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Abstract 

Under the concept of "Industry 4.0", production processes will be pushed to be increasingly interconnected, 
information based on a real time basis and, necessarily, much more efficient. In this context, capacity optimization 
goes beyond the traditional aim of capacity maximization, contributing also for organization’s profitability and value. 
Indeed, lean management and continuous improvement approaches suggest capacity optimization instead of 
maximization. The study of capacity optimization and costing models is an important research topic that deserves 
contributions from both the practical and theoretical perspectives. This paper presents and discusses a mathematical 
model for capacity management based on different costing models (ABC and TDABC). A generic model has been 
developed and it was used to analyze idle capacity and to design strategies towards the maximization of organization’s 
value. The trade-off capacity maximization vs operational efficiency is highlighted and it is shown that capacity 
optimization might hide operational inefficiency.  
© 2017 The Authors. Published by Elsevier B.V. 
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1. Introduction 

The cost of idle capacity is a fundamental information for companies and their management of extreme importance 
in modern production systems. In general, it is defined as unused capacity or production potential and can be measured 
in several ways: tons of production, available hours of manufacturing, etc. The management of the idle capacity 
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Abstract 

Biomanufacturing integrates life science and engineering basics to manufacture biocompatible products improving the superiority 
of living. Face turning is one of the important process producing the higher accuracy with surface finish on metal implants 
especially on sliding parts of metal-on-metal implants. Chip formation mechanism plays a vital role in manufacturing of superior 
quality implants. Present paper discusses the chip formation mechanism study by quantitative analysis of chip thickness ratio (rc) 
and analysed by Response Surface Methodology (RSM). It is seen that feed rate shows dominating effect on chip thickness ratio 
(rc) in dry face turning of Co-Cr-Mo alloy. Qualitative analysis of produced chips were analysed for study of metal mechanics in 
machining.  
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1. Introduction 

Turning process is rarely used in the manufacturing of components made of Co-Cr-Mo alloy for biomedical 
applications. It is, therefore, important to understand the mechanism of machining involving analysis of chip 
formation and the machining mechanics using assessment of cutting forces [1]. Even a minor change in the chip 
formation process may lead to problems related to tool life, surface topography and surface integrity after machining 
process. However, very few authors have reported their work in turning of Co-Cr-Mo alloy, which is not adequate 
for understanding the machining mechanism and mechanics.  
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A chip thickness ratio (t/tc) is a useful parameter to describe the effect of machining parameters on the chip 
morphology [10]. It is determined by the ratio of undeformed chip thickness (t) to the chip thickness (tc). Face 
turning is one of the important process producing the higher accuracy with surface finish on metal implants 
especially on sliding parts of Co-Cr-Mo metal-on-metal implants. Chip formation mechanism plays a vital role in 
manufacturing of superior quality implants. However, very few authors have reported their work in turning of Co-
Cr-Mo alloy, which is not adequate for understanding the machining mechanism and mechanics.  

Co-Cr-Mo alloy is the most popular material for biomedical purposes such as dental and orthopaedic implants 
due to their outstanding mechanical properties, wear resistance and biocompatibility. Among them the cast alloys 
(ASTM-75) exhibit low ductility and higher fatigue strength evaluated to other forged alloys. These are the most 
popular alloys for artificial joint replacements. Artificial joint replacement (arthroplasty) is widely used and 
successful surgical treatment for patients experiencing from trauma and arthritis. On an average one million 
arthroplasties are performed annually worldwide [3]. Co-Cr-Mo alloy is the most suitable alloy often used in sliding 
parts, such as artificial hip and knee joints. When it is used in the head of an artificial joint, a mirrored finish is 
necessary to extend the life of the joint by compact abrasive wear and enhanced chemical stability. The exploration 
for a minimum friction surfaces has led to the progress of metal-on-metal hip implants. These devices are commonly 
used today in patients less than 60 years of age [6]. Retrievals of Co-Cr-Mo metal-on-metal hip implants which did 
not experience seizing (some serviced in patients over 25 years) revealed little to no wear of the articulating 
surfaces. As a result, there is novel importance on the optimization of the wear concert of Co-Cr-Mo metal-on-metal 
implants used in THR. To achieve the higher accuracy and surface finish using these processes, the available 
information of dimensional manufacturing process parameters is not adequate. Especially face turning is one of the 
important manufacturing process producing the higher accuracy and surface finish on metal implants.  In order to 
enhance the machinability and hence product quality, there has been rising focus on improvement of machined 
surface finish by post finishing techniques such as polishing. Some of the related key publications which emphasizes 
on studying the Co-Cr-Mo hip implants based on laboratory as well as clinical experiences are presented below. The 
Co-Cr-Mo alloy is a difficult-to-cut material due to higher content of Cobalt with high hardness.  

Fischer et al. conducted simulation study and experimental investigation of subsurface areas of retrieved metal-
on-metal hip joints and laboratory specimens of worn surfaces of fcc Co-Cr-Mo alloys. Author found deposition of a 
nano-crystalline (nc) layer with a thickness of up to 200 nm on the specimen [3]. Ohmori et al. observed the surface 
roughness, Ra of 7 nm and also reported that surface roughness achieved in ELID grinding was superior than 
polished surface roughness [4]. Grgazka et al. analyzed the influence of chosen modifiers on mechanical properties 
of composite materials on the base of Co-Cr-Mo alloy [5]. The effect of various burnishing parameters on grain size 
distribution, microstructural phases and residual stresses has been studied by Yang et al. [6] using pin on disc wear 
tests in Co-Cr-Mo alloy. The machining trials of biomedical grade stainless steel have been reported for 
manufacturing of femoral head. The author Uddin et al. [7] found significant effect of feed rate and depth of cut on 
the surface roughness and sphericity of femoral heads. Satyanarayana et al. [8] performed turning of Ti-6Al-4V 
biomaterial alloy and noted the optimized cutting parameters as 75 m/min cutting speed, 0.25 r/min and 0.25 mm 
depth of cut at -30 approach angle. In the past, authors have optimized the process parameters using RSM and DOE 
to achieve best surface finish. Table 1 shows some of the studies on machinability of different difficult-to-cut metals 
in terms of surface integrity.  

In turning operation the final surface integrity depends on cutting speed, feed rate, depth of cut, tool nose radius, 
tool wear, machine vibrations, lubrication of the cutting tool and on mechanical and thermo physical properties of 
the material going to machined. Even small variation in any of the given parameters may have a significant effect on 
the produced surface. In machinability study, statistical design of experiment is used quite broadly. Statistical design 
of experiments refers to the process of scheduling the experiment so that the proper data can be analyzed by 
statistical techniques, resulting in applicable and objective conclusions. Design and methods such as full factorial, 
RSM and fractional factorial (Taguchi) methods are now generally used instead of one-factor-at-a-time experimental 
approach which is time consuming and absurd in cost. Present paper discusses the chip formation mechanism study 
by quantitative analysis of chip thickness ratio (rc) and analysed by Response Surface Methodology (RSM). 
Qualitative analysis of produced chips were analysed for study of metal mechanics in machining.  
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Table 1. Details of literature on machinability of difficult

Investigator Input parameters Effect of parameters 

Mandal et al. 
[9] Vc, f and ap 

Cutting speed and depth of cut have predominant effect on feed 
rate force whereas feed rate and depth of cut are the two most 
influencing factors for thrust force

Pawade et al. 
[10] 

Vc, f, ap and 
Cutting edge 
geometry 

Cutting speed, feed rate, depth of cut and edge geometry have 
highest grey relational grade and therefore are the optimum 
parameter values producing better turning performance in terms 
of cutting forces and surface roughness

Bruschi et al. 
[11] Vc, f and ap Feed rate was influencing the final machined surface roughness

Jagtap et al. 
[12] Vc, f, ap and α 

Feed rate shows dominating effect on surface roughness in 
turning operation, whereas the factor rake angle have nearly 
predominant influence on the machined surface roughness

Bordin et al. 
[13] Vc, f and ap 

Feed rate was the dominating factor on machined surface 
roughness 

Bernhard et 
al. [14] 

Vc, f,  ap and 
Cutting edge 
geometry 

Tool wear and roughness is highly  influenced by cutting speed

Ilhan et al. 
[15] 

f, ap, r and 
spindle speed 

Tool nose radius and feed rate has influenced on roughness 
parameters 

Jagtap et al. 
[16] 

Vc, f and ap 
feed rate and cutting speed are the most significant factors 
influencing the surface roughness

2. Experimental work 

2.1 Work material and experimental method 

The work material used in the present investigation was biocompatible alloy, which was a casted low carbon 
wrought version of ASTM F75 Co-Cr-Mo alloy. 
28.61% Cr, 5.53% Mo, 0.10% C, 0.72% Si, 0.52% Mn, 0.01% P, 0.01% Ni, 0.007% S, 0.18% Fe] as provided by 
the supplier. A Co-Cr-Mo alloy bar (25 mm in diameter) was used to prepare a sample of 20 mm in diameter and a 
thickness of 10 mm. Initially face turning process was employed to determine the machinability of Co
biocompatible alloy in dry cutting environment. A production type CNC turning precision lathe (Model Jobber XL 
Make Micromatic, India) having maximum spindle speed 5000 rpm and 13 KW capacity was used for machining 
the samples. Fig. 1 shows the schematic of the experiment for machining of Co
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Table 1. Details of literature on machinability of difficult-to-cut materials 

Material used Methodology used

Cutting speed and depth of cut have predominant effect on feed 
rate force whereas feed rate and depth of cut are the two most 
influencing factors for thrust force  

AISI 4340 
steel 

RSM 

Cutting speed, feed rate, depth of cut and edge geometry have 
highest grey relational grade and therefore are the optimum 
parameter values producing better turning performance in terms 
of cutting forces and surface roughness 

Inconel 718 Taguchi GRA

Feed rate was influencing the final machined surface roughness 
Co-Cr-Mo 
(ASTM F-
1537) alloy 

One-factor

Feed rate shows dominating effect on surface roughness in 
n, whereas the factor rake angle have nearly 

predominant influence on the machined surface roughness 

Co-Cr-Mo 
(ASTM F-75) 
alloy 

Taguchi DOE

Feed rate was the dominating factor on machined surface Co-Cr-Mo (F-
1537) alloy 

Taguchi DOE

Tool wear and roughness is highly  influenced by cutting speed Co-Cr-Mo 
alloy 

Keeping 
were kept constant 
varying 

nose radius and feed rate has influenced on roughness Co-Cr-Mo (F-
1537) alloy 

Taguchi DOE and 
RSM 

feed rate and cutting speed are the most significant factors 
influencing the surface roughness 

Co-Cr-Mo 
(ASTM F-75) 
alloy 

RSM 

The work material used in the present investigation was biocompatible alloy, which was a casted low carbon 
. The actual chemical composition (in wt. %) of Co-Cr-Mo alloy [Co, 

28.61% Cr, 5.53% Mo, 0.10% C, 0.72% Si, 0.52% Mn, 0.01% P, 0.01% Ni, 0.007% S, 0.18% Fe] as provided by 
alloy bar (25 mm in diameter) was used to prepare a sample of 20 mm in diameter and a 

Initially face turning process was employed to determine the machinability of Co
biocompatible alloy in dry cutting environment. A production type CNC turning precision lathe (Model Jobber XL 

indle speed 5000 rpm and 13 KW capacity was used for machining 
the samples. Fig. 1 shows the schematic of the experiment for machining of Co-Cr-Mo alloy.  

machining operation, and (b) Tool Maker’s microscope 

(b) 

Knob for adjustment 

Light for 
illumination 

Magnification 
adjustment 

3 

Methodology used 

Taguchi GRA 

factor-at a time 

Taguchi DOE 

Taguchi DOE 

Keeping f and  ap 
were kept constant 
varying Vc 

Taguchi DOE and 

The work material used in the present investigation was biocompatible alloy, which was a casted low carbon 
Mo alloy [Co, 

28.61% Cr, 5.53% Mo, 0.10% C, 0.72% Si, 0.52% Mn, 0.01% P, 0.01% Ni, 0.007% S, 0.18% Fe] as provided by 
alloy bar (25 mm in diameter) was used to prepare a sample of 20 mm in diameter and a 

Initially face turning process was employed to determine the machinability of Co-Cr-Mo 
biocompatible alloy in dry cutting environment. A production type CNC turning precision lathe (Model Jobber XL 

indle speed 5000 rpm and 13 KW capacity was used for machining 
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