
ScienceDirect

Available online at www.sciencedirect.comAvailable online at www.sciencedirect.com

ScienceDirect 
Procedia Manufacturing 00 (2017) 000–000  

 www.elsevier.com/locate/procedia 

* Paulo Afonso. Tel.: +351 253 510 761; fax: +351 253 604 741  
E-mail address: psafonso@dps.uminho.pt 

2351-9789 © 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the Manufacturing Engineering Society International Conference 2017.  

Manufacturing Engineering Society International Conference 2017, MESIC 2017, 28-30 June 
2017, Vigo (Pontevedra), Spain 

Costing models for capacity optimization in Industry 4.0: Trade-off 
between used capacity and operational efficiency 

A. Santanaa, P. Afonsoa,*, A. Zaninb, R. Wernkeb 

a University of Minho, 4800-058 Guimarães, Portugal 
bUnochapecó, 89809-000 Chapecó, SC, Brazil  

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 

Abrasive jet bombarding is one of the versatile materials processing techniques and is applied in abrasive jet machining, 
deburring, shot-peening, erosion testing, fast cleaning, surface preparation and polishing. Some special types of operations like 
micro-machining, polishing of micro-channels are the current issues in research and development. Various critical issues of 
abrasive jet material processing are reviewed and presented in this paper.  
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1. Introduction 

First study on particle impact by the mixture of smoke and dust was carried out in Germany in 1931[1]. An intense 
stream of air or gas suspended abrasive particles can be used for machining, shot-peening, cleaning, debarring, 
surface preparation, erosion resistant testing, micro-machining, polishing, etc. processes by means of erosion. The 
kinetic energy of abrasive particles (solid erodent velocities reaching 300 m/s [2]) is used to strike the work surface 
and the work material is removed by means of micro-fracturing[3]. AJM is advantageous due to its high degree of 
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flexibility where the abrasive media can be carried by a flexible hose to reach internal, difficult-to-reach regions. 
The AJM grows localized force and less heat generation than traditional machining processes[4]. The abrasive jet 
system is used for machining glass, ceramics, ferrous materials and polymers[5] also. Different types of operations 
like cutting[6], drilling[7], grooving[8], engraving[9]are accomplished. Conventional cutting tools leave bars behind 
machining operations. Sometimes, bar removal[10] and edge rounding of sharp machined edges become essential 
and can be effectively smoothened using abrasive jet. 

Service life prediction against combined erosion and corrosion are essential for safety reason of turbine blades, 
propellers, etc. like power plant and aerospace components. Abrasive jet system provides a suitable means for testing 
erosion resistance[1,11] of those engineering components. Abrasive jet system is used for surface preparation[12] of 
substrates to hold thermal spray coatings and clad layers. By means of grit blasting, substrate surface is cleaned and 
made rough to increase surface area for good adherence to the coating materials. Abrasive jet cleaning[13] of rust 
and oily surface before welding is faster and advantageous than any other surface cleaning like grinding, filing, 
etching, etc. Shot-peening [14,15] is commonly practiced process for hardening of machined surface like machine 
bed, gear teeth etc. Relatively, less velocity large particles are used for plastic deformation of work surface for 
building compressive residual stresses. Shot-peening is also applied for adherence performance analysis[16] of 
thermal spray coating. Research and development works are ongoing in various R&D laboratories on abrasive jet 
micro-machining[17], micro-grooving[8], polishing of micro-channels[18], etc. It is becoming an attractive and 
promising technology for processing ceramics and semiconductors for fabricating micro-channels, micro-holes and 
multi-level planar areas for the fabrication of micro-fluidic devices, micro-electro-mechanical systems (MEMS), and 
optoelectronic components where damage-free, micro-part features are required[19,20].  

In this present work, a comprehensive review has been made to find out various critical issues of abrasive jet 
material processing for end users information.  

2. Status and some critical issues of abrasive jet material processing 

2.1. On the abrasive jet machining(AJM) 

Search and review show that some experimental investigations were conducted on AJM of difficult-to-machine 
materials. The researchers did experiments on abrasive jet cutting, drilling, grooving, and engraving of various 
materials. The studies on the influencing process parameters were performed. Some referred critical investigations 
on AJM and their findings are enlisted in the table 1. The ductile and brittle both the materials are prone to erosion. 
The erosion rate is maximum when impingement angle is 20-30º for ductile material, but in case of brittle material 
erosion rate is maximum when impingement angle is 90o[21]. The erosion resistance of material increases with 
increasing hardness and also erosion rate decreases with increasing temperature. The material removal rate increases 
with increase in pressure and nozzle diameter up to a specific level. 

The erosion phenomenon carries the risk of cracks remaining in the surface, possibly leading to premature failure 
of the component, which produces a serious problem when applied to micro-machining of brittle materials. But the 
use of fine abrasives as a projectile is one of the appropriate solutions because smaller particles tend to make the 
material removal behaviour more ductile[22]. A well-established erosion models for brittle materials, the ideal crack 
system illustrated[23] is frequently used to model solid particle impact. When a brittle material is loaded by a sharp 
indenter, a plastic zone is formed beneath the indent, and a radial crack may propagate downwards from the base of 
the zone at a threshold load. This crack does not contribute to the material removal but degrades the strength and on 
unloading, a lateral crack propagates at the base of the plastic zone. The lateral cracks are strongly relates to the 
material removal phenomenon. Balasubramaniam et al.[24]reported some influencing effects on AJM performance. 
The increasing particle size increases MRR and penetration rates. Increasing SOD increased entry side diameter, 
edge radius and MRR. The increasing centreline velocity increased penetration depth and MRR. Increasing 
peripheral velocity increased MRR and edge radius. Aluminium oxides, silicon carbides, boron carbides, crushed 
glass, sodium bicarbonate, dolomite are various abrasive particles used for abrasive jet processing[25]. The abrasive 
jet micromachining having technical and economic advantages over existing micromachining technologies and 
attracts much attention as a powerful method for dimpling of hard and brittle materials[26]. Micro holes machined 
through micro-AJM are tapered, and reduction in the taper angle is possible. In conventional micro-AJM, as the 
machining progresses, changes of stand-off distance affecting the shape of the machined hole. 
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Table1. Some referred work on abrasive jet machining, micro-machining, deburring and fast cleaning, and surface preparation   

 

Used materials Process parameters Observations  References 

Machining: 

Abrasive:  Al2O3, 
Nozzle : WC 

Nozzle dia.: 0.712 mm , 
Pressure:(9.81-29.43)×104 N/m2 
Abrasive size:25,30,38, 48 µm 

 Larger SOD is useful for deburring and finishing 
whereas micro drilling should be carried out at 
smaller SOD. 

Verma et al. 
(1984) [27] 

Work piece:ZrO2 , Si3N4,  
Al2O3, SiC 

Abrasive:Al2O3,SiC, 
Synthetic diamond (SD) 
Nozzle : WC 

Nozzle dia.: 0.6 mm 
Pressure: 0.3 MPa 
Abrasive flow rate: 2 gm/min 
Machining time: 10 s  
Abrasive: 5-25 µm 

 In this work, strength degradation of surface did not 
take place for the AJM of ceramic materials. The 
radial cracks did not propagate downwards by 
particle impacts during the machining process which 
result in damage free surface. 

Wakuda et al. 
(2002)[28] 

Work piece: Glass fibre  
reinforced plastic 

Abrasive: SiC 
Nozzle: WC 

Nozzle dia.: 1.2, 1.5, 2.3mm 
Air pressure: 55, 60, 65 psi 
SOD: 8, 10& 12 mm 
Abrasive : 70 µm 

 The MRR increases with increasing pressure and 
nozzle dia. but with increasing SOD decreases MRR.  

 Overcut and taper cut decreases with increase in 
pressure and nozzle diameter and decrease in SOD.  

Sharma et al. 
(2014) [29] 

Work piece: Glass 
Abrasive: SiC, sand 
Nozzle: Brass 

Pressure: 4, 4.3, 4.6, 4.8, 5.2 bar 
Nozzle dia. : 1.5 mm  The pressure had direct impact on MRR. Rout et al.   

(2014)[30] 

Work piece: Epoxy glass  
fibre composite  

Abrasive: SiC  
Nozzle: WC 

Nozzle dia.: 3 , 4 , 5 mm 
Pressure : 4 , 6,  8 kg/cm2  
Abrasive size: 60 µm 
SOD: 6, 8, 10 mm 

 The optimum value of MRR was found by response 
surface methodology at a pressure of 8 kg/cm2, 
nozzle diameter of 4 mm and with 10 mm SOD. 

Srikanta and 
Rao(2014)[7,31] 

Work piece: Glass 
Abrasive: SiC 
Nozzle: WC 

Pressure: 7, 7.5, 8 bar 
SOD: 6, 8 , 10 mm 
Abrasive size : 50, 90 µm 

 Designed, developed and fabricated a model of AJM 
for performing drilling experiments.  

 The MRR depends significantly on abrasive size and 
pressure whereas taper angle only depends on 
pressure. 

Shriyan et al. 
(2015) [32] 

Work piece: Rayon based  
carbon fibre reinforced 

plastic composite 
Abrasive : SiC 
Nozzle: Sapphire 

Gas pressure: 4, 6, 8 Kg/cm2 

Abrasive flow rate: 3.5, 4.5, 5.5  
gm/s 

Nozzle dia.: 3, 4, 5 mm 
SOD:6, 8, 10 mm 

 The experimental results were closely matched with 
the analytical values.  

 The optimized pressure 6kg/cm², abrasive flow rate 
4.5gm/sec, nozzle dia. 5mm and SOD 8 mm.  

 The nozzle diameter was showing most significant 
effect among the process parameters. 

Reddy et al. 
(2015)[33] 

Micro- machining: 

Work piece: glass 
Abrasive: Brown  

Corundum, White 
Corundum, Green 

Corundum 

Nozzle dia.:0.36,0.46,0.81 mm 
Air pressure: 0.345 MPa  
Abrasive flow rate: 5.5 gm/min  
Machining time: 10 s  
SOD : 1 mm 
Nozzle inclination:90o 

 The harder abrasive grits provide higher erosion rate 
and high process efficiency. 

 The nozzle geometry has a great impact on accuracy 
and the efficiency of MAJM. The round nozzle 
produces rounded V-type shape and the rectangular 
nozzle is able to produce geometry with flat shape.  

 Fan et al.  
(2008)[34] 

Work piece: soda lime glass 
Abrasive: Al2O3 

 

Nozzle dia.: 0.46,0.36 mm 
Pressure: 0.43, 0.52, 0.60, 0.69  

MPa 
Abrasive flow rate:  0.1, 0.117,  

0.133, 0.15 gm/s 
SOD: 1, 2, 3, 4 mm 
Machining time: 3, 6, 9, 12s 

 The air pressure, SOD and nozzle dia. have a positive 
exponent, and abrasive mass flow rate carries a 
negative exponent.  

 The hole machining time has a negative exponent, 
while a positive exponent is associated with the 
traverse speed in channel machining. 

Fan et al.  
(2009)[35] 

Work piece: Polymeric  
material and glass 

Abrasive:Al2O3 
Nozzle: Ti-6Al-4V,  

SS(3136L)  

Struck velocity : 106 m/s 
Abrasive: 50 µm 
Nozzle inclination: 20°-30o 
 

 In micro-channels manufacturing, it was found that 
erosion rate is maximum at inclination angle 20-30o 
with respect to the surface. 

 Some abrasive particles get embedded in SS(3136L) 
nozzle. 

Ally et al. 
 (2012)[36] 

Work piece: Borosilicate  
glass 

 
Pressure: 200 KPa 
Abrasive size : 150 µm 
Nozzle inclination: 30°, 60° 
 

 Post-blasting  at  shallower  angles  was  more  
efficient to the  enhanced  removal  of  profile  peaks 
and leaving  a  smoother  surface.   

 The smaller particles ultimately resulted in smoother 
surfaces. 

Jafar et al. 
(2013)[37] 
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