; = 84  m / s  
Vf = 55 m m /s

Material:
CoCrM o F-75 Alloy 

Tool:
N e w  E le c t ro p la ted  CBN 
B301 Grit

Coolant:
Henkel M u l ta n  CRIO
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The corresponding spindle current trace recorded during the same abrasive 

machining operation is shown in Figure 4.6. As expected, spindle current exhibits the 

same trend as spindle power shown in Figure 4.5.

contact w ith workpiece

Raw Data 
RMS Moving A verage

Time (s)

Figure 4.7: Spindle current trace exam ple

Parameter;
a = 0 .8  m m  
Vs = 84  m /s  
Vf = 55 m m / s

M aterial:
CoCrM o F-75 Alloy 

Tool:
N ew  E le c trop la ted  CBN 
B301 Grit

Coolant:
Henkel M u l tan  CRIO

Certain feed axes are also sensitive to the grinding process. During a surface 

grinding operation, the spindle, operating on X, Y  and Z axes approaches the workpiece, 

as shown in Figure 4.7. The grinding wheel then moves across the workpiece in one 

toolpath across the Y-axis, at a fixed X and Z value. The rotary arbour A-axis is also 

held stationary during this operation.

m a c h i n e  s p in d le  

—  g r in d in g  a r b o u r

Figure 4.8; Schem atic o f  experimental setup

e l e c t r o p la t e d  CBN 
g r in d in g  w h e e l

w o rk p ie c e
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Despite the fact that the A-axis is held stationary during surface grinding, a 

negative current response is still observed in both the vertical Z-axis and the rotary A- 

axis, where the dynamic current response is illustrated in Figure 4.8, for the same 

operation as shown in Figures 4.5 and 4.6.
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Figure 4.9: Feed axis A and Z response during grinding

Parameter:
a = 0 .8  m m  
Vj = 84  m /s  
Vf = 55 m m /s

Material:
CoCrM o F-75 Alloy 

Tool:
N ew  E le c t ro p la ted  
CBN BB OlGrit

Coolant:
Henkel M u l tan  CRIO

The resultant force in the vertical Z direction is realised as a small drop in current 

as the tool and spindle are effectively supported by the workpiece for a short period of 

time during the abrasive machining operation. The A-axis response is also shown as a 

drop in current, however, the response is a sharp one in contrast and appears to be 

compensated for rather quickly through a resulting increase in current after the 

machining event. This can be attributed to the drive’s servo-mechanism, whereby a 

change in position is corrected for through a change in pulse width modulation o f the 

voltage, resulting in a change o f the current value. In order to further examine the digital 

feed drive current signal behaviour, current was recorded during a basic oscillating 

movement o f back and forth and up and down o f the corresponding feed axes. Current 

traces for the rotary A and linear Z axes are illustrated in Figure 4.10 and Figure 4.11.
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Figure 4.10: Typical m ovem ent trace in Z -A xis

Parameter:
V , = 21 m m /s

Tool:
Electroplated 
CBN, B 301Grit

Toolpath:
Linear
m ovem en t up 
& dow n in 
vertical Z-axis

A change in direction o f current is shown to result in a change o f direction o f the 

axes movement. The feed rate is dependent on magnitude o f the current. Current 

remained at an unchanged value when the axis was held stationary. Referring back to 

Figure 4.9, during abrasive machining, the change in current magnitude with fixed A 

and Z-axis position can be attributed to the large forces experienced during the grinding 

operation.
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Figure 4. II: Typical m ovem ent trace in A -A xis

Tests were carried out to examine the power signal’s sensitivity towards material 

removal. An experiment was carried out to record spindle active power at various 

depths o f cut during abrasive machining o f Cobalt Chrome alloy. Parameters selected 

were analogous to those typically used during the abrasive machining o f Cobalt Chrome 

alloy femoral implants. Power was shown to increase in a relatively linear manner as
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depth o f cut was increased, as shown in Figure 4.12. This result indicates that the 

spindle power signal is a sufficiently sensitive parameter to detect changes in depth o f 

cut during abrasive machining o f  Cobalt Chrome alloy. This trend is also in line with 

previous findings in the literature where spindle power was found to increase almost 

linearly with increasing depth o f cut during high speed milling [196],
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Figure 4.12: Spindle active cutting power for various depths of cut

However, if  the grinding wheel geometry is considered, a reasonable expectation 

would be a non-linear relationship between depth o f cut and spindle power, due to the 

circular cross-section o f the wheel. Indeed, with increasing depth o f cut the relationship 

with engaged tool-workpiece area is non-linear, as given by Equation 4.1 and further 

illustrated with the curve in red in Figure 4.13. The range o f depths o f  cut evaluated in 

this experiment where, a = 0.2 -  1.2 mm, go some way towards explaining this 

behaviour, where it can be seen that within this range the trend is almost linear, thus 

giving rise to the approximately linear increase in power with depth o f cut in 

experimental results, as shown in Figure 4.11. With depths o f  cut below approximately 

0.2 mm and above approximately 1.2 mm it is interesting to note that the trend becomes 

highly non-linear with increased cross-sectional area o f engagement.

/4j =  R^cos~^ ^ ^ ^  — (/? — a ) ^ 2 R a  —
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Figure 4.13: Effective wheel cutting area cross-section versus deptii o f  cut

An experiment was performed in order to investigate the Hmit to which depth of 

cut could be detected through power monitoring with a new wheel. Cutting power is 

shown in Figure 4.14, where for a 0.1 mm depth o f cut, the mean value for three tests is 

231 Watts. The increase in power for values less than a = 0.1 mm, with a corresponding 

cross-sectional engaged area. As = 0.21 mm , become difficult to detect above the noise 

level responsible for wheel rotation when grinding with a new wheel. Although the 

rotary A-axis was held at a fixed value o f 0 degrees throughout the tests, the impact o f 

machining was still detectable through the change in current recorded for the axis. 

Figure 4.15 illustrates the effect o f changes in depth o f  cut with a change in current o f 

0.26 Amps for a 0.1 mm depth o f cut. The results indicate that the feed A-axis is 

suitable for use as a secondary process monitoring metric in conjunction with spindle 

power.
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Figure 4 .15: D epth o f  cu t lim it tests

Parameter:

a = 0.1 - 0.3 mm 
vs = 84 m /s 
vf = 55 m m /s

Material:
CoCrMo F-75 Alloy

Tool:
New
E lectroplated CBN 
B301G rit

Coolant:
Henkel M ultan CrlO

As mentioned in Section 2.1.3, tool wear can give rise to excessive process forces 

and heat, which may in turn be detected through power monitoring. An experiment was 

designed to determine if a difference in spindle power consumption could be detected 

between a new and worn tool during abrasive machining of Cobalt Chrome alloy. The 

depth of cut parameter was varied while feed rate and wheel speed were maintained at a 

constant value based on standard values for femoral abrasive machining. A new wheel
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and a wheel considered to be in a worn state were evaluated. Spindle active power was 

measured during machining.

Depth o f  Cut (mm) Wheel Condition
0.4 New
0.6 Worn
0.8

Table 4.1: Test parameters to evaluate the effect o f  wheel wear

Surface area roughness, Sa, of the machined tracks in the workpiece was 

examined through white light interferometry. Cutting power for both a new and worn 

wheel is illustrated in Figure 4.16, while the corresponding workpiece surface 

roughness measurements are illustrated in Figure 4.17.
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Figure 4.16: Cutting power for new and worn wheel
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Figure 4.17: Workpiece surface roughness for new and worn wheel
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The lower value o f Sa  for the workpiece machined with the worn wheel, as shown 

in Figure 4.17, indicates a quantifiable difference in wheel condition between the new 

and worn wheels. The difference in cutting power between the two wheels is significant 

with the worn wheel consuming considerably more power on average during abrasive 

machining than the new wheel. This is similar to findings by Guo et al. where spindle 

power measured by a universal power meter was found to increase with a corresponding 

decrease in surface roughness as the wheel was worn down and the volume o f  material 

removed increased [89]. The increase in spindle power as the wheel wears as shown in 

Figure 4.16 can be attributed to the increased forces and temperatures experienced when 

machining with worn CBN wheels [84].

Specific Energy and Area Specific Power

A key fundamental metric related to the power consumed in the process is known 

as the specific energy, u, which is defined as the energy per unit volume o f  material 

removed. The specific energy o f  the cutting process is the work required to convert a 

cubic volume o f metal into chips, and can be used as a metric to describe the efficiency 

o f most machining processes [197]. The specific energy includes the energy needed for 

chip formation, plowing, sliding as well as elastic deformation. Typically abrasive 

machining process incur more material deformation, both elastic and plastic, and as a 

result specific energy for abrasive processes is usually higher than for other machining 

processes such as milling or turning [198].To investigate further the impact o f tool 

wear, specific energy, u, the energy expended per unit volume o f material removal was 

calculated as follows:

Where P is the cutting power, v/, the feed rate and As, the area o f material removal 

due to the toric shaped wheel, where R is the minor tool radius o f 12 mm and a is the 

depth o f cut, as given in Equation 4.1. A secondary energy-related process parameter is 

given by the area specific power, Pc ’ calculated over the geometric contact length of 

the wheel, Ig [74, 93]. Area specific power is the power per unit area o f material
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removed and is also assumed to be equal to the heat q, generated in the process. Area 

specific power, Pc”, is given by Equation 4.3:

p "  - J L

Where,

Ig =

Where ds is the wheel diameter o f 200 mm and h is the contact width.
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Figure 4.18: Specific energy, u, and area specific power, P c ”
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A significant increase in specific energy was found with a worn wheel, as 

illustrated in Figure 4.18. As discussed in Section 2.1 the increase in specific energy for 

a worn wheel can be attributed to the sliding o f wear flats against the workpiece surface. 

This constitutes a large portion o f the total grinding energy as the wheel wears during its 

lifespan. In comparison, during abrasive machining with a sharp new wheel most o f the 

specific energy can be attributed to cutting and plowing with little to no sliding 

occurring due to the absence o f wear flats at the beginning o f the wheels life. The 

magnitude o f increase o f specific energy o f approximately 20 -  30 J/mm^ with a worn 

wheel is quite high and this can have a significant effect on the process whereby as the 

wheel wears the risk o f induced thermal damage increases. Figure 4.18 also shows area 

specific power calculated for the tests. The trend in area specific power, Pc” was found
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to be quite similar to that o f specific energy, with a significant difference in area 

specific power for a new and worn wheel illustrated.

4.2 Establishing key process metrics 

4.2.1 Experimental setup: Taguchi L16 test array

The next set o f experiments aimed to establish the influence o f a variety o f 

process parameters and tool wear on key process metrics including power, specific 

energy and surface roughness. Taguchi methods can be used for screening purposes, 

when the experimenter is interested in addressing main effects in an efficient manner 

with a minimum o f experimental tests. Taguchi test arrays are fractional factorial 

experiments. The fractional factorial design focuses on main effects and lower-order 

interactions while assuming that higher order interactions between the variables do not 

exist. Such designs are suitable for a screening process, where many parameter settings 

have to be selected and it is necessary to keep the study size at a minimum number o f 

tests [199], In the case o f this abrasive machining process the existence o f main effects 

and their associated magnitudes are o f interest, rather than interactions between the 

factors as it is likely that the interaction effects are rather small in comparison to the 

main effects.

This study utilized a modified L16 Taguchi fractional factorial orthogonal array 

with analysis o f variance (ANOVA). Modified refers to the fact that the array is 

customised based upon the number o f levels each factor has, where in this case there are 

four levels for two o f the factors, and two levels for the remaining two factors.

Analysis o f variance involves partitioning o f the total variability o f a response into 

its individual components. The total sum o f squares and degrees o f freedom are broken 

up into components associated with the structure o f the factorial data collection process. 

Analysis o f variance essentially extends the two-sample t-test for testing the equality o f 

two population means to a more general null hypothesis o f comparing the equality of 

more than two means. One o f the main results from an ANOVA table is the p-value. 

The p-value takes into account the mean difference, the sample variance and the sample 

size, and if  the p-value is small the quantity likely has a main effect on the response 

variable [199-201]. The per cent contribution ratio, PCR, is calculated as [202]:
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Where;

S S /
PCR = ^ x l O O  

SSr
(4.5)

55;  =  SSa -  VgVA (4.6)

Where SSa’ is the expected sum o f squares for the main effect, A, SSa are the 

calculated sum of squares, SSj are the total calculated sum of squares Ve is the variance 

component for error and Va are the degrees o f freedom for A. The percent contribution 

ratio is the pure sum of squares divided by the total sum o f squares in order to express 

the impact o f a factorial effect.

The test array is shown in Table 4.2, where each set o f test parameters was 

replicated 3 times. The factor levels were chosen based on previous experience with a 

reasonable spread in values, for feed rate, wheel speed and depth o f cut. In order to 

examine the effect o f wheel condition a new wheel and a second wheel deemed to be 

near the end o f its life was provided by the partner company for the duration o f the test.

Test Number Wheel Speed 
(m/s)

Feed Rate (mm/s) Depth of Cut 
(mm)

Wheel Set

1 52 42 0.5 New
2 52 51 0.5 New
3 52 59 1 Worn
4 52 68 1 Worn
5 63 42 0.5 Worn
6 63 51 0.5 Worn
7 63 59 1 New
8 63 68 1 New
9 73 42 1 New
10 73 51 1 New
11 73 59 0.5 Worn
12 73 68 0.5 Worn
13 84 42 1 Worn
14 84 51 1 Worn
15 84 59 0.5 New
16 84 68 0.5 New

Table 4.2: Modified Taguchi L16 array

Tool wear was quantified through surface topography parameters. The areal 

packing density was measured using a 5MP usb polarized microscope at 20X 

magnification. The average o f the areal packing density for 10 images o f an area o f 

16mm for both the new and worn wheels was taken. Replicas o f the wheel surface
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were also taken and the wear flat area. A, was estimated from optical micrographs taken 

o f the replicas. Surface topography measurements o f the replicas were also taken using 

a white light interferometer, and the topography parameters o f density o f  summits, Sds, 

summit curvature, SSc, and Root Mean Square Gradient, Sdq, which is the RMS-value 

o f the surface slope within the sampling area, were calculated from the 3-Dimensional 

white light data.

Spindle active power was measured using the Sinucom Trace on the machine 

HMI, and cutting power data was processed in Matlab (version R2010a) with specific 

energy calculated for each test. The specific energy, u, was calculated through 

Equations 4.1 and 4.2 shown in Section 4.1, where R is the minor tool radius o f 12 mm 

in this case and a is the depth o f cut, as illustrated in Figure 4.19. For a depth o f  cut o f 

0.5 mm and 1 mm the machined track width, w, was approximately 6.8 mm and 9.6 mm 

respectively.

toric w h e e l  m in o r  radius 12 m m

AJcircu lar s e g m e n t )

Figure 4.19: Diagram o f  w heel intersecting with workpiece

Surface roughness was measured with a Mitutoyo Surftest SJ-400 surface 

roughness profilometer. Minitab software (version 16.2) was used to design the test 

array, perform statistical analysis (ANOVA) and produce main effect plots.

4.2.2 Results and discussion

The test results for response variables o f cutting power, specific energy and 

surface roughness including the mean and standard deviation o f the three test replicates 

are shown in Table 4.3.
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Test
Num ber

Cutting
Power

(W atts)

Cutting 
Power Std. 
Dev. (W)

Specific
Energy
(J/mm^)

Specific 
Energy Std. 

Dev. 
(J/mm^)

Surface 
Roughness, 

Ra (urn)

Surface 
Roughness, 

Ra, Std. 
Dev. (urn)

1 2842 85 29.3 0.88 8.22 0.17

2 3227 99 27.7 0.85 8.15 0.19

3 12122 435 31.7 1.14 7.50 0.05

4 12599 246 28.8 0.56 7.63 0.09

5 7162 35 73.7 0.36 7.61 0.05

6 7187 37 61.7 0.32 7.54 0.05

7 7249 467 19.0 1.22 8.08 0.21

8 8545 281 19.6 0.64 8.18 0.11

9 7219 501 26.4 1.83 8.18 0.21

10 7399 66 22.6 0.20 8.13 0.07

11 8280 285 60.9 2.09 7.45 0.04

12 9831 519 63.2 3.34 7.60 0.04

13 13287 67 48.7 0.24 7.54 0.14

14 13667 240 41.7 0.73 7.64 0.12

15 3930 747 28.9 5.49 8.31 0.13

16 3694 250 23.8 1.61 8.05 0.23

Table 4.3: Taguchi L I6  Array with results

Wheel Wear

Optical micrographs o f  the worn wheel surface taken with a USB microscope at 

200X magnification, as shown in Figure 4.19 reveal wear on the CBN grains by 

attrition, grain fracture and grain pullout [79]. Surface topography parameter

measurements are presented in Table 4.4. The areal packing density is calculated as 9.7
2 2 grains/mm for the new wheel and 9.0 grains/mm for the worn wheel. The difference

between the two values indicates that a small amount o f  grain pullout has taken place

during the wheels life.



Figure 4.20: Micrograph o f  worn w heel surface taken with U SB  camera m icroscope at 200x
m agnification

W ear Flat

Figure 4.21: Exam ple o f  wear flats taken from replica on worn w heel with Leica D NLM  m icroscope

After the tests were completed, replicas o f the wheel surface were taken using 

Microset lO lTH material at 5 random locations around the wheel surface. Optical 

micrographs o f the replicas were taken with a Leica DMLM microscope as shown in 

Figure 4.20. Subsequently the wear flat area. A,  which is the percentage o f  the wheel 

surface consisting o f wear flats, was estimated by calculating the wear flat by 

overlaying a fine grid on the optical micrographs o f the replicas [40], The average value 

for the wear flat area. A, was found to be 2.1% for the worn wheel. Any underestimation 

o f wheel wear is likely to relate to inaccuracies o f the replicate material.
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W heel Condition
Areal Packing 

D ensity, Co 
(Grains/mm^)

Sds (Peaks/m m ') SSc (m m '') Sdq
Wear Flat Area 

(%)

N ew 9.7 66.2 56.2 1.01
Worn 9.0 52.9 37.9 0.88 2 .09

Table 4.4: W heel wear metrics

Surface topography measurements of the replicas were taken using a white hght 

interferometer. Figure 4.21 shows 3D topographic maps taken from replicas of both the 

new and worn B301 wheel. Topography parameters were calculated from the data and 

the results are shown in Table 4.5. The summit curvature parameter, SSc, is shown to be 

greater for the new wheel versus the worn. The value for the root mean square gradient, 

Sdq, was also comparatively larger, indicating that in general the summits on the new 

wheel had steeper slopes and a more pronounced curvature parameter, essentially 

implying that the new grains were sharper than the grains on the worn wheel. The 

density of summits parameter, Sds, indicates the presence of a greater number of sharp 

peaks per mm for the new wheel than for the worn. This is in line with previous 

observations for 3D topography of wheel wear [203]. There is clearly a considerable 

difference between the new and worn wheels in terms of grain morphology, whereas the 

concentration of grains does not vary by a large amount.
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(a) New wheel surface

I
j

(b) Worn wheel surface

4.8 mm

Figure 4.22: 3D  Topographic maps o f  (a) N ew  B301 grit w heel replica surface (b) Worn B30I grit w heel
replica surface

Main Effect Plots and ANOVA

Figure 4.22 and Table 4.6 show the main effects plot and corresponding ANOVA 

results relating to means for cutting power for the duration of machining for the tests. In 

general, recorded cutting power for the various parameters varied between 3 kW and 13 

kW. The analysis of variance p-value identified that for the cutting power response, all 

of the main factors were statistically significant for the alpha value of 5%. Wheel 

condition had the highest per cent contribution ratio (PCR) of 52.3% for cutting power.
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Source DF Seq SS Exp SS F P PCR (%)

Wheel Speed (m/s) 3 9054780 7932609 8.07 0.000 1.4

Feed Rate (mm/s) 3 7325870 6203699 6.53 0.001 1.1

Depth o f  Cut (mm) 1 242111238 241737181 647.26 0.000 42.1

Wheel Condition 1 300466576 300092519 803.26 0.000 52.3
Error 39 14588213 3.1
Total 47 573546677

DF =  D egrees o f  freedom F = F-test
Seq SS =  Sequential sum s o f  squares P =  Probability value
Exp SS =  Expected sum s o f  squares PCR = % contribution ratio

Table 4.5; A N O V A  Results for cutting power

This is as expected, as power and forces have been shown previously to increase 

significantly with wheel wear, as illustrated in Section 4.1 [79, 89]. Depth o f cut has the 

second highest PCR of 42.1%. Wheel speed, and feed rate both have a significant effect 

on the cutting power response, however their PCR values were much lower, at 1.4% and 

1.1% respectively. The error level with a PCR of 3.1% was also quite low. These results 

show that spindle cutting power from the NC data is sensitive to a wide range o f 

changes in process parameters, and that power monitoring in this case is a reliable 

indicator o f tool wear over a variety o f machining parameters.

W heel Speed (m/s) Feed Rate (mm/s)

52 63 73 84 42 51 59 68
Depth of  Cut (mm W heel Condition

0.5 1.0 New Worn

Figure 4.23: Main effect plot for cutting power

119
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0.5 1.0 New Worn

Figure 4.24: Main effect plot for specific energy

Source DF Seq SS Exp SS F P PCR (%)

Wheel Speed (m/s) 3 1648.8 1622.2 62.09 0.000 11.2

Feed Rate (m m /s) 3 818.9 792.3 30.84 0.000 5.4

Depth o f  Cut (mm) 1 3198.7 3189.8 361.39 0.000 21.9

W heel Condition 1 8530.0 8521.1 963.73 0.000 58.6
Error 39 345.2 2.9
Total 47 14541.6

Table 4.6: ANOVA results for specific energy

Main effect plots for means of specific energy are shown in Figure 4.24. As with 

cutting power, analysis of variance identified that all factors were significant at the 5% 

level. The increase in mean specific energy with tool wear as shown in Figure 4.24 to a 

value of over 50 J/mm^ is particularly significant, with a PCR of 59%. This value is 

quite high, illustrating the extreme increase in energy entering the workpiece as the tool 

wears. The other contributing factors towards increased specific energy in the process 

are the wheel speed and feed rate. With a relatively slow wheel speed and feed rate of 

63 m/s and 42 mm/s respectively, along with a depth of cut of 0.5 mm and a worn 

wheel, the specific energy is shown to rise to a maximum test value of 74 J/mm^.

It is also interesting to note that as the depth of cut increases from 0.5 mm to 1 

mm specific energy is shown to decrease. This becomes a significant issue in terms of 

efficiency in machining and reducing the effect of residual stress -  with a larger depth 

of cut the energy is dispersed over a greater surface area and thus the specific energy is 

reduced. Temperatures generated during the grinding process are known to be a direct
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consequence o f the energy going into the process [40], Consequently, specific energy 

has been used previously as a burn threshold method for avoiding thermal damage on 

the workpiece [65, 66, 204], Ensuring that temperatures in the process are as low as 

possible is also beneficial in terms o f avoiding residual stresses. Residual tensile 

stresses, which can be responsible for deformation o f the workpiece after machining, 

are caused mainly by thermally induced stresses and deformation associated with the 

temperatures during the process [53]. Therefore lower specific energies during the 

process are desirable equally in terms o f reducing the risk o f thermal damage and o f 

residual stresses.

Another interesting point to note is that an increase in feed rate results in a 

decrease in specific energy. This is in agreement with other publications for different 

metal alloys, where increased material removal rates have resulted in lower specific 

energy [66, 205]. The volumetric removal rates in this case ranged from 97 mm^/s to 

473 mm^/s. The results therefore indicate the most optimal conditions for low specific 

energy would be to run the process with increased volumetric removal rates in order to 

avoid high specific energies during machining. This may be particularly beneficial 

when tool wear starts to become a significant factor as the wheel approaches the end of 

its useful life. Further work needs to be undertaken in order to determine the optimal 

volumetric removal rate with respect to specific energy and temperature. Maximum 

permissible forces in the machining clamp and spindle may also be an issue when 

considering an increase in volumetric removal rates.

Figure 4.25 shows the main effect plots for means o f the average surface 

roughness, Ra value. The Ra values quoted are quite high, ranging from 7.5 |o.m and 8.1 

|im. This is due to the geometric influence o f the curved profile o f the machined track. 

As expected, the workpiece surface roughness was shown to decrease with wheel wear, 

with a correspondingly high PCR o f 79% [79]. A considerable difference in the Ra 

value is shown between the new and worn wheels o f approximately 0.6 fxm.
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Figure 4.25: Main effect plot for surface roughness (urn)

Source DF Seq SS Exp SS F P PCR (%)

W heel Speed (m /s) 3 0.01277 -0.06982 0.15 0.926 0.0

Feed Rate (m m /s) 3 0.01679 -0.0658 0.20 0.894 0.0

Depth o f  Cut (mm) 1 0.00035 -0.02718 0.01 0.911 0.0

W heel Condition 1 4.30441 4.27688 156.36 0.000 79.1
Error 39 1.07364 20.9
Total 47 5.40797

Table 4.7: ANOVA results for surface roughness (M.m)

The level o f error for the surface roughness ANOVA results is also high with a 

PCR o f 21%. This is likely due to the highly variable surface produced by grinding with 

a relatively large mean grain diameter o f 301 |o.m. The results for wheel speed, feed rate 

and depth o f cut show little change in the surface roughness value between parameters. 

Therefore an increase in the material removal rate during machining could be achieved 

with minimal effect on surface roughness, which in turn could be beneficial in terms o f 

avoiding high energy and temperatures.

Figure 4.26 and Figure 4.27 demonstrate the signal to noise ratio for cutting 

power and surface roughness. The signal-to-noise or S/N ratio in this case is defined as:

(4-7)
S / N  = lOlog^o (y
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Where n is the mean or average and o is the standard deviation. The SN ratio is 

essentially the ratio of sensitivity to variability squared. The SN ratio is typically 

expressed in decibels, dB. Higher values of the signal-to-noise ratio, S/N, indicate 

control factor settings that minimize the effects of the noise factors. Often, Taguchi 

designs are used to identify optimal control factor settings that make the process or 

product robust, or resistant to variation from the noise factors. In terms of obtaining the 

best signal from the process, a new wheel affects the signal adversely for both the 

responses o f cutting power and surface roughness. This is likely due to the cutting 

variability from the various sharp grains that can be found on a new tool. Increased 

values of feed rate and wheel speed also produce increased signal variation for cutting 

power.
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Figure 4.26: Spindle cutting power signal to noise ratio for Taguchi L16 array

Wheel Speed (m/s) Feed Rate (mm/s)
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Figure 4.27; Surface roughness signal to noise ratio for Taguchi L I6 array

4.3 Feed rate effect

Based on the results from Section 4.2 a test was designed to estabhsh the specific 

energy values at increased volumetric removal rates. The effect o f increased feed rate 

for a fixed wheel speed o f 84 m/s and depth o f cut o f 0.8 mm is illustrated in Figure 

4.28. The average o f three tests was taken for each point. Figure 4.28 illustrates that 

even with a very large increase in feed rate, the specific energy remains at the same low 

value o f approximately 10 J/mm^. This result clearly illustrates the potential in the 

process for increasing feed rate without adversely affecting the specific energy.

The limit to this analysis is that it was performed for one depth o f cut value. 

Depth o f cut has a significant effect on the magnitude o f specific energy in the process, 

and the collated results from various depth o f cut tests in Figure 4.29 illustrate the effect 

o f varying depth o f cut at a set feed rate o f 55 mm/s. It is evident that for lower depths 

o f cut o f a  < 0.3 mm, there is a significant increase in specific energy. In order to 

maintain a low level o f specific energy the overall volumetric removal rate, would 

need to be kept constant during the process thereby necessitating a further increase in 

feed rate at low depths o f cut.
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Figure 4.28; Cutting power and specific energy for increased feed rate
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Figure 4.29: Collated specific energy depth o f  cut test results

4.4 Summary

Internal machine signals were used to monitor the abrasive machining process. 

Spindle cutting power was found to be the most appropriate signal for monitoring and 

characterisation o f the grinding process and feed drive current was shown to be a useful 

indicator o f the material removed in the process. Spindle cutting power was shown to
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increase almost linearly with depth o f cut for grinding o f Cobalt Chrome alloy with a 

new electroplated CBN wheel between the depths o f cut o f 0.2 -  1.2 mm. A large 

increase in cutting power in the range o f 2 -  7 kW was found when grinding with a 

worn wheel with a corresponding increase in specific energy o f approximately 2 0 - 3 0  

J/mm3 with machining parameters analogous to those typically used in the abrasive 

machining o f femoral implants.

Through a Taguchi L16 design o f experiment, all factors including depth o f cut, 

wheel speed, feed rate and wheel wear were found to be significant main effects on the 

spindle cutting power signal. An increase in feed rate was shown to result in a decrease 

in specific energy o f approximately 10 J/mm3. Wheel wear was shown to have a 

significant increase on specific energy in the range o f 25 J/mm3. Wheel wear was 

finally shown to be the only main effect on workpiece surface roughness.

An increase in feed rate from 55 mm/s to 106 mm/s showed that at a constant 

depth o f cut o f 0.8mm and wheel speed o f 84 m/s, despite an increase in spindle cutting 

power o f approximately 2 kW, specific energy remained relatively unchanged at 

approximately 10 J/mm3.
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Chapter 5 

Development of position-oriented-process 
monitoring methodology for freeform surfaces

During abrasive machining o f freeform surface alternating machining conditions 

can give rise to indeterminate machining characteristics. Abrasive machining 

characteristics o f freeform surfaces can be better understood if  a position-oriented 

approach is applied, where process monitoring metrics such as power, tool-workpiece 

engagement and specific energy are evaluated over the entire toolpath and machined 

surface. The following approach is therefore taken towards development o f an analysis 

method to evaluate process monitoring quantities during freeform abrasive machining:

(a) Determination o f the material removed in the process through a developed 

laser measurement system

(b) Development o f an area-based tool-workpiece engagement model based upon 

laser distance measurements

(c) Development o f a machine power and position data analysis method

(d) Development o f a combined data analysis strategy with a position-oriented 

specific energy graph over the course o f a freeform toolpath as an output 

metric

Specific e n e rg y  p a r t  su r face  m a p p in g

Jo ln t -d a ta  analysis

Laser profi le m e a s u r e m e n t  

D ep th  o f  cu t  analysis 

E n g a g e m e n t -b a s e d  analysis

Par t -s ide  DAQ

P o w e r  m o n ito r ing

Posit ion  m on i to r in g

P o w e r  & posit ion  d a ta  p rocess ing

M ach in e -s id e  DAQ

Figure 5.1: Schematic representation o f  position-oriented power monitoring strategy
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5.1 Laser measurement

Due to the nature o f the freeform surface and the use o f a torus shaped grinding 

tool the engagement situation during abrasive machining is constantly changing. 

Typically, machining depths o f cut parameters are specified along a toolpath dependant 

on the part to be machined and the tool that the machining is to be performed with. With 

freeform machining, the situation is more complex. In freeform machining the tool 

spindle follows coordinates based off a finished product CAD drawing. This type o f 

toolpath is known as an offset or parallel toolpath [206].

Such toolpaths follow the contours o f a final part shape regardless o f what 

material may be encountered along the way. As a result, depending on the casting 

provided, the depth o f cut can be highly variable and excess material or flashing left on 

the castings can further add to the variability in engagement. Furthermore, the variable 

contours and curves o f a freeform surface and the constantly changing interaction 

between the curved surface o f the grinding wheel add to the overall variability in the 

engagement situation.

As the tool-workpiece engagement has a large influence on process forces, power 

and machining efficiency, it is o f benefit to undertake an analysis o f the engagement 

situation during machining. It is difficult to perform such an analysis through purely 

geometric considerations. In order to ascertain the amount o f material removed and the 

change in depth o f cut over the surface o f a freeform part it is more convenient to 

measure this quantity directly. This can be achieved through laser profile measurement 

o f the part before and after machining.

The difference in material removed before and after abrasive machining can be 

detected using a laser sensor that measures displacement through the principle o f laser 

triangulation [168], The laser sensor used in this research provides a linear measuring 

range o f 50 mm and a resolution o f 0.003 mm. The associated screw lead is 25.4 mm 

with a linear resolution o f 0.00254 mm, close to the resolution o f the laser displacement 

sensor used. A CAD drawing o f the laser measurement rig developed for this research is 

illustrated in Figure 5.2, specification and operation o f the measurement rig is detailed 

previously in Section 3.5.

The lasers resolution was further examined by measuring the step change on an 

artefact part machined through surface grinding. Measurements were taken on each step 

and repeated 5 times. Measurements o f the artefact step height were also taken with a
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Mitutoyo dial gauge with a stated resolution o f 0.01 mm. As shown in Figure 5.3 and 

Table 5.1 the measurements from the laser sensor indicate changes o f depth o f cut of 

approximately 0.05 mm can be detected. The standard deviation measured for the laser 

o f between 0.008 - 0.015 mm is greater than the stated laser resolution o f 0.008 mm, 

this may be due to machining errors in the surface o f the part. The results suggest that 

changes in depth o f cut over 0.1 mm should pose no problem for the laser to detect.

se rvo  m o to r
im p la n t  h o ld e r

linear  slide

ro ta ry  A

linear  X
laser d i s p l a o ® n e n t  s e n so r

Figure 5.2: Laser measurement rig

0.05 mm

- 0.10 mm

■ 0.15 mm

step differences A & B examined on  
machined artefact

Figure 5.3: Laser artefact schem atic with 0.05 mm steps o f  width 3mm ground into part

Laser D ial Gauge

A B A B

Mean (mm) 0.040 0.039 0.044 0.050

Std. Deviation (m m ) 0.015 0.008 0.005 0.000

Table 5.1: Mean and standard deviation o f  five measurements for artefact steps, A and B

The laser was subsequently tested on the curved freeform surface o f a typical 

femoral implant. An example o f three repeat scans over the same cross-section o f the 

implant is shown in Figure 5.4. Figure 5.4 (left) shows the laser displacement signal 

recorded for three repeat passes over the same cross-section over the implant. This 

corresponds to a rotation o f 192.6° o f the holder. Figure 5.4 (right) shows the standard
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deviation for the three repetitions along each X-position over the profile. The mean o f 

the standard deviations for each point is approximately 0.0075 mm, with the standard 

deviation outlier o f 0.07 mm shown in Figure 5.4 (right) removed.

c ro ss-sec tio n  profile
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Figure 5.4; Repeat laser scans across selected implant profile (left), standard deviation o f  three repeat 
scans (right)

To examine the difference between the implant before and after machining it is 

necessary to acquire a full surface scan o f the implant. A 3D point cloud o f  the implant 

surface was therefore acquired before and after abrasive machining. In order to obtain a 

point cloud representation o f the whole implant approximately 260 line scans with a 

rotary A-axis spacing o f 0.9 degrees were taken over the surface o f the implant. This 

number o f scans was determined to contain sufficient detail for an evaluation o f the 

implant surface as it captured the geometric features o f the surface as illustrated in 

Figure 5.5. The line scan spacing in the X-direction corresponded to a measured point 

every 0.3175 mm up to 82.55 mm which covered the surface o f the implant and 

provided a sample size o f 260 points in the X-direction. This resulted in a square matrix 

pointcloud o f 260 x 260 Cartesian co-ordinates when the data was processed. The data 

was processed by saving to text files laser profile scans in the form o f displacement in 

the X-direction, the laser displacement measurement in the Y-direction as well as the 

corresponding rotation in the A-direction and then subsequently processing the text files
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in Matlab where the data was converted from Polar to Cartesian co-ordinates through 

the following formulae:

~  yc V d i s t

y = R cos 0 

z = Rsin 0

(5.1)

(5.2)

(5.3)

The X, Y and Z coordinates were then rotated through 180° by multiplying by a 

Euclidean rotation matrix given in the form;

Rx
1 0  0 
0 cos rx — sin rx 
0 sin r;t cosrx

(5.4)

[x' y' [X y  Z ] R x (5.5)

Figure 5.5 shows a surface plot o f the rotated line scans from laser measurement 

o f a cast implant (left) and the same implant post-abrasive machining (right).

—40

X (mm)Y (mm)
100 100

Y (mm)
100 100 50 

X (mm)

Figure 5.5: Laser measurements o f  cast implant (left), laser measurements o f  sam e implant post-grinding  
(right)

When a part is removed from the holder before machining and then replaced after 

machining, there is an associated error positioning the part in the same place. The part 

may have moved at a micron level depending on the accuracy o f the clamping device, 

exactly the same homing position may not be achieved by the sensor between scans and 

there may be a slight change in environment and light scattering conditions. To 

minimise such error and ensure that the laser scans before and after machining match 

correctly a registration and data matching/transformation algorithm was developed. This
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algorithm utilizes kD-Tree matching, based on an iterative closest point algorithm 

developed by Wilm which was used to match point cloud data from positron emission 

tomography (PET) and structured light scanning o f the human face [207],

The algorithm developed here first structures the point cloud through a k- 

Dimensional tree, then minimizes the Euclidean distance between neighbouring points 

in the two data sets. The K-Nearest Neighbour search object and kD-Tree were 

initialized in Matlab through the Statistics toolbox [174, 208]. Figure 5.6 illustrates an 

overlaid matched cast and post-machined point cloud result. For the purposes o f this 

application the highest 1% o f distances between scans are disregarded by the algorithm 

in order to avoid a situation where matching is skewed by outlier points from laser light 

scattering.

Post-machjned laser data 
Cast laser data

Y (mm) X (mm)
100 100

Figure 5.6: kD-Tree Algorithm Result

The RMS error, dRMs, is defined as the overall root mean square distance between 

the cast laser scan and the post-machined scan where Dicp is the cast-point cloud which 

the translation and rotation determined from the minimum distance direction from kD- 

tree matching is applied to, and M  is the reference point cloud taken as the post-abrasive 

machining point cloud scan, as given by Equation 5.6.

•■RMS

(I

i = l

M\\‘
(5.6)

Figure 5.7 shows the reduction in the RMS distance between a cast laser scan and 

a post-machined laser scan over number o f iterations, n, through use o f the kD-Tree
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matching algorithm. The maximum overall RMS distance was reduced to approximately 

0.24 mm over 20 iterations in this case.

0 255-1
- -k D -T re e  m atch ing

0.235-1—'—'—'—'—I— '—'—'—I—'—'—'—'—I—'—'— —I—'— '—I 
0 5 10 15 20 25

N um ber of iterations

Figure 5.7: kD-Tree RMS distance results comparison

To visualize the material removed it was necessary to develop a way o f 

determining the distance between the two acquired point clouds o f the cast and post

machined implant. A known method o f calculating the distance between point sets is the 

Euclidean distance metric, as calculated through Equation 5.7. This equation provides a 

positive distance between points for the set o f real numbers, M".

d  =  V (x j  -  X2Y  +  ( y i  -  y2>^ +  -  Z2Y  (5.7)

However, for more complex curved surfaces, it is necessary to calculate a signed 

distance, either positive or negative so that actual material removal can be identified.

—Post-m achined
—C ast

E
E
>

65

10 20 30 40 
X (mm)

50 60

Figure 5.8: Example cast and post-machined laser measurement result

Due to the effect o f rotation and translation point cloud matching through the kD- 

tree algorithm, the line scan profiles will not lie on exactly the same plane. In order to
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obtain the laser measurements in the orientation illustrated in Figure 5.8 it is necessary 

to project the curves o f  interest onto the same plane. In order to achieve this a reference 

plane was first calculated for the post-machined laser line scan (M) through principle 

component analysis in Matlab. Principle component analysis is a well-known technique 

which identifies the most influential similarities or differences in a given data set. For 

example, principle component analysis has recently been used in conjunction with an 

iterative closest point matching method in order to generate statistical shape models to 

examine the major modes and differences o f sizes and three-dimensional shape 

variation o f male and female clavicle bones [209].

The Matlab princompO function returns the coefficient set for the first two 

principal components which define vectors that form a basis for the plane o f best fit. 

The third principal component is orthogonal to the first two, and its coefficients define 

the normal vector o f the plane, n  [173, 174, 210]. Letting be a matrix which is the 

orthonormal basis for a subspace or plane W o f E ” the projection vector for projection 

o f a vector v onto a plane W  is  [211];

The null() function in Matlab provides an orthonormal basis for the null space o f a 

matrix. The projection o f M2  onto the plane or subspace W  given by M  was therefore 

calculated as shown in Equation 5.10 where M r is the resultant projected matrix onto 

the plane W. Figure 5.9 illustrates this.

p r o j ^ v  =  U U ^ v ( 5 .8 )

proj j yM2  =  n u l l ( N ) n u l l ( N y  V (5 .9 )

=  proj^Mj +  M2 ( 5 . 10)
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Figure 5.9: Projection o f  laser curves onto a com m on plane

In order to calculate the distance between line scans it was necessary to further 

rotate each curve such that it lies exclusively in the X-Y  plane. The X, Y and Z 

coordinates were rotated by multiplying by a Euclidean rotation matrix given by 

Equations 5.4 and 5.5. The distance between points can then be calculated as given by 

Equation 5.11.

ds = yi~ yi (5.11)

Figure 5.10 illustrates a post-machined implant laser scan with the colormap 

corresponding to the distance as calculated in Equation 5.11. The areas shown in brown 

illustrate a large difference between the cast and ground implant where a significant 

amount o f material has been removed, whereas the areas shown in dark blue illustrate a 

difference o f  zero, for example on the implant holder, which does not move between 

scans therefore a difference o f zero is expected. These results are encouraging and show 

that laser measurement is an ideal way to identify material removed where it is not 

specified for a process.
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Figure 5.10: Cast and ground distance comparison, colormap corresponding to distance (mm)

In order to perform calculations directly on the implant surface it is necessary to 

perform segmentation on the laser data. Data segmentation was performed by deleting 

data at the edges o f the scan in the X-direction. The edges o f the implant surface were 

identified through calculating the slope between points along the X-direction, with the 

largest slopes identifying the edges o f the implant and the corresponding points then 

deleted. Slopes were calculated between each point along the X-direction, with the 

largest slopes identifying the edges o f the implant. The result o f data segmentation is 

illustrated in Figure 5.11. As mentioned previously there is considerable variation 

present in the distance or depth o f cut taken over the surface o f the part. Figure 5.12 

illustrates further the variation in depth o f cut along the X-axis, where it can be seen 

there is a large distribution o f values less than 0.5 mm.

X (mm)

Figure 5.11: Segmented data, colourmap corresponding to distance (mm)
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Figure 5.12: Depth o f  cut or distance show n over X -axis for femoral implant

While calculation o f the distance between cast and post-machined laser scans in 

order to illustrate the material removed from abrasive machining is useful, calculation 

o f the area o f engagement between the tool and workpiece during machining is also 

necessary. This metric can then be used to calculate further parameters such as specific 

energy over the surface o f the implant.

5.2 Engagement analysis

Engagement model based on laser distance measurements

In order to perform an engagement analysis utilizing the acquired laser data, it 

was necessary to reduce the 3-Dimensional problem to that o f a 2-D problem. Figure 

5.13 illustrates a grinding wheel. O f the two radii on the wheel the minor toric radius in 

the X-Z plane has a larger influence on form error and engaged area, relating to toolpath 

spacing and depth o f cut and the shape o f the workpiece whether it is convex, concave 

or planar. On the other hand the major toric radius is significantly influenced by the 

wheel speed and feed rate in that direction [30]. The following analysis focuses on 

estimation o f engagement in the X-Z plane for calculation o f the grinding specific 

energy.

137



section A-A
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convex

minor toric radius, R

section A-A concave

Figure 5.13: Wireframe illustration o f  grinding wheel and engagement conditions that may be 
encountered during freeform grinding, where d, represents the distance between cast and post-machined 
laser scans, i.e. the depth o f  cut, R represents the minor toric radius and represents the engaged area 
between wheel and workpiece

An outline o f the algorithm developed to analyse 2D cross-sectional engagement 

o f the minor torus tool radius based on laser measurement o f the part is illustrated in 

Figure 5.14. Engaged area in this case refers to the amount o f area intersected between 

the tool and workpiece for each toolpath line in the 2-Dimensional X-Z plane. Each 

laser line scan was first projected onto an exclusive X-Y plane using the method 

outlined in Section 5.1. Smoothing was applied to the laser measurement profiles 

through the smooth() function in Matlab utilizing a default span o f 5. Smoothing was 

applied to the laser measurement profiles through the smooth() function in Matlab 

utilizing a default span o f 5. The smooth filter in Matlab smoothes the data using a 

moving average lowpass filter with filter coefficients equal to the reciprocal o f the span. 

The filter handles the endpoints through the following results vector, yy; where yy (l) = 

y ( l)  and yy(2) = (y (l) + y(2) + y(3))/3, and the following points are a moving average 

over the specified span o f 5 in this case. The purpose o f the smoothing was in order to 

avoid any possible self-intersection o f generated parallel curves which can occur if 

jagged or irregular points exist, for example near the edges o f the implant.
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for laser curves j=l:260
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o f each laser cruve

Smooth curves Integrate

Integrate between spline sections

Smooth curves using M atlab  trapz numerical
in tegra tion  function

Figure 5.14: Outline o f algorithm for calculating area o f intersection between tool and workpiece

Parallel curves, otherwise known as ‘offset’ curves, are curves which are 

displaced from a base curve by a constant offset, either positive or negative, in the 

direction o f the curve's normal [206]. Given a planar parametric curve, C (t) = 

( x ( t ) ,y ( t ) ) ,  the offset curve with an offset radius R is defined by C^Ct) =  C (t) + 

RN{t ) ,  where N(t) as given by Equation 5.12 is the unit normal o f C(t).

Ni t )  =
( y ' ( 0 , - x ' ( t ) )  

V x '2 ( t )  +  y '2 ( t )

(5.12)
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An offset curve was generated using the post-m achined laser curve as a base 

curve. This was based on the assum ption that the ground/post-m achined laser curve 

provides a representation o f  the depth o f  cut that took place during abrasive m achining 

across the corresponding im plant cross-section, as well as providing a trace o f  the 

contours the m achine toolpath had to follow  to generate the finished surface. The offset 

curve is a constant distance o f  12 m m  corresponding to the m inor tool radius, R, away 

from  the base post-m achined curve. Each point in the offset curve was separated by a 

distance corresponding to the set m achine param eter toolpath spacing, Taking each 

point in the offset curve as a centre-point, a param etric curve was generated 

representing the m inor tool radius circular cross-section, as illustrated in Figure 5.15 

and Figure 5.16.

O ffset to o lp a th

G round  curve

Figure 5.15: Example o f  an offset toolpath created in Unigraphics N X  7 

offset too lpath
90n

72:
Points o f  in tersection8 0 -

E 7 0 -

cast curve
6 0 - 7 0 :

-20 800 20 40 
X (mm)

60 100 X (mm)

Figure 5.16: Example o f  offset toolpath generation and intersection with cast laser curve

The engaged area betw een the circular w heel cross-section and w orkpiece for 

n  >  1 toolpaths is given by Equation 5.15 as the sum o f  area A /  and A 2 as illustrated in 

Figure 5.17. The points o f  intersection betw een the cast laser curve, toolpath « and
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toolpath n + 1 are first calculated, shown here as a, h and c. Point h ’ is found through 

interpolation from point h to toolpath n+1. The curve sections between the integration 

limits were approximated as cubic spline curves {S) based off the circular wheel-cross- 

section toolpath and cast laser curve. This meant that numerical integration could be 

performed with better resolution using the evenly spaced cubic spline curves. The area 

under the curve was therefore calculated using trapezoidal numerical integration 

through the trapzQ function in Matlab. Axotai represents the total calculated area o f 

integration for a given toolpath, n+1, and is also referred to as Aw during the course o f 

this work.

A T o t a i = A ^ + A ^  (5-13)

(5.14)1̂ = I S i ( x ) d x  — I S 2 ( x ) d x

A 2  =  f  S3(x)dx —  f  S4(x)dx  (515)
Jb h i

Concave  Case Convex Case

to o lp a th  n t o o lp a th  n+1t o o lp a th  n to o lp a th  n+

po in ts  of  In tersec tionp o in ts  o f  In tersection

areas  o f  In tegra tiona reas  of In tegra tion

Figure 5.17: Method o f calculating engaged area through integration with toolpaths & cast implant curve

5.2.1 Engagement analysis results

Initial results from  engagement model based on laser measurements

Figure 5.18 illustrates calculated engaged tool-workpiece areas at various 

positions over the implants surface. As shown in Figure 5.18 the overall average amount
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2
of material removal is rather small, generally less than 1 mm and typically nearing 0.1 

mm . In the example in Figure 5.18 it can also be seen that near concave areas such as 

the patella track, the area o f engagement is increased to approximately 0.3 mm , 

whereas near convex areas such as the condyles the area of engagement remains quite 

small at less than 0.1 mm . Intuitively, the engaged area between two consecutive 

toolpaths can be seen to be greater for a concave workpiece radius than for a convex 

workpiece radius, for the range o f parameters considered.
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Figure 5.18: Engaged area calculation in X-direction at various positions over implant surface

80

Predicted engagement based on analytical model

An example o f differences in engaged area with convex and concave workpiece 

shapes is shown in Figure 5.19, where the theoretical engaged area for two consecutive 

toolpaths is calculated for a variety of depths of cut and toolpath spacing between 0.1 

and 2 mm. A workpiece radius, r = 22 mm, typical of what may be found on a femoral 

implant surface was chosen for this analysis. The theoretical engaged area shown here 

was calculated through the estimation of the area of intersection between three convex 

circles as described by Fewell, 2006 [212]. The analysis was extended to include the 

area of intersection between convex and concave workpiece circles with a circle 

representing the grinding wheel based on the minor grinding wheel toric radius.
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Calculations shown in Figure 5.19 illustrate that in general a higher engaged area is to 

be expected with concave radiuses as compared to convex.

IConcave
Convex

2

Depth of cut (mm) 0 0
Toolpath spacing (mm)

Figure 5.19: Calculated engaged area for tw o consecutive toolpaths, for a w orkpiece radius o f  r= 22 mm

Figure 5.20: Calculated engaged area for tw o consecutive toolpaths for a toolpath spacing o f  s =  0.381 
mm

The effect o f  an increase in workpiece radius for various depths o f cut is 

illustrated in Figure 5.20, where the theoretical engaged area is calculated for a constant 

toolpath spacing o f s = 0.381 mm. The radii used in these calculations correspond to 

radii that might be expected on a typical implant casting, and the toolpath spacing 

corresponds to that o f a typical grinding toolpath for machining such an implant. As the 

workpiece radius increases the workpiece ‘flattens’ out, leading to a reduction in the 

engaged area. However, the theoretical engaged area for a concave workpiece still 

remains greater than for a convex-shaped workpiece, and as such is more influential on 

engaged area than the size o f the workpiece radii. Though this model is useful for 

obtaining a general overview o f how the engagement situation changes with convex and 

concave workpiece radii, the model is not refined enough to predict engagement

■Concave
Convex

0 15

45

Depth of cut (mm) Workpiece radius (mm)
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conditions over the course o f abrasive machining o f a freeform surface, therefore the 

method based on laser measurements and intersection with a model toolpath will be 

employed in order to explore engagement conditions during freeform grinding.

Results for estimated engagement model based on laser measurements

The engaged area over the surface o f the implant was estimated using the method 

illustrated in Figure 5.17 for each o f the 260 laser profile measurement curves. An 

example is shown in Figure 5.21, where the lower limit o f estimated tool-workpiece 

engagement is compared to the lower limit o f laser comparison measurements between 

a cast and post-machined implant. The error present in the laser measurements, where 

values less than 0.1 mm and close to 0 mm were calculated, is reflected in the 

estimation o f engaged area, where estimates o f no engagement or 0 mm exist in the 

same locations as those in the laser measurements.
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Figure 5.21: Laser m easurement and engaged area estimate error propagation, (a) implant front v iew , (b) 
implant back view

Figure 5.22 illustrates estimated tool-workpiece engaged area over the surface of 

the implant the for a colormap limit o f 1 mm^. Areas o f high tool-workpiece 

engagement are illustrated here at the patella track owing to the concave nature o f the 

surface at this point, and at the casting gates which protrude over 1mm from the surface.
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Figure 5.22: Calculated 2D  tool-w orkpiece engagem ent area (mm^), (a) implant front, (b), implant back

5.3 Position-oriented power monitoring

The significance o f the variation in engagement over the surface o f the part 

becomes apparent when power monitoring is applied to the process. In previous work, 

De Lacalle et al. have shown the benefit o f generating a graphical representation o f the 

forces during milling over the surface o f a part in order to assist in diagnosing problems 

during the machining process [163], Kratz went on to successfully apply this concept to 

vibration monitoring o f milling o f thin-walled components, where process disturbances 

could be detected through frequency map-based analysis [106]. The research shown 

here aims to extend the position-oriented analysis concept to power monitoring o f 

freeform abrasive machining. Spindle power and tool position during machining were 

recorded directly from the numerical control on the machine during the process using 

the same process used in Chapter 4, as described in detail in Section 3.2.1. A schematic 

o f the power monitoring process is illustrated in Figure 5.23.
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Figure 5.23; Position-oriented pow er monitoring parameters and schem atic

A sample rate of 333Hz was used for these tests, the maximum sample rate 

available on the Siemens numerical control. As the A-axis is a rotary axis and the X- 

and Z-axes are both linear, the toolpath was reconstructed through a Polar to Cartesian 

coordinate transformation, with the A-axis representing d  in degrees and the Z-axis 

representing p in millimetres.

y C a r t e s ia n  — pCOS 9 ( 5 . 16)

^ C a r te s ia n  ~  psitlO  ( 5 . 17)

For later correlation of the power and position data with the laser data it is 

necessary to have a sufficiently close starting point for the two scans, this is achieved 

through a heuristic mapping approach of moving and scaling the data based upon 

existing process knowledge. As the original toolpath data relates to the centre of the 

grinding spindle and is therefore larger than the actual implant, the data needed to be 

scaled down for visualisation and correlation to the laser data. The recorded machine 

power and position data was scaled down in the Z-direction by a factor of 7 and the X 

and Y-axis were centred on the laser data axis by subtraction of 1.5 mm and addition of 

2 mm, respectively. Figure 5.24 illustrates the cutting power recorded over the course of 

the toolpath during machining of the same implant casting. It can be seen clearly in 

Figure 5.24 that power has a close resemblance to the previously calculated engaged 

area over the freeform surface as shown in Figure 5.19. The power shown is the power 

that relates directly to cutting as detailed in Section 3.1.2.
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Figure 5.24: M odified toolpath data with cutting power (W atts), (a) Implant front, (b) Implant back

As the engaged area between the tool and workpiece increases so too does the 

spindle power. It is apparent from both the material removal and power measurements 

as shown in Figure 5.24 and Figure 5.22 that a positional relationship exists between the 

two quantities.

The method selected to perform a joint-analysis o f the engaged area dataset and 

the machine power/positional dataset was data interpolation. The total number o f data 

points for each set differs as the machining power/position was recorded at a higher 

sampling rate than the laser measurement data resulting in a total o f 255,684 sample 

points, whereas the total number o f sample points for the engaged area was 67,600. For 

the best results from data interpolation the sample size needs to be approximately the 

same for the two data sets, therefore it is necessary to reduce the power/position data 

set. A running root-mean-square filter was applied to the power/position data set with a 

window span o f 3 points corresponding to approximately 5 ms. In order to reduce the 

dataset for joint-analysis with the engagement dataset, the power data was then 

downsampled by a factor o f 4 by retaining every 4**’ sample in the dataset. Figure 5.25 

illustrates the preserved trend in the processed power data.
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Figure 5.25: Original cutting pow er data (left), processed cutting pow er data (right)

The power data was then interpolated onto the laser data mesh surface through the 

use o f  the Matlab interpolation function triscatteredinterp(). The triscatteredinterp class 

has been used successfully previously in a number o f different applications, including 

wave energy mapping, image reconstruction and mapping o f magnetic particles [213- 

215], Nearest neighbour was selected as the method for interpolation. Natural and linear 

interpolation were also attempted, however nearest neighbour providing the best results 

in terms o f similarity to the original dataset shown in Figure 5.24 as the nearest 

neighbour method does not require the data for interpolation to be fully enclosed within 

a convex hull. The estimated engaged area as shown in Figure 5.22 was interpolated 

onto the laser point cloud surface in order to obtain a point-to-point correspondence 

between the power data and estimated engaged area data. Results for data interpolation 

are shown in Figure 5.26 where the similarity to the original data sets o f power and 

engaged area is evident.

X (mm) X (mm)

Figure 5.26: (a) Power data interpolated onto laser measurement mesh, (b) engaged area interpolated onto 
laser measurement mesh
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5.4 Estimation o f specific energy

A fundamental parameter derived from the power and machining conditions in 

grinding is the specific energy, which is defined as the energy per unit volume o f 

material removal [40], This parameter includes the consideration o f time related process 

feed rate and machining power as well as engaged cross-sectional area. Including these 

dependencies in an overall analysis o f the machining toolpath with specific energy as 

the output analytic is a more comprehensive way o f evaluating the effect o f changing 

machining process parameters. Calculation o f specific energy can provide an evaluation 

o f the machining efficiency during a process which can be used as a suitable metric for 

optimizing a process.

Specific energy was estimated for each data point on the surface o f the part 

through Equation 5.18, where P is the interpolated power matrix and Aw is the 2D- 

cross-sectional engaged area estimate as illustrated in Figure 5.22, and v/is the feed rate.

Figure 5.27 shows the specific energy estimate, u, over the surface o f the femoral 

implant for a test where the feed rate was kept constant at V f =  55 mm/s. It can be seen 

that where the tool-workpiece engagement and material removal rate is greater, the 

specific energy is reduced. This is illustrated in the casting gate and patella regions. 

Specific energy then rises to high levels where the amount o f material being removed is 

very small. This can be reasoned through considering Equation 5.18; if  a large amount 

o f power is being directed into a very small volume o f material then the specific energy 

is high as a result. It has been found to be the case that in general an abrasive machining 

process is efficient if material is removed quickly with low energy consumption, and 

inefficient processes require higher specific energy [216]. The specific energy result 

shown in Figure 5.27 illustrates clearly the dependency o f  the process efficiency on the 

engaged area between tool and workpiece experienced during abrasive machining.
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Figure 5.27: Estimated specific energy, u (J/mm^), (a) implant front, (b) implant back

5.5 Summary

A non-contact laser measurement system developed for this research was used to 

determine the material removed in the process. The developed system presented a 

resolution of at least 0.05 mm with a standard deviation of approximately 0.01 -  0.02 

mm for flat and curved surfaces respectively. The developed system provides an insight 

into the varying cutting conditions during the grinding process. Measurements from the 

system were obtained from femoral implants pre- and post- abrasive machining. Scans 

were matched with the developed iterative closest point matching algorithm. Estimated 

depth of cut was obtained over the surface of the part with values shown to be within 

the range of 0 -  2 mm, with considerably more material removed in some areas such as 

concave shaped areas and casting gates, than other areas including the convex sections 

of the femoral condyles.
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An algorithm was developed to estimate the 2D tool-workpiece engaged area over 

the surface o f an implant utilizing laser part comparison measurements. The accuracy o f 

the algorithm was found to depend on the accuracy o f the laser measurements. Results 

shown provided an insight into the highly variable contact conditions encountered 

during abrasive machining. Typical engaged areas were found to be between 0 -  1 mm .

An advanced process monitoring technique was applied in order to further the 

understanding o f abrasive machining o f freeform surfaces. Internal machine signals 

including power and spindle position were utilized in monitoring the abrasive process 

and later analysed using a position-oriented approach. Typical cutting power values for 

a standard toolpath were found to be within 0 - 1 0  kW. The positional dependency 

between depth o f cut and cutting power was highlighted through correlation between 

the laser and power measurements.

A joint analysis was performed correlating recorded power with calculated 

engaged area by means o f nearest neighbour interpolation. Specific energy was 

estimated over the surface o f the part providing an insight into the efficiency o f the 

cutting process.
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Chapter 6 

Application of position-oriented monitoring 
approach for freeform surfaces

The abrasive machining parameters o f depth o f cut, toolpath spacing and feed rate 

have a significant effect on process power and machining efficiency. The position- 

oriented analysis method developed in Chapter 5 is extended to abrasive machining of 

femoral implants at varied tool-workpiece engagement and feed rate parameters. 

Sensitivity o f the developed method is therefore tested, and the influence o f changes in 

process parameters with respect to tool-workpiece engagement, power and specific 

energy for the freeform abrasive machining process is investigated.

6.1 Design o f  experiment with position-based analysis

A factorial experiment was undertaken examining the parameters o f depth o f cut 

and feed rate over the course o f abrasive machining o f femoral implants. This study 

utilized a 2  ̂ factorial array with analysis o f variance (ANOVA). For ease o f discussion 

in this chapter for the three-dimensional graphs, only the results for the first set of 

replicates are presented. The factors chosen are the parameters feed rate and engaged 

area. In order to achieve an increase in engaged area, both the tool path spacing and the 

radial machining offset were increased. The machining offset relates to the constant 

radial distance from the grinding wheel to the centre o f the machining arbour. The test 

array is shown in Table 6.1 where cutting power, tool-workpiece engagement and 

specific energy are the response variables and three replicates o f each set o f test 

parameters are performed. The feed rate parameter o f 90 mm/s is based upon an 

estimate o f the onset o f high efficiency deep grinding conditions, deemed to be over a 

specific material removal rate o f 50 mm /s based upon an arbitrary depth o f cut o f 0.8 

mm [21]. The wheel speed was maintained at 8000 rpm, or 84 m/s, the maximum 

available for all o f the tests. The tool used was a new B301 electroplated steel hub 

wheel, as with previous tests. The primary objective o f the machining trials is to explore
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the sensitivity o f the developed position oriented analysis method for the responses of 

cutting power and specific energy over the varied test parameters o f feed rate and 

toolpath/engaged area. The sensitivity o f the laser measurements towards differences in 

tool path spacing and depth o f cut is also investigated.

Toolpath Tool Path Spacing, s (m m ) * Radial M achining Offset, do (m m ) *
A 0.381 0
B 0.762 -0.3

* Treated as 1 factor o f  engaged area
Note: Radial M achining O ffset o f  0 mm refers to a standard m achining toolpath, this is 
the set zero value, and any decrease in this value refers to an overall decrease in the 
distance between the centre o f  the grinding w heel and the centre o f  the m achining  
arbour for the w hole toolpath

Test Num ber Feed Rate, Vf(mm/s) Toolpath
1 55 A
2 90 A
3 55 B
4 90 B
5 55 A
6 90 A
7 55 B
8 90 B
9 55 A
10 90 A
11 55 B
12 90 B

Table 6 . 1: 2 '  factorial array

Spindle active power was measured using the Sinucom Trace software on the 

Siemens 8400D si control HMI, and acquired cutting power data was subsequently 

processed in Matlab (version R2010a). Each implant was laser scanned before and after 

abrasive machining and the difference between pre- and post- machining scans 

processed using algorithms developed in Matlab as detailed previously in Chapter 5.

Figure 6.1 shows an example o f the post-machined parts for tests 1 and 3. The 

difference between the two tool paths can be seen with grinding tracks from the wider 

toolpath spacing clearly visible on test 3 in Figure 6.1. Although the surface finish is 

visibly smoother for abrasive machining with toolpath A than for toolpath B, the focus 

o f the machining trials is not to improve surface finish but to explore the efficiency of 

the machining operation and the sensitivity o f the position-oriented analysis method.

153



Test 1 Test 3

Material: Param eter: Coolant: Tool:
CoCrMo F-75 Alloy Vs = 84 m /s Henkel Multan CrlO New CBN B301 Grit

T e s t l Vf = 55 m m /s s = 0.381 mm do= 0 mm
T e s ts v,= 55 m m /s s = 0.762 mm do= 0.3 mm

Figure 6.1: Femoral implant surface with visib le difference between toolpath scallop  height

6.2 Laser measurement results

A cross-section of the post-machined femoral implant was measured and the 

distance across a section of the part was examined for each of the tests in order to verify 

the sensitivity of the laser measurements towards differing amounts of material 

removal, as represented by the two toolpaths. A sample set of 30 measured points were 

taken as shown in Figure 6.2 and the mean of the selected points was calculated for each 

post-machined implant. The means are compared formally by specifying the null 

hypothesis of no difference, Ho, and carrying out a t-test based on Students t-distribution 

as given by Equation 6.1, where 5 is the average of the two sample standard deviations 

[200].

^0 ■ ^2 ~  Ml ~  0

 ̂ _  6 ^ - K )  -  0 (6.1)

As shown in Table 6.2 the null hypothesis is rejected for Test (i). This implies a 

statistically significant difference can be detected between the two toolpaths. Given that
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significantly more material is removed for toolpath B than for toolpath A, this result is 

as expected. From this result the lasers ability to detect changes in material removal is 

also verified.
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F igure 6.2: S e lec ted  p rofile  scans on o p p o site  s id es o f  im plant ho ld er  for t-test com parison  h igh ligh ted  in
red, laser line scan s from  T est I sh ow n

T est Y 2 (m m ) Y , (m m ) Si (m m ) S 2 (m m ) n t

( i)  D ifferen ce  b etw een  too lpaths A  &  B 6 8 .9 4 6 8 .2 9 0 .0 7 0 .1 2 6 3 .45

(ii)  D ifferen ce  b etw een  feed  rate for toolpath A 6 8 .9 6 6 8 .9 3 0 .0 7 0 .0 8 3 0 .15

(iii)  D ifferen ce  betw een  feed  rate for toolpath  B 6 8 .2 9 6 8 .3 0 0 .1 2 0 .1 2 3 0 .0 2

T ab le  6.2: R esu lts for t-test com parison  b etw een  too lpaths and feed  rates, w h ere  Y | and Y 2  are the m ean  
dista n ces for  the ch o sen  param eters, S | and S 2 are the standard d ev ia tio n s and n is the sam p le size

There are variations present in the laser measurements from implant to implant for 

the same machining parameters however they can largely be attributed to the casting 

process. Casting gates are cut o ff  from the main casting tree with a manual band-saw, so 

their height may vary from part to part, and castings are not identical due to variation in
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the wax moulds and investment casting process. Therefore material removed can vary 

by a small amount between implants. However, as the t-value for tests (ii) and (iii) is 

less than the critical value o f +/- 2.07, the difference in implant width between the feed 

rates o f 55 mm/s and 90 mm/s is not statistically significant, thus illustrating that the 

material removed for toolpath A and for toolpath B is repeatable and does not vary by a 

statistically significant amount when the feed rate is increased. An example o f the 

calculated means and standard deviation between test replicates for the measured 

distance between cast and post-grinding implants is shown in Figure 6.3, again 

illustrating the difference in laser distance measurements between toolpaths A and B.

(a) mean for tests 1.5,9
(b) mean for tests 2.6.10
(c) mean for tests 3,7.11
(d) mean for tests 4.8.12

Test Number Feed Rate, Vf (mm/s) Toolpath 
1 ,5 ,9  I 55 A

Figure 6.3; Mean laser distance calculated for corresponding test replicates

However, as the quantity o f material removed varies considerably over the surface 

o f the implant a position-oriented analysis is a more appropriate way o f looking at the 

data. Figure 6.4 and Figure 6.5 show the laser scanning results and variation in material 

removed over the surface o f the implant for experimental tests 1 - 4. The difference in 

material removed between the cast and post-machined implants was calculated through 

the method described in Section 5.1 and is represented by the corresponding distance 

map o f colours in millimeters. In Figure 6.4 it can be seen that more material has been 

removed for the implants machined with toolpath B as shown in Test 3 and 4 as 

compared to Test 1 and 2 with toolpath A.
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X (mm) X (mm)

X (mm) X (mm)

Material:
CoCrMo F-75 Alloy

Param eter:
Vs = 84 m /s

Coolant:
Henkel Multan CrlO

Tool:
New CBN B301Grit

Test 1
V f = 55 m m /s  
s = 0.381 mm 
do= 0 mm

T esta
V f = 90 m m /s  
s = 0.381 mm 
do= 0 mm

T esta
V f =  55 m m /s  
s = 0.762 mm 
do = 0.3 mm

Test 4
V , = 90 m m /s  
s = 0.762 mm 
do = 0.3 mm

Figure 6.4; D istance map laser measurements implant front v iew

The changing nature o f the tool workpiece engagement during abrasive machining 

o f the freeform surface is also illustrated by the wide range o f distances or depths o f cut 

over the surface o f the part as shown in Figure 6.4 and Figure 6.5. Near the patella track 

and the casting gate regions over 1 mm o f material has been removed for both toolpaths, 

whereas near the edges o f the implant the material removed decreases to less than 0.2 

mm for toolpath A and 0.4 mm for toolpath B. The amount o f material removed for the 

condyle regions is also relatively low in comparison to the patella region and this can be 

attributed to the differing engagement conditions between the two regions and also to 

the original shape o f the casting where more material needs to be removed in some 

areas as compared to others. Due to the variable material removed over the surface o f 

the implant as shown in the results in Figure 6.4 and Figure 6.5, and the resultant 

alternating depths of cut and tool-workpiece engagement conditions, power and forces 

can be expected to fluctuate significantly during the grinding process.
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Y (mm)
X (mm) X (mm)

M aterial:
CoCrMo F-75 Alloy

P aram e te r:
Vs = 84 m /s

Coolant:
Henkel M ultan CrlO

Tool:
New CBN BBOlGrit

T e s t l
Vf = 55 m m /s 
s = 0.381 mm 
do= 0 mm

Test 2
Vf = 90 m m /s 
s = 0.381 mm 
do= 0 mm

T e s ta
Vf= 55 m m /s 
s = 0.762 mm 
do= 0.3 mm

Test 4
V, = 90 m m /s 
s = 0.762 mm 
do = 0.3 mm

Figure 6.5: D istance map laser measurements implant back view

6.3 Engagement analysis results

The cross-sectional tool-workpiece engagement for each of the machined implants 

was estimated as shown in Figure 6.6 based upon the method outlined previously in 

Section 5.2. The engaged cross-sectional area was shown to increase at the concave 

patella track and at the casting gates where a large amount of material to be removed is 

encountered.

158



' casting ga te  low engagem en t, area 
p rone to undercut

high engagem en  

60

Y (mm)0 100
X (mm)

Test 3

60

E^O
E
N 20

60
0 100

0 5 i£)

N  200 2 3

Test 2

•0 1

Y {mm)

|0 6 

lo 5
m
Zl

lO

04

0̂
ID0)Q. 60

0.3
01

iu ^ 4 0

0 2
3 E
3̂ t^20

p , sS

X (mm)

0 5  ^

0 4  a

0 3  a

0 2  3

0 100 T (mm)
X (mm)

Test 4

0 4  a

0 3 O'

0 2  3

Y (mm)0 100
X (mm)
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Vs = 84 m /s
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Henkel M ultan CrlO
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New CBN B301G rit

T e s t l
Vf = 55 m m /s 
s = 0.381 mm 
do= 0 mm

Test 2
Vf = 90 m m /s 
s = 0.381 mm 
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T esta
Vf= 55 m m /s 
s = 0.762 mm 
(Jo = 0.3 mm

Test 4
Vf = 90 m m /s 
s = 0.762 mm 
do= 0.3 mm

Figure 6.6: Engagement analysis, front view

The engaged cross-sectional area is also shown to increase for Tests 3 and 4 due 

to the increased toolpath spacing and increased radial depth o f cut for toolpath B as 

illustrated in Figure 6.6. Areas on the implant prone to undercut are also illustrated 

through the engagement analysis and are highlighted by the dark blue areas in Figure 

6.6 and Figure 6.7 near the edges o f the patella track, near the edges o f the implant and 

near the top o f  the left femoral condyle. Such areas are prone to undercut due to the 

small amount o f material being removed and the low tool-workpiece engagement at 

these locations.
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M aterial:
CoCrMo F-75 Alloy

Param eter:
V j = 84 m/s

Coolant:
Henkel Multan CrlO

Tool:
New CBN B301Grlt

T e s tl
V , = 55 m m /s  
s = 0,381 mm 
do= 0 mm

Test 2
Vf = 90 m m /s  
s = 0.381 mm 
do= 0 mm

T esta
V f =  55 m m /s 
s = 0.762 mm 
do= 0.3 mm

Test 4
V , = 90 m m /s  
s = 0.762 mm 
do= 0.3 mm

Figure 6.7: Engagement analysis, back view

6.4 Power measurement results

SpincJle power was measured directly from the machine NC using the method 

described in Section 3.1.2. The sample rate used was the maximum available at 333 Hz. 

Spindle active power recorded in this way was the total power including the power 

necessary for rotation o f the spindle as well as the cutting power. The cutting power was 

therefore obtained by subtracting the rotary power components from the corresponding 

total. The power necessary for spindle rotation, was measured from multiple air cuts, 

and as the rotational grinding speed did not vary the mean air cut power was found to be 

895 Watts.
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Figure 6.8: Power measurements during freeform abrasive machining

Figure 6.8 illustrates processed cutting power for the first 4 tests. A large increase 

in power can be seen approximately half way through the cycle time. There are also 

noticeable increases in power particularly over the first and last 200 seconds. This can 

be attributed to the differing tool-workpiece engagement conditions at the patella track 

and femoral condyle regions.

Another source o f variation is in the power requirement for rotation o f the 

grinding spindle. This is largely accounted for through subtraction o f a mean ‘air cu t’ 

power value, though there still remains some variation in the power data as the spindle 

power oscillates naturally around a mean at a frequency given by the rotational speed of 

the spindle. This effect was illustrated previously in Section 4.1.
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Figure 6.9: Mean cutting power calculated for corresponding test replicates

Though there is considerable variability in the cutting power data over the course 

of one toolpath as shown in Figure 6.8 some initial conclusions can nonetheless be 

drawn from the data by examining mean values for each test. Figure 6.9 illustrates the 

variation between power measurement data means for each set of test parameters. The 

standard deviation between means calculated for the three replicates for each set of test 

parameters is shown to be small, and an increasing trend can be seen for the data.
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Figure 6.10: Main effects for cutting power response

Source P-value

Feed Rate (mm/s) 0

TP Spacing / Offset 0

Feed Rate (mm/s)*TP Spacing/Offset 0.001

Table 6.3: ANOVA Results for mean cutting power

ANOVA analysis was therefore carried out on the means of the power data for 

each test in order to determine if varying the parameters of feed rate and toolpath/tool- 

workpiece engagement had a statistically significant effect on the cutting power signal

162



for the freeform grinding process. Figure 6.10 and Table 6.3 show the main effects plot 

and corresponding ANOVA results relating to means for cutting power for the duration 

o f machining for the tests.

Analysis o f variance also identified that for the cutting power response, the main 

factors o f feed rate and combined tool path spacing/offset were statistically significant 

for the alpha value o f 5% as denoted by the P-value shown in Table 6.3. An increase in 

feed rate from 55 mm/s to 90 mm/s was found to result in an increase o f 469 Watts, or a 

37% increase for the mean cutting power, whereas an increase in engaged area/toolpath 

spacing/offset was found to result in an increase o f 813 Watts, or 73% for the mean 

cutting power, as illustrated in the main effect plot in Figure 6.10.

The analysis shown indicates that changing machining parameters o f feed rate and 

toolpath has a statistically significant effect on the response variable o f cutting power, 

and therefore a change in feed rate and/or tool-workpiece engaged area will have an 

effect on resulting process power and forces. However, the large variation in the results 

as illustrated in Figure 6.8 imply further analysis is necessary in order to fully 

understand the changes in the power signal with respect to the changing tool-workpiece 

engagement conditions for a freeform surface. A position-oriented analysis as 

demonstrated in Chapter 5 is o f value in this case as the root cause o f variations in the 

cutting power for abrasive machining o f a freeform surface can be determined by 

analysis o f the cutting power in combination with the position o f cut during the 

toolpath.

Tool position and spindle power were therefore recorded simultaneously for the 

duration o f each test. Results were processed as described in Section 5.4, and tool 

position and power were plotted for the course o f each test. Figure 6.11 shows an 

example o f position-oriented graphs for Tests 1 to 4, where a limit o f 6000 Watts was 

chosen for the color map o f power as this provided the best visualization o f the power 

expended across the abrasive machining toolpath.
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Figure 6.11: Position  o rien ted  cutting  pow er analysis, front view

Figure 6.11 and Figure 6.12 show the clear differences in cutting power between 

grinding at the various parameter settings. The recorded cutting power is shown to be 

highly positional dependent, with power increasing as the tool-workpiece engagement 

increases in concave areas as illustrated by the patella track and casting gate area. The 

more prevalent cutting condition o f relatively low power o f approximately 1000 Watts 

can also be observed over the convex shaped condyles as shown Figure 6.12. Both o f 

these observations can be attributed to the tool-workpiece engagement conditions, 

where grinding o f the convex shaped condyle regions results in low engagement, and 

grinding near the patella track concave regions results in increased engagement, as 

shown previously in Figure 6.6 and Figure 6.7.

Similar findings have been shown by other authors for grinding and milling with 

increases in power for corresponding increases in depth o f cut [126, 196]. Cutting 

power is also observed to increase with increasing feed rate as illustrated in Figure 6.12. 

This is a well-known effect and agrees with findings in the literature where increases in 

material removal rate have been reported to be accompanied by an increase in power
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[21, 126, 217, 218], The large increase in power at the lower end o f the patella track 

region is o f concern however, and it may be concluded that perhaps the depth o f cut 

and/or engagement conditions at this point in the toolpath are too high resulting in the 

large increase in power well above the mean value o f less than 2 kW.
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Figure 6.12: Position oriented cutting power analysis, back view

6.5 Estimate o f specific energy

Energy-related considerations can be called upon for an estimate o f  the efficiency 

o f a process and the influence o f thermal component stresses during grinding [18], 

Given the engaged area estimate and the recorded cutting power, specific energy over 

the surface o f the implant was estimated for each test using the method described 

previously in Section 5.5.
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Figure 6.13: Main effects plot for specific energy (data means)

Source P-value
Feed Rate (m m /s) 0.001
TP Spacing / Offset 0
Feed Rate (m m /s)*TF Spacing/Offset 0.143

Table 6.4: ANOVA results for mean specific energy

Although there is considerable variability in the estimated specific energy over the 

course o f one toolpath, as with cutting power, some initial conclusions can nonetheless 

be drawn from the calculations by examining mean values for each test. Figure 6.13 and 

Table 6.4 show the main effects plot and corresponding ANOVA results relating to 

means for mean specific energy for the duration o f machining for the tests. Analysis o f 

variance identified that for the specific energy response, the main factors o f feed rate 

and combined tool path spacing/offset were statistically significant for the alpha value 

o f 5%. Differences in the p-values between cutting power and specific energy can be 

attributed to the difference in data sets, as the power data set is reduced by a factor o f 4 

in order to correlate with engaged area calculations for estimation o f the specific 

energy.

A significant decrease is also shown in specific energy for a corresponding 

increase in feed rate as well as tool-workpiece engagement through altering the 

toolpath. For example, an increase in the engaged area through changing the toolpath 

from A to B can be seen to result in a mean decrease in specific energy o f 

approximately 111 J/m m \ or 44%, for a given feed rate o f  90 mm/s as shown by the 

main effect plot in Figure 6.13. Similarly, an increase in feed rate from 55 mm/s to 90 

mm/s was found to result in a mean decrease o f 34 J/mm^, or 16% for specific energy.
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The effect o f a decrease in specific energy for an increase in material removal rate 

has been observed by numerous researchers for both grinding and milling processes. For 

example, Diaz et al. demonstrated an inverse relationship between specific energy and 

material removal rate for milling o f a low carbon steel [123]. Linke et al. also found that 

for CBN grinding o f hardened steel specific energy was found to decrease with 

increasing table speeds [70]. Similarly, Tawakoli and Stephenson et al. found that for 

high efficiency deep grinding specific energy reduced with increasing specific removal 

rate [21, 66].

However, mean values o f specific energy can only provide an initial estimate o f 

machining characteristics. To obtain a better understanding o f the specific energy in 

relation to the alternating tool-workpiece engagement conditions, specific energy is 

plotted over the course o f a full abrasive machining toolpath.
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Figure 6.14: Specific energy estimate over the surface o f  the part, front view
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Figure 6.14 and Figure 6.15 illustrate specific energy calculated over the surface 

o f the part for experimental tests 1 - 4. The effect o f an increase in feed rate and 

engaged area is illustrated where in general an increase in feed rate or engaged area is 

accompanied with a decrease in specific energy. The magnitude o f specific energy is 

also found to be at a minimum over the centre o f the patella track and over the casting 

gates. This can be attributed to the large engagement area between tool and workpiece 

at these points as shown previously in Figure 6.6.

The specific energy analysis shown in Figure 6.14 and Figure 6.15 highlight 

regions over the surface o f the femoral implant which could be considered to be 

inefficient. Low tool-workpiece engagement at the edges o f the implant and edges o f 

the patella track, and over the femoral condyles, result in high values o f specific energy. 

This indicates a large amount o f energy is entering a small area o f material at these 

regions, therefore resulting in inefficient grinding conditions.

Specific energy near the convex shaped condyle regions is also shown to be 

approximately between 150 - 400 J/mm^ for Toolpath A, and less than approximately 

200 J/mm^ for Toolpath B, illustrating that machining conditions are not ideal for the 

small engagement conditions given by Toolpath A.

Considering the results in context, specific energy for conventional surface 

grinding with typically low depths o f cut have been found to be up to 200 J/mm^, 

whereas low specific energy values o f 10 -  50 J/mm^ have been achieved with high 

efficiency deep grinding conditions for grinding o f steels [21, 59, 216]. Specific energy 

values o f 20 -  40 J/mm^ have also been achieved for high efficiency deep grinding with 

electroplated CBN wheels for low alloy steel, with wheel speeds in excess o f 100 m/s, 

depth o f cut from 1 -  5 mm and feed rates o f 2 -  125 mm/s used [66, 71].

High values o f specific energy in abrasive machining processes are often to a low 

roughness requirement in a finishing operation coupled with a selection o f inefficient 

process parameters [71]. The main goal o f  this abrasive machining process for femoral 

implants is to generate accurate and repeatable component dimensions, and to maintain 

surface integrity. Surface roughness o f the components is reduced through later 

finishing processes o f lapping and polishing. Therefore the focus o f this process is 

efficient material removal, and machining parameters should be adjusted as such with 

respect to this primary goal o f efficient material removal whilst maintaining a correct 

profile.
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Low grinding temperatures can be achieved with high efficiency deep grinding as 

higher workspeeds can reduce the energy partition to the workpiece [61], However, the 

thickness o f the workpiece should also be considered as the thicker a workpiece is the 

more material there is for the heat to dissipate through as demonstrated in Appendix 

AI.3. Therefore feed rates and engaged area should not be increased by a large amount 

at regions o f very thin workpiece thickness in order to avoid grinding bum. Also, when 

considering an increase in feed rate or depth o f cut in order to reduce specific energy 

values, and therefore increase machining efficiency, the implications o f tool wear, 

temperature and possibility o f chatter vibration should be taken into account.
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Figure 6.15: Specific energy estimate over the surface o f  the part, baci< view

Regions o f high specific energy shown in Figure 6.14 and Figure 6.15 could be 

reduced through an increase in depth o f cut or a decrease in toolpath spacing, or 

alternatively an increase in feed rate. A significantly higher feed rate could likely be 

achieved particularly over the condyle regions without a significant risk o f thermal 

damage in this region. Regions o f lower specific energy o f  approximately 100 J/mm^ or
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less could be considered to be at an acceptable value and therefore increases in feed rate 

or tool-workpiece engagement at or near these areas are may be unnecessary and could 

run the risk o f a deterioration in surface quality or tool wear.

6.6 Summary

In this chapter the influence o f changes in process parameters with respect to tool- 

workpiece engagement, process power and specific energy for the abrasive machining 

process o f femoral implants is investigated, and through this the developed algorithm 

and position-oriented monitoring method is tested. Results from a 2^ factorial 

experiment with factors o f feed rates o f  55 mm/s and 90 mm/s and toolpaths with 

toolpath spacing o f 0.381 mm, and 0.782 mm, and no radial offset and radial offset o f - 

0.3 mm, respectively, are presented.

Laser measurement results detailing the difference between a cast and machined 

part were illustrated, and depth o f cut was shown to vary between approximately 0.1 

and 2 mm over the surface o f the implant. A statistically significant difference in 

material removed between toolpath A and B was also detected by the laser 

measurements, illustrating the sensitivity o f the measurement system to varying distance 

parameters.

An analysis o f engaged area showed the majority o f calculated values to be in the 

range o f 0.01 -  1 mm . The regions o f highest engagement were shown to be the patella 

track, which is concave in shape, as well as the casting gates due to their protrusion o f 

up to 2 mm above the surface o f the implant. Due to the alternating tool-workpiece 

engagement conditions it can be expected that process power and forces fluctuate 

significantly during the grinding process.

Power measurements from internal machine signals were shown to increase by 

approximately 813 Watts, or a 73% increase for a corresponding increase in tool- 

workpiece engagement between toolpath A and B. An increase o f approximately 469 

Watts, or a 37% increase was found for an increase in feed rate from 55 mm/s to 90 

mm/s. The parameters o f feed rate and toolpath were therefore shown to have a 

statistically significant effect on the response variable o f cutting power. A position- 

oriented analysis o f power showed power increasing with tool-workpiece engagement 

in concave areas such as the patella track as well as high depth o f cut areas as 

encountered at the casting gate area.
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An increase in the engaged area from toolpath A to toolpath B was shown to 

result in a mean decrease in specific energy o f  approximately 111 J/mm^, or 44% 

decrease. Comparatively, an increase in feed rate from 55 mm/s to 90 mm/s was found 

to result in a mean decrease o f 34 J/m m \ or 16%, for mean specific energy. The regions 

o f low specific energy over the surface o f the part were found to be near the centre o f 

the patella track and over the casting gates. This can be attributed to the large 

engagement area between tool and workpiece at these areas. In contrast, regions o f high 

specific energy were found to be at the edges o f the implant and edges o f  the patella 

track.

Specific energy could potentially be reduced in these regions through an increase 

in depth o f cut or a decrease in toolpath spacing, or alternatively an increase in feed 

rate, in order to increase machining efficiency.

The results shown in this chapter verify that the developed process monitoring 

strategy, based upon correlation o f machining position to the process metrics o f power 

and material removed, is sensitive to changes in process parameters such as feed rate 

and toolpath/engaged area. By applying position-oriented monitoring, process 

characteristics can be better understood thus providing a knowledge base upon which 

process optimisation and control can be developed.
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Chapter 7

Conclusion

The ability to monitor and control machining operations is o f significant 

importance in guaranteeing long-term competitiveness in the manufacturing industry. 

However, not enough process monitoring knowledge makes the transition from research 

environments to real industrial machining applications due to the requirements for 

external sensors or modifications to machine structures. To date most devices are only 

suitable in one or two-axis manufacturing processes with few research studies 

investigating power monitoring o f 3-axis or more freeform operations.

This research has explored the characteristics o f  an internal machine signal power 

and position-oriented monitoring strategy with a focus on development o f a platform for 

process power monitoring for an industrial freeform machining operation. Internal 

machine signals o f active power and position have been recorded and analysed under 

various grinding parameters for both flat surface and freeform grinding. In the case o f 

freeform grinding, it has been attempted to correlate the signals with material removal 

measurements and model-based engagement over the full surface o f the implant to form 

a position-related analysis on the efficiency o f the process over the course o f  machining 

a freeform surface.

7.1 Process characterisation through power monitoring

Internal machine signals o f active power and current from the spindle and servo 

drives as well as axis positions, and current from the servo drives were measured during 

flat surface grinding with toroidal shaped grinding wheels for Cobalt Chrome alloy 

under various machining parameters. Current from the A-axis drive was shown to be 

useful indicator o f the material removed in the process. However, the active power 

signal from the main spindle was found to provide the most useful and sensitive 

information regarding the process, therefore the spindle active power was deemed be 

the most appropriate internal machine signal for monitoring and characterisation o f the 

grinding process.
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The behaviour o f  the internal machine active power signal from the spindle was 

shown to be sensitive to changes in depth o f cut, with an almost linear rise in active 

spindle power between the values o f 500 -  4000 Watts for depths o f cut between 0.2 -  

1.2 mm. The linearity in the signals behaviour provides an indication that the signal is 

reliable and repeatable and the sensitivity to depth o f cut is a positive indication o f 

power as a suitable metric for this process.

Furthermore, findings show that increased tool wear could be reliably detected 

through a rise in the power consumption. Increases o f approximately 5000 Watts on 

average were experienced for depths o f cut o f 0.4 -  0.8 mm between a sharp and worn 

wheel with machining parameters o f 84 m/s wheel speed and 55 mm/s feed rate 

analogous to those used in grinding o f femoral implants. This indirect method o f 

monitoring wheel wear has significant potential particularly for electroplated 

superabrasives. The slow wear increase o f CBN can reliably be detected with power 

monitoring in order to avoid thermal damage o f the workpiece due to excessive wheel 

wear.

During the Taguchi experiment the difference between a sharp wheel and worn 

wheel was quantified. Optical micrographs o f the worn wheel surface taken with a USB 

microscope at 200X magnification revealed wear on the CBN grains by attrition, grain 

fracture and grain pullout, showing that a significant change in the grains morphology 

had taken place with wear. A difference in areal packing density o f 0.7 grains/mm^ was 

calculated between the sharp and worn wheel also indicating that a small amount o f 

grain pullout has taken place during the wheels life. The wear flat area was also 

calculated from optical micrographs o f replicas taken from the wheel surface and was 

found to be 2.1% for the worn wheel, further verifying the presence o f wear flats on the 

individual CBN grains and noting that wear flats are typically responsible for increases 

in power and force during grinding.

Through a Taguchi L16 experimental design active spindle power was revealed to 

be sensitive to changes in process parameters including wheel speed and feed rate, 

whilst the sensitivity towards changes in depth o f cut and wheel wear was further 

verified. In general, recorded cutting power for the various parameters varied between 3 

-  13 kW. Further results from the Taguchi L16 test array showed the comparison 

between a new and sharp wheel had the highest contribution ratio o f 52.3% for cutting 

power. Additionally, it was observed that wheel condition was the only statistically 

significant main effect for surface roughness, where a mean decrease in surface
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roughness o f 0.6 pirn was found for grinding with a worn wheel, indicating that changes 

could be made to process parameters without a detrimental effect on workpiece surface 

roughness.

Depth o f cut when varied between 0.5 and 1 mm has the second highest per cent 

contribution ratio o f 42.1%. Wheel speed when varied between 52 -  84 m/s, and feed 

rate varied between 42 -  68 mm/s, both have a significant effect on the cutting power 

response, with their PCR value much lower, at 1.4% and 1.1% respectively. While the 

effect o f changing wheel speed and feed rate on the cutting power was low in 

comparison to the effect o f changes in wheel condition and depth o f cut, it was still 

statistically significant, indicating a potential for process optimization through changes 

in these parameters.

Specific energy calculated for grinding with a worn wheel was observed to result 

in an increase o f over 50 J/mm^ with a per cent contribution ratio o f 59%, illustrating a 

risk o f thermal damage once significant wheel wear has taken place. Increases in depth 

o f cut from 0.5 -  1 mm and feed rate from 42 -  68 mm/s resulted in a mean decrease in 

specific energy o f 16 J/mm^ for depth o f  cut and 11 J/mm^ for feed rate. This indicates 

once more that changes made to these parameters can result in significant improvements 

in terms o f reduction in specific energy and improvements in machining efficiency.

A power law trend was observed for specific energy calculated for depths o f cut 

ranging from 0.1 -  1.2 mm for flat surface grinding o f Cobalt Chrome alloy. It can be 

concluded that significant reductions o f specific energy can be achieved through 

increases in the material removal rate up to a certain point, however after this point 

reductions in specific energy decrease in magnitude with increasing material removal 

rate. To avoid diminishing returns in efficiency for increases in material removal rate, it 

is important to identify the point at which this occurs, in order to prevent excessive and 

unnecessary tool wear and other associated issues.

7.2 Development of position-oriented process monitoring methodology

A custom laser measurement system designed and built in TCD as described in 

Section 3.4 was developed for this research and was used to determine the material 

removed in the process. The system comprised o f two servo motors, a linear 

displacement laser and a custom built base. The developed system presented a 

resolution o f at least 0.05 mm with a standard deviation o f approximately 0.01 mm and
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0.02 mm for flat and curved surfaces respectively, illustrating its potential as a flexible 

and economical solution for profile measurement.

Laser measurements using the system were obtained from femoral implants pre- 

and post- abrasive machining. The point clouds were matched using an iterative closest 

point matching algorithm that improved the alignment by reducing the overall root 

mean square distance between the pre- and post- abrasive machining point clouds.

The difference between the pre- and post- abrasive machining point clouds was 

obtained over the surface o f the part and values were shown to vary between 

approximately 0 - 2  mm. Most significantly, there was considerable variation in the 

material removed over the surface o f the implant, with more material removed in some 

areas such as concave shaped areas and casting gates, than other areas including the 

convex sections o f the femoral condyles. Therefore, there is considerable potential for 

using the developed measurement system for the analysis o f differences in material 

removal when toolpath or cutting conditions have changed.

While calculation o f the distance between pre- and post-machined implants 

provides significant insights into the material removed during the process, an estimate 

o f the engagement between the tool and workpiece over the course o f the toolpath can 

provide a more in-depth insight into machining conditions and the effects o f changes in 

toolpath spacing. This can be used also as a basis for the calculation o f specific energy 

in order to provide an estimate o f the efficiency o f the toolpath over the entire surface of 

the part. An algorithm, as detailed in Section 5.2, was therefore developed in order to 

estimate the tool-workpiece engaged area over the surface o f an implant utilizing laser 

part comparison measurements. Engagement is highly influential and dependent on the 

toolpath spacing and depth o f cut in the X-direction, therefore a 2D analysis in the X- 

direction was selected in order to simplify the problem.

The accuracy o f the developed algorithm was found to depend mainly on the 

accuracy and resolution o f the laser measurements. The stated resolution o f the laser 

measurement system is 0.003 mm. Repeat tests have shown that the system can produce 

results with standard deviations o f less than 0.015 mm. A safe assumption is that the 

overall laser measurement system is accurate to 0.1 mm. Indeed, for power monitoring 

with a new wheel it becomes difficult to detect the change in the power signal for 

depths o f cut o f 0.1 mm or less. For this particular abrasive machining application 

however, where depths o f cut are typically in the range o f 0.1 mm -  2 mm, the process
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monitoring combination o f internal machine signal power monitoring and laser 

monitoring using the designed system.

The toolpath used to estimate the engaged area is a generated model toolpath 

based on the machined surface laser measurements. Results shown provide an insight 

into the highly variable contact conditions encountered during abrasive machining with 

typical estimates o f engaged area ranging from 0 -  1 mm^.

The internal machine signals o f power and spindle position were used in order to 

monitor the abrasive machining process and were later analysed with a position-oriented 

approach. Typical cutting power values for a standard toolpath for machining a femoral 

implant were found to be within 0 - 1 0  kW. A plot o f cutting power and position 

revealed an inter-positional dependency where power was notably higher than the mean 

value at certain points on the implants surface. Correlation o f the power and material 

removed measurements from before and after machining further illustrated the 

positional dependency between the two quantities. Therefore, a joint analysis was 

performed in order to correlate the recorded cutting power with the calculated engaged 

area by first down-sampling the power data and then using nearest neighbour 

interpolation to match the two sets o f data. Specific energy was then estimated over the 

surface o f the part highlighting areas where abrasive machining conditions were not 

optimal.

7.3 Application o f position-oriented monitoring approach for freeform 
surfaces

The method developed for position-oriented-analysis was applied and tested under 

different machining parameters with two feed rates and radial offset/tool path spacing. 

The femoral implant parts were measured with the laser measurement system before 

and after machining. The depth o f cut and the estimated tool-workpiece engagement 

over the course o f the toolpath was compared between experimental parameters. The 

internal power signal was examined between experimental parameters. Specific energy 

was estimated over the surface o f the implant for each experimental trial and 

comparisons were drawn between the differing feed rates and radial offset/tool path 

spacing.

As shown previously, depth o f cut for the abrasive machining trials was shown to 

vary between approximately 0.1 and 2 mm over the surface o f the implant. This
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illustrates the fact that material removal is not uniform over the course o f the freeform 

toolpath, therefore it is necessary to consider the varying engagement conditions as part 

o f any process optimisation strategy. Laser measurements also showed a statistically 

significant difference in material removed between toolpath A and B, highlighting the 

lasers sensitivity to varying distance parameters.

Internal machine signal power measurements demonstrated a significant increase 

in power o f approximately 813 Watts, or 73%, for an increase in tool-workpiece 

engagement between the first and second toolpath. An increase o f approximately 469 

Watts, or 37%, was found for an increase in feed rate from 55 mm/s to 90 mm/s. A 

position-oriented power analysis revealed areas o f significant power with power 

increasing as the tool-workpiece engagement increased in concave areas as illustrated 

by the patella track, and high depth o f cut as encountered in the casting gate area. An 

interesting finding was that while the mean cutting power varied between approximately 

1000 -  2500 Watts for each test, the maximum cutting power, particularly at the lower 

end o f  the patella track reached up to approximately 8000 -  14000 Watts for each test. 

This region, particularly due to the large depth o f cut and tool-workpiece engagement at 

this point can therefore be considered to be anomalous.

An increase in the engaged area through an increase in toolpath spacing to 0.782 

mm and radial offset decrease o f 0.3 mm with toolpath B resulted in a mean decrease in 

specific energy o f approximately 111 J/mm^, or 44%. Comparatively, an increase in 

feed rate from 55 mm/s to 90 mm/s was found to result in a mean decrease o f  34 J/m m \ 

or 16%, for mean specific energy. The regions o f low specific energy over the surface 

o f  the part were found to be near the centre o f the patella track and over the casting 

gates. This can be attributed to the large engagement area between tool and workpiece 

at these areas. In contrast, regions o f high specific energy were found to be at the edges 

o f  the implant and edges o f the patella track, and over the condyle surface. Machining 

efficiency over the condyle surface for example, could potentially be improved through 

an increase in the material removal rate over this region.

The rationale behind pursuing a position-oriented monitoring and analysis 

strategy has been substantiated through the position-dependent results shown for 

specific energy. Anomalous high values o f power and specific energy at certain 

positions o f the part can be considered to be process disturbances. If  a process 

optimization strategy was based only on the mean specific energy value, then the 

process disturbances would not be taken into account. Thermal damage could ensue as
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the machining parameters that are suitable for the majority o f the part may not be 

suitable for problem areas. Efficient machining conditions that do not compromise 

overall surface integrity can be achieved by considering differing engagement 

conditions separately. Such regions can be identified with a position-oriented 

monitoring and analysis strategy as investigated in this thesis.

7.4 Concluding remarks

It is generally accepted that there are significant opportunities associated with 

exploiting velocity effects in production processes, where the careful selection o f 

process parameters can extend the existing process limits due to the production o f a 

greater quantity o f components in a shorter time. This can be achieved through 

increases in the material removal rate which can result in lower process specific energy. 

However, as an increase in process efficiency is typically accompanied by increased 

cutting power and risk o f increased tool wear, it is critical to understand fully the 

effects o f changing operating parameters before new grinding/abrasive machining 

strategies can be implemented without detrimental effect on surface integrity or tool 

wear [12, 21, 66-68], One o f the best ways o f achieving this is through process 

monitoring where real process characteristics o f complex freeform machining 

operations can be determined, allowing for more flexibility and certainty than perhaps 

process modelling would allow for.

Results shown in this thesis are o f importance for the analysis o f both machine 

parameter selection and toolpath planning in abrasive machining o f femoral implants. 

As the engaged area decreases, the feed rate should be increased in order to maintain a 

constant material removal rate and in turn a constant specific energy. Inversely, it may 

be o f benefit to reduce the feed rate at areas where the depth o f cut/engaged area is 

particularly large. Furthermore, in order to achieve the most efficient machining 

conditions, it may be o f  benefit to increase the tool-workpiece engaged area where 

feasible by varying both the toolpath spacing as well as the engaged area.

The results shown in this thesis highlight the advantage o f using two approaches 

towards process monitoring o f freeform abrasive machining. First, monitoring and o f 

internal machine power signals have been shown to be reliable, repeatable and to 

provide a deep insight into the grinding process characteristics [3, 15]. Second, the 

advantage o f utilizing a position-oriented approach towards analysis o f process power
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and material removal data is illustrated, where machining characteristics and process 

disturbances can be identified and investigated in a more comprehensive manner [16, 

106, 163]. This approach can serve as a basis for process optimization and offline 

control, where process efficiency is achieved through reducing specific energy over the 

generated surface o f the part during abrasive machining.

7.5 Recommendations for future work 

The four main areas o f future work envisaged are

• Position-oriented analysis method

• Further characterisation o f the abrasive machining process

• Laser measurement system

• Offline adaptive control loop for abrasive machining

Further improvement o f the position-oriented analysis method can be achieved 

through development o f a more refined data matching and interpolation method, as well 

as improvements o f the efficiency o f the algorithm. This may reduce computational 

time and improve accuracy, ease o f use and accessibility o f the algorithm.

Further testing o f the abrasive machining process particularly focusing on 

characterization o f the relationship between tool wear and feed rate may be beneficial. 

Assessment o f the dynamic properties o f the process at varying feed rates and 

engagement conditions through a modal analysis, and quantification o f combinations o f 

process parameters that carry a risk o f regenerative chatter, could provide further insight 

into the dynamic characteristics o f the process.

This thesis has highlighted the benefit o f non-contact measurement o f freeform 

surfaces for determination o f material removed during a process. The laser 

measurement system developed for this project has considerable potential for future 

application integrated into a process control and inspection strategy/loop. Improvements 

could be made to the laser measurement system in terms o f streamlining the control 

algorithms in order to reduce inspection time, as well as integration o f a facility for 

comparison o f acquired scans to CAD part models.

The development o f a sensing and position-oriented sensor signal processing 

platform gives rise to the opportunity for process optimization and control. Given the
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insight into process behaviour that power and material removal measurement can 

provide, an optimization strategy could be explored, with the ultimate goal o f 

development into an offline or online adaptive control loop for abrasive machining. The 

approach could consist o f a focus on the toolpath as well as the feed rate. The primary 

target is to maintain a consistent part profile. The toolpath could be optimized in order 

to maintain an increased and more consistent engaged area within the constraints o f an 

acceptable part profile and macro surface roughness. The feed rate could then be 

adjusted with a position-oriented approach for the newly generated toolpath in order to 

maintain more efficient cutting conditions. Finally, surface integrity could be 

maintained through monitoring o f the wheel wear through power monitoring, noting 

that a consistent increase in the power necessary to machine a part based upon the same 

machining parameters and engagement conditions is a reliable indicator o f tool wear for 

electroplated CBN wheels.
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Appendix I

Freeform abrasive machining investigations

AI.l Macro surface roughness

Chapter 6 illustrates how with increased tool-workpiece engagement at certain 

feed rates corresponding specific energy can be low as a result. One method o f 

increasing tool/workpiece engagement is to increase toolpath spacing. However, the 

macro surface roughness, also known as the scallop height, is closely related to the 

toolpath spacing. It is therefore o f interest to know what effect changing toolpath 

spacing will have on the macro surface roughness. This effect can be estimated through 

approximating the scallop height analytically. The scallop height can be defined in 

terms o f tool path spacing, the cutter radius and the local radius o f curvature o f the 

surface, as derived by Lin et al. [219]. As there are three main types o f engagement; 

planar, convex and concave, theoretical scallop height was calculated through Equations 

A l.l - AI.3.

Tool path spacing is shown in Figure A l.l versus the calculated scallop height. In 

order to maintain a good surface finish o f the part it is necessary to ensure scallop 

height remains below the acceptable macro surface roughness value. It can be seen from 

Figure AM  that if  for example, a theoretical scallop height o f 0.02 mm is to be achieved

(Al. l )

+ R)sV 
2R^

(AI.2)
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for a workpiece with a radius of 20 mm using a torus shaped grinding wheel with minor 

radius of 12 mm, it is necessary to have a toolpath spacing of approximately 0.83 mm, 

1.10 mm and 1.39 mm for concave, convex and planar surfaces respectively. The 

difference in theoretical scallop heights for the different workpiece shape shown in 

Figure AI.l also goes some way towards explaining the variation in visible scallop 

height between the concave patella track and the convex condyle regions shown 

previously on the surface of implants after abrasive machining. The shape of the 

workpiece is therefore an important consideration when increasing toolpath spacing in 

order to reduce overall cycle time.

0.12n
— Planar 
— Convex 
— Concave

-20.04-

0 02 exam ple s c a l l^  he igh t and toolpat^««jJacing

0 0.5 1 1.5 2
Tool Path Spacing (mm)

Figure AI. l ;  Scallop height for planar, convex and concave workpiece shapes o f  radius 20 mm

AI.2 Energy cost estimate

The abrasive machining process can also be evaluated from an energy cost point 

of view. Table AI.l and Figure AI.2 demonstrate energy cost estimates for tests 1 -  4, 

where the machining parameters for tests 1 - 4  are described in Chapter 6 and in Figure 

AI.2.

The machine energy estimate refers to the machine overhead energy costs, with an 

approximation of 3.7 kW taken for the fixed energy consumption of the process. This is 

based upon a study by Herman et al. who investigated fixed power consumption of 

machine tools where a fixed power consumption of 3.7 kW was found for a Studer S40 

universal grinding machine [220]. Electricity price was estimated at an average of 

€0.I0/kWh [221], Total energy expended by the spindle during machining was
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estimated through trapezoidal integration in Matlab. The energy estimate per year was 

estimated through an example o f 24 parts machined per day, and the assumption that the 

machine operates 6 days a week, 52 weeks per year.

It is clear from Table AI.l and Figure AI.2 that reduction in cycle time has a 

direct impact on energy cost reduction o f the process. Grinding, or indeed any 

machining operation, is always accompanied by a fixed power demand from support 

equipment such as the spindle and servo drives, hydraulic and coolant supply system, 

control system and auxiliary systems such as the HMI, NC, fans and lighting [220]. An 

increase in the material removal rate therefore results in a decrease in overall cycle time 

and support equipment usage. The energy cost analysis shown in Figure AI.2 indicates 

it is generally beneficial in terms o f cost to increase the material removal rate. The 

lowest estimated cost was for experimental test 4 at €210 per year, as compared to test 1 

at €823 per year. Previous results shown for specific energy analysis also illustrate the 

benefit o f  an increase in material removal rate in order to reduce the magnitude o f 

energy entering the part during grinding. Therefore it is generally beneficial when 

seeking an increase in process efficiency to increase the material removal rate.

While this analysis does not deal with the effect o f the chosen process parameters 

on tool wear, the impact o f an increase in process velocities on tool wear should also be 

taken into account for a more all-inclusive perspective on achieving efficiency in 

abrasive machining. Such an approach is described by authors Helu et al. and 

Mativenga et al. in their work on turning o f titanium and steel alloys, who recommend 

taking a holistic perspective towards evaluating the total cost associated with a process 

time reduction strategy [222, 223], Helu et al. found that material removal rates beyond 

30 cmVmin were unfeasible for turning o f titanium alloy as the tool flank wear was too 

severe and tool life too short. This type o f analysis should be performed when 

considering a change in process parameters, as although CBN is slow wearing due to its 

hardness there is likely a limit to which a benefit in energy costs and process efficiency 

is offset due to tool wear [79].
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Test
time
(hr)

Total Spindle 
Energy (kW h)

M achine Energy 
Estimate (kW h)

Energy
Price

(€,'kWh)

Total M achine Energy 
Cost Estimate / Part (€)

Energy Cost 
Estimate (€) /  

Year
T estl 0.21 0.32 0.78 0.10 0.11 823
Test2 0.08 0.16 0.31 0.10 0.05 350
T ests 0.11 0.23 0.39 0.10 0.06 467
Test4 0.04 0.12 0.16 0.10 0.03 210

Table A I . l : Estimated energy costs

1 2  3 4
Test

M aterial;
CoCrMo F-75 Alloy

Param eter:
Vs = 84 m /s

Coolant:
Henkel M ultan CrlO

Tool:
Nev\/ CBN B301 Grit

T e s t l
Vf = 55 m m /s 
s = 0.381 mm 
do= 0 mm

Test 2
Vf = 90 m m /s 
s = 0.381 mm 
do= 0 mm

T esta
Vf= 55 m m /s 
s = 0.762 mm 
do= 0.3 mm

Test 4
Vf = 90 m m /s 
s = 0.762 mm 
do= 0.3 mm

Figure A1.2: Energy cost estim ate per year

AI.3 Grinding bum marks

Figure AI.3 shows grinding burn marics at the back surface o f the patella track. 

This was the only location where grinding bum  marks were found on the implants. At 

this region on the implant the material thickness is very low, less than 1 mm at the area 

where grinding burn occurs. In a workpiece with a thin cross-section the heat entering 

the workpiece top surface from machining encounters a boundary before the heat 

energy has fully dissipated through the material. At this region the backside o f the 

workpiece is not in contact with any o f the arbour clamping system, therefore as air is a 

poor conductor the heat energy pools in this area. The grinding bum marks shown can 

be attributed to this effect.
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Material:
CoCrMo F-75 Alloy

Param eter:
V j  = 84 m/s

Coolant:
Henkel Multan CrlO

Tool:
New CBN B301Grit

T e s t l
V,  = 55 m m /s  
s = 0.381 mm 
do= 0 mm

T esta
Vf = 90 m m /s 
s = 0.381 mm 
do= 0 mm

T ests
V f =  55 m m /s  
s = 0.762 mm 
do= 0.3 mm

Test 4
V,  = 90 m m /s  
s = 0.762 mm 
do= 0.3 mm

F igure A1.3: G rinding bum  m arks at back  o f  patella  track

The effect o f increased feed rate is also shown in Figure AI.3. For the increased 

engaged area toolpath in Test 3 and 4 the effect is more noticeable, where it can be seen 

that the grinding burn is reduced as the heat energy had less time to sink into the part 

with the increased feed rate as shown in Test 4.
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Appendix II

Flat surface grinding with toric wheels

AII.l Temperature investigations

The objective o f these tests was to investigate the range o f temperatures the 

workpiece may experience at different depths o f cut and with new and worn tool wear 

states.

Workpiece materials

Cobalt Chrome alloy (ASTM F-75) was used throughout the tests, details o f the 

thermal properties are shown in Table A II.l. Workpiece material was initially supplied 

for the tests in the form o f cast bars o f Cobalt Chrome alloy with a bulk hardness o f 

approximately 37 HRC. Test parts in the shape o f T-bars were then cut and milled from 

the cast bars with thickness o f  8 mm, flat surface area o f 68 mm x 25 mm, designed to 

fit in the machine fixture. Blind holes o f 0.6 mm diameter were drilled from the 

underside o f the workpiece to a depth 0.1 mm below the track to be machined as shown 

in Figure A IM . These holes were located in the centres o f the tracks to be machined.

68 mm

8 mm

25 mm

Figure A ll . l :  Cobalt Chrome alloy test piece with 4x  therm ocouples each placed beneath m achined track
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CoCrM o A lloy A STM  F75
Thermal Conductivity, k (W /m K ) 12-14
Specific Heat Capacity, c (J/kgK) 425-472
D ensity, p (kg/m^) 8270-8320
M elting Point Temperature, Tm. 
for Co-Cr binary phase alloy (°C )

1397

Table Al l . l :  Thermal properties o f  Cobalt Chrome alloy [181,  224-226]

Test equipment

Tooling in the form o f two sets o f contoured twin wheels were used in these tests. 

Tools were 200 mm diameter electroplated CBN B301 grit grinding wheels with an 

inner toric radius o f 12 mm. One o f the sets was new, while the second set was worn. 

One wheel was chosen out o f  each set and used for the tests. All tests were carried out 

on a Haas Multigrind CB 5-axis grinding centre with a maximum spindle rotational 

speed o f 8000 rpm and power rating o f 29 kW. Figure A ll.2 details the testing 

arrangement. Workpieces were held in a machining arbour with a secondary clamp.The 

oil used for coolant was a Henkel oil, Multan CRIO.

Data acquisition equipment included a NI Hi-Speed USB Carrier NI USB-9162 in 

conjunction with NI Thermocouple DAQ NI 9213, connected via usb link to a Windows 

7 laptop running Labview 2009. The DAQ unit was contained in a custom-made silicon 

sealed box with thermocouple and usb outputs. This was housed in the machine during 

testing. Thermocouples used in the tests were KMTXL-IM050U-150, Super 

OMEGACLAD® XL Sheath with 0.5 mm diameter, 150 mm length probes. Power was 

measured with Siemens Sinucom NC Trace software installed on the HMI o f the 

machine on a Siemens 840Dsl controller. Machine variables including were recorded 

for each o f  the tests at a sample rate o f 333 Hz.
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Grinding W h ee l

S ea led  DAQ Unit
W o rk p ie c e  /

T hernnocouples

T h e rm o c o u p le s USB O u t le t  

t o  Laptop

Figure A ll.2: (Left) Cobalt Chrome t-bar with 4 therm ocouples in place, (R ight) Data acquisition 
equipment, silicon sealed box with N1 9213 therm ocouple DAQ

Experimental Design and Test Parameters

A series of cuts were taken on the workpiece centred above each described 

thermocouple. Table A ll.2 and Table AII.3 detail the test parameters. Two comparative 

tests between depths of cut of 0.5 mm and 0.9 mm and wheel condition of new and and 

worn were performed to assess their effect on workpiece temperature and machining 

power.

Test Parameters

W heel Speed 84 m/s (8000  RPM)
Feed Rate 55 m m /s (130 inch/min)

Depth o f  Cut 0.5m m /0.9m m
Coolant Oil Based

W heel Type Electroplated C BN  B301 grit
W heel Condition New/W orn

W orkpiece Material CoCr F-75 A lloy

Table AII.2: Test parameters

Test Parameters

Depth o f  Cut 0.5m m 0.9m m
W heel Condition N ew Worn

Table A ll .3: Test parameters

Results & Discussion

Table AII.4 and Figure AII.3 show the temperature recorded during machining 

with new and worn wheel sets over two different depths of cut. Tests 3 and 4 for 

0.9mm depth of cut with the new wheel set were not recorded due to incorrect 

parameter selection for the tests. Test 3 for 0.5 mm depth of cut with a worn wheel set
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was a clear outlier, it is likely the thermocouple dislodged during the test and lost 

contact with the workpiece material. Despite the few missing tests there is still 

sufficient data present to examine the main trends.

A clear increase in temperature is shown when the depth o f cut is increased from 

0.5 mm to 0.9 mm for both the new and worn wheels. This is as expected, as the 

engagement area between the wheel and workpiece increases as the wheel moves deeper 

into the workpiece. A clear difference in temperature is also shown between the new 

and worn wheels. As the wheel wears the CBN grits develop wear flats and the contact 

area between the wheel and workpiece is increased leading to higher temperatures [84],

Temperature Results New Wheel Set Worn Wheel Set
Depth of Cut 0.5mm 0.9mm 0.5mm 0.9mm

T1 r c ) 378 444 391 476
T2 (°C) 249 474 377 525
T3 (°C) 250 128 495
T4 (°C) 257 484 483
Mean 283 459 417 494

Std. Dev. 55 15 48 19

Table AII.4: Temperature measurementsI
—■—New Wheel Set 

—A— Worn Wheel Set

0.5 0.9 1.3

Depth of Cut, a (mm)

Figure A ll.3: Temperature measurements for new and worn wheel at 0.5mm and 0.9mm depth o f cut

When the depth o f cut is 0.9mm depth o f cut the temperature reaches up to 500°C 

with a worn wheel. In contrast, the coolant oil used, Henkel Multan CR-10 has a boiling 

point o f 260°C [180], Therefore it is possible that during machining o f depths o f cut 

above the 0.5 mm range the oil in the wheel-workpiece contact zone is vaporising. It is 

also important to note here that as the thermocouples were placed 0.1 mm below the 

surface o f the machined track, it is clear that the actual temperature at the wheel- 

workpiece contact zone will be even higher. Therefore with increased wheel-workpiece
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contact areas, large depths of cut, and a worn wheel, it is possible that the real cutting 

zone temperature could approach 1000°C or over.

Table A ll.5 and Figure A ll.4 shows the cutting power recorded for the tests. 

There is a relatively linear increase in cutting power when the depth of cut is increased 

from 0.5 mm to 0.9 mm. The cutting power is also significantly increased when a worn 

wheel is used. These results demonstrate a somewhat similar trend to the temperatures 

recorded during machining. Power monitoring also in this case appears to be a reliable 

indicator of tool wear over a variety o f machining parameters.

Cutting Power Results 
(Watts)

New Wheel Set Worn Wheel Set

Depth o f  Cut 0.5mm 0.9mm 0.5mm 0.9mm
T1 3294 7286 10060 13692
T2 3342 7304 10142 13693
T3 3328 10225 13580
T4 3558 9889 13191
Mean 3381 7295 10079 13539
Std. Dev. 104 9 124 206

16000 

-3T 14000 
g  12000
r  10000 
I 8000o

6000U)

•B 4000  

u  2000 
0

0.1 0.5 0.9 1.3

Depth of cut, a (mm)

Figure AII.4: Cutting power (Watts)

Table A ll.6 and Figure AIT5 show the specific energy calculated for the tests. For 

a new wheel, the power increases from 3.3 kW to 7.3 kW for a 0.5 mm and 0.9 mm 

depth of cut, however, specific energy remains relatively the same, from 26.8 J/mm to 

24.1 J/mm^ for the two depths o f cut. When grinding with a worn wheel the power is 

shown to increase from 10.1 kW to 13.5 kW for a 0.5 mm and 0.9 mm depth of cut, 

however there is a significant decrease in the specific energy, from 79.9 J/mm^ to 44.6

Table A ll.5: Cutting power (Watts)

i

1

1 Ne w W heel Set
—A— W orn W heel Set

.... . — ... 1.................. . .......
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J/mm^ from 0.5 mm to 0.9 mm depth o f cut. This can be attributed to the greater 

magnitude o f power required for machining with a worn wheel.

Specific Energy Results 
(J/mm3)

New W heel Set Worn Wheel Set

Depth o f  Cut 0.5mm 0.9mm 0.5mm 0.9mm

T1 26.1 24.0 79.7 45.1
T2 26.5 24.1 80.4 45.2

T3 26,4 81.0 44.8
T4 28.2 78.3 43.5

Mean 26.8 24.1 79.9 44.6
Std. Dev. 0.8 0.0 1.0 0.7

Table A ll.6: Specific energy (J/mm^)

90
80
70
60
50
40
30

'■—New W heel Set 
'A—•W orn W heel Set

1/1

0.1 0.5 0.9 1.3

Depth of cut, a (mm)

Figure A ll.5: Specific energy (J/mm^)
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Appendix III

Machine Signal Evaluation

The available digital drive signals for process monitoring were evaluated and 

ranked under two main criteria; sensitivity to the material removal process and how 

closely the evaluated signal is related to known relationships for grinding process forces 

and energy. The analysis is summarized in Table A III.l.

NC Trace variables Sensitivity to surface 
grinding process

Relation to process forces 
and energy

Active Power SPI • •

Current SPI • a
Active Power X O 3

Active Power Y O o
Active Power Z o 3

Active Power A o 9

Current X o 3

Current Y o 3

Current Z • 3

Current A • 3

Actual Speed o 3

•  Full a g r e e m e n t  

<» Par tia l a g r e e m e n t  

o  No a g r e e m e n t

T ab le  AIII.l: E va lua t ion  o f  NC T race  v a r ia b le s

Spindle power is ranked as the most suitable machine drive internal signal for 

process monitoring as the signal is both sensitive to material removal and is also 

applicable in the evaluation o f  forces and energy in the abrasive process, where spindle 

power is a function o f the tangential force and wheel speed. Specific energy and area 

specific power may also be subsequently derived from spindle power. Feed drive 

current remains a useful indicator for the material removal process as well as for 

identification o f process anomalies.
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Appendix IV

Machined surface 3D topographic maps

Figure AIV.l shows an example o f two 3D topographic maps taken for a 0.6 mm depth 

o f cut with a new and worn wheel. Grinding marks can be seen running across the feed 

direction.

1.48 m m

7.77 m m

1.48 m m

7.77 mm

P ara m e te r: Tool: M aterial:
a = 0 .6  m m ,  = 84  m /s ,  v^= 55 m m / s  N e w /  W o rn  E le c t ro p la ted  CBN B301 Grit  F-75 Alloy

Figure A1V. 1: 3D topography maps for (a) New wheel, Sa=2.93nm  and workpiece surface m icroscopic 
image (right) and (b) Worn wheel, Sa=2.33|im  and workpiece surface m icroscopic image (right)
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