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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.  
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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 

A flame combustion method enables the synthesis of diamond using acetylene-oxygen gas flame combustion in ambient air. 
Recently, tungsten carbide (WC) has been used as cutting tools in the machining industry. To obtain diamond films and to achieve 
good adhesion on the WC substrate, diamond films were synthesized by flame combustion method. However, synthesized diamond 
films delaminate as a result of thermal stress during cooling. In this study, as a pretreatment of the substrate to prevent the 
delamination, a chemical processing was performed. The WC substrate was pretreated by chemical etching to roughen the surface. 
The substrate was etched in an ultrasonic bath using Murakami’s reagent. Another processing was performed using an acid solution 
of hydrogen peroxide, in order to remove cobalt from the substrate surface. The pretreatment periods were varied. Moreover, the 
effect of the pretreatment of the substrate on synthesized diamond films by flame combustion was investigated. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the Manufacturing Engineering Society International Conference 
2017. 
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1. Introduction 

Owing to its excellent properties, namely, high thermal conductivity, high hardness and high wear resistance, 
diamond is widely used in the industry, such as in the manufacture of cutting and polishing tools. Diamond films have 
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long been considered a coating material of dental cutting tools [1]; thus, diamond has been extensively studied for use 
as a coating material of medical devices [2]. 

Recently, tungsten carbide (WC) is used as cutting tools in the machining industry and dental machining 
applications. WC is very hard and brittle and is prone to wear and fracture during cutting. Worn and failed tools have 
to be discarded, with resource and environmental penalties. It is thought that if diamond films can be directly 
synthesized on the WC surface and good adhesion can be achieved, surface improvement in terms of the high hardness 
and ultimately in terms of wear resistance can be realized. The CVD method in which the diamond was deposited on 
the WC surface has been developed. There were many problems such that adhesive strength between the synthesized 
film and the substrate surface was low and density of diamond nuclei on the surface was low. Thus, it was difficult to 
synthesize the diamond films on the WC surfaces. Moreover, the experimental equipment of the CVD method was 
very large, and the synthesis speed was very slow. 

The flame combustion method enables the synthesis of diamond using acetylene-oxygen gas (C2H2/O2) flame 
combustion in ambient air [3, 4]. It has various advantages over other methods, such as high synthesis speed and the 
safety and low cost of the equipment used; these advantages are desirable in the industrial market. However, to date, 
the factors affecting diamond synthesis remain to be determined and no means of precisely controlling this method 
has been established. Moreover, during cooling, most diamond films delaminate as a result of thermal stress. We 
previously synthesized diamond films on a Molybdenum (Mo) substrate surface by the flame combustion method [5-
7]. In previous report, diamond films were synthesized on WC surfaces by flame combustion [8]. However, it was 
difficult to synthesize the diamond films on the WC substrate surface. Therefore, in order to synthesize the diamond 
films and prevent film delamination, a step synthesis method for the WC substrate surface was proposed. In this 
method, the film surface temperatures was changed during the synthesis. 

In this study, to obtain good quality diamond films and to achieve good adhesion on the WC substrate, diamond 
films were synthesized by flame combustion using a mixture acetylene and oxygen gas. We have pointed out that 
pretreatments on the substrate surface affects synthesis. A chemical pretreatment on the WC substrate surface was 
performed to prevent delamination. The WC substrate was pretreated by chemical etching to roughen the surface. The 
substrate was etched in an ultrasonic bath using Murakami’s reagent. After the WC substrate was pretreated by 
Murakami’s reagent treatment, another processing was performed using an acid solution of hydrogen peroxide, in 
order to remove cobalt (Co) from the WC substrate surface. Diamond films were synthesized on pretreated substrate 
surfaces. The pretreatment periods were varied. Moreover, the effect of the pretreatment of the substrate on synthesized 
diamond films on the WC substrate by flame combustion was investigated. Optimal pretreatment condition was 
investigated and determined. The films synthesized by this method were analyzed, and the results were discussed. The 
results showed that diamond films were deposited on the WC substrate surfaces by the this method. 

2. Experimental details 

2.1. Substrate 

Tungsten carbide (WC) was used as the substrate for synthesizing diamond. The WC substrate had a disk-shaped 
with diameter of 10 mm and thickness of 3 mm. As a pretreatment to prevent the delamination, chemical processing 
was performed. Furthermore, as growth nuclei for the diamond synthesis, diamond seed particles of about 0.25 μm in 
diameter were dispersed in acetone, the WC substrate were added, and seed attachment processing was performed for 
30 minutes with an ultrasonic syringe. Many diamond seed particles were attached on the substrate surface by the 
pretreatment.  

2.2. Experimental equipment 

The experimental equipment is shown in Fig.1. A 100 × 100 × 55 mm3 copper rectangular box was used for 
cooling. Cooling water was poured into this box and the film surface temperature was kept constant at 1273 K or 
1223K. A noncontact infrared radiation thermometer was used to measure the film surface temperature during the 
synthesis. As a support for cooling, a tungsten (W) rod of 10 mm in diameter was set vertically at the center of the 
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box and fixed to a table by a flange. The WC substrate was attached to this W rod. For efficient cooling, thermally 
conductive Ag paste was applied between the WC substrate and the W rod. They were glued in the furnace at 473 K. 

The cooling box was put on a stage. Since it was capable of moving vertically, the distance from the cooling 
waterside to the film surface was changed, and film surface temperature was controlled. A stepping motor 
was set on the stage and controlled by the stage controller. 

Acetylene and oxygen gas were used as fuel for the synthesis. A burner was used for welding. Mixed gas was 
introduced into the burner and combusted. The diameter of the exit of the burner was 1 mm. In addition, a mass flow 
controller was used as the gas flow meter, which could control gas flow rate precisely and display flow quantity 
digitally. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Experimental setup for synthesizing diamond by flame combustion. 

2.3. Step synthesis method 

A step synthesis method was proposed to prevent film delamination [8]. In this method, the film surface temperature 
is changed two times during the synthesis. The first step of the method is performed at 1273 K to achieve high bonding 
strength. The second step is performed at 1223 K, because a good diamond phase can be synthesized. 

2.4. Synthetic conditions 

The synthetic conditions are shown in Table 1. These conditions have been determined and reported previously 
[8], and is believed to be the optimum conditions for preventing delamination during the synthesis of diamond films. 
The ratio of oxygen flow rate Fo to acetylene flow rate Fa was set to Rf = Fo/Fa = 0.90, because delamination-free 
crystallite growth could be realized at Rf = 0.90 [6-8].  

An outline of the flame combustion is shown in Fig. 2. The flame combustion consists of a flame inner cone, 
acetylene feather and an outer luminous layer. Diamond was synthesized in the acetylene feather area. The distance 
of the flame inner cone from the WC substrate surface, d, is shown in the figure. During the synthesis, when the 
distance was changed, diamond film synthesis and delamination were affected, because the acetylene feather area 
changed. When the distance was short, the diamond growth rate was high, and when the distance was farther, the 
diamond growth rate was low. We have confirmed that the delamination at d = 7.0 mm during the diamond film 
synthesis could be effectively prevented [8]. Therefore, diamond films were synthesized at d = 7.0 mm.  

The synthetic processing time for each of the two steps in the method used was set to 1200 sec, and the total 
synthesis time of all two steps was set to 2400 sec [8]. 
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