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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 

In this work, the nano-wear-induced behavior of selective laser melting (SLM) processed commercial pure titanium was 
investigated under several applied loads from 1 mN to 100 mN. The dense (over 99%) commercial pure titanium sample was 
manufactured using SLM process with optimized process parameters (900 J m-1). Nano-wear testing was performed on the 
polished surface of SLM processed commercial pure titanium. The friction coefficient increased from 0.04 to 0.9 as the load 
increased from 1 mN to 100 mN. Additionally, the sliding behavior changed along with the applied loads, from elastic to plastic 
and unstable friction behaviors. The elastic-plastic transition appeared at applied load of 50 mN, which was also confirmed by the 
calculation results. While the applied load ranged between 50 mN and 80 mN (plastic friction), the average friction coefficient 
was light smaller than that of the macroscopic ball-on-disc test. During the sliding, a friction vibration appeared and its 
mechanism was also investigated and discussed combine the wear surface morphologies. 
  
© 2018 The Authors. Published by Elsevier B.V. 
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1. Introduction 

Additive manufacturing (AM), contrast to 
conventional subtractive manufacturing process, is 
one kind of layer by layer joint manufacturing, which 
presents immanent advantages, such as unrivalled 
design freedom and short lead time. Selective laser 

melting (SLM), powder-bed laser additive 
manufacturing, is one of the important net-shaped 
manufacturing technologies [1]. In this process, the 
component is firstly design in 3D model using a 
computer-aided design (CAD) software, after that, 
this model is divided into 2D layer with very low 
thickness (from 20 μm to 100 μm). And then a 
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computer controlled high power focused laser 
selectively scan the powder bed, the laser scanned 
powder is fully melted and rapid solidified. As it 
finished, the build platform descends by one layer 
thickness and then a new layer of powder is deposited 
on top. In recent year, SLM has become an attractive 
additive manufacturing process with distinct 
advantages in manufacturing accuracy and complex 
geometry shape [2], because the laser energy source 
could be easily focused on several micrometers with 
economical optical system for obtaining the high 
energy density [3]. Moreover, as one of the powder-
bed manufacturing, the untreated powder acts as 
support part during the construction, which 
significantly enhances the fabricating flexibility. Until 
now, wide ranges of materials have been successfully 
prepared by SLM, such as metals, ceramics and 
polymers [4-7]. As one result of low interaction 
volume, high energy density and free surface, the 
cooling rate of melting pool in SLM process is 
superior to 105 K/s, which leads to the ultra-fine or 
metastable microstructure. For instance, in the work 
of K. D. Ralston and N. Birbilis [8], the SLM 
processed alloys exhibit higher strength, 
wear/corrosion resistance than that of conventional 
casted sample.  

Consideration of high machining costs and long 
lead times in conventional process, Ti and Ti alloys 
are widely considered to be manufactured by SLM. 
The commercial pure titanium (CP-Ti) is used for a 
great variety of applications, such as bio-technology, 
given to its low density, high strength, corrosion 
resistance and biocompatibility [9]. Therefore, SLM 
process presents irreplaceable advantage in 
manufacturing of metallic implantation. SLM 
processed CP-Ti, thus, was extensive studies [10-14] 
with focus on the microstructure and mechanical 
properties. However, for the normal implantation 
materials, the functional properties are determined 
mainly by surficial characterizations, such as, 
biocompatibility, roughness, hardness, and 
wear/corrosion resistance. Until now, few works 
direct at the surface properties, especially nano-scale, 
of SLM processed CP-Ti. Gu et al. [10] analysis the 
nano-hardness of SLM processed CP-Ti and reported 
the appearance of martensitic α’ reinforcement. Attar 
et al. [14] compared the wear behavior of SLM 
processed and conventional casted CP-Ti. They 
reported that the wear resistance of SLM processed 
sample is high than that of casted sample. From the 
view of applications, the implants made of pure 

titanium are expected to operate suitably in the nano-
wear regime (low wear rates), where a negligible 
amount of material is removed per movement. 
Furthermore, the wear behavior changes in the 
various wear regimes, on account of nonlinear nature 
of wear processes. Therefore, the knowledge of 
macro-wear behavior is not helpful to understand the 
wear mechanisms that operate in the nano regime [15]. 

The objective of this study is to investigate nano-
wear induced behavior of SLM processed CP-Ti 
sample under several applied loads. The possible 
wear mechanism in function of applied load was 
proposed and discussed, which can be employed to 
understand the surface wear behavior of SLM 
processed sample under several loads. 

2. Methods and experimental details 

A home-made CP-Ti powder (gas-atomization) 
was used in this study, which presents a particular 
irregular morphology (see in Fig. 1 (a)). As shown in 
Fig. 1 (b), the laser diffraction result shows a mean 
particle size of 41.7 μm with a normal distribution. 
The as fabricated samples, which was contracted on 
the TC4 (Ti6Al4V) substrate, is shown in Fig. 1 (c).   

 

  
 

 

Fig. 1. (a) Morphology and (b) particle size distribution of CP-Ti 
powder (c) as-fabricated cubic samples. 

Commercial SLM 250 apparatus (MCPHEK 
Tooling GmbH, Germany) equipped with an Nd-
YAG fiber laser (spot size, 40 μm and maximum 
power, 400W) was employed to prepare the sample. 
In this work, in order to obtain high density parts. 
Laser power, laser scanning speed, layer thickness 
and hatch distance, were respectively set at 175 W, 
1.25 m/s, 110 µm and 50 µm. In general, the high 
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layer thickness improves the manufacturing 
efficiency. However, as the layer thickness increases, 
the required melting volume increases rapidly. Due to 
the limitation of input energy density, the optimized 
layer thickness in work is about 50 µm for CP-Ti. 
Indeed, the SLM processed Ti part is processed under 
the optimized parameters [16, 17] with energy 
density (900 J m-1), which is defined as follow:  

)(

)(

scanning

power

v

P
E   (1)  

Where Eρ is energy density (J m-1),  
P is laser power (W) 
v is laser scanning speed (m s-1).  

 
The laser scanning mode is a single melt scanning 

strategy with a scanning rotation of 90° between 
successive layers, which is schematically illustrated 
in Fig. 2. 

 

Fig. 2 Schematic illustration of SLM process (BD, building 
direction Z, SDx scanning direction X, SDy scanning direction Y). 

The microstructure was characterized by X-ray 
diffraction (XRD), optical microscopy (OM) and 
Scanning Electron Microscopy (SEM). A nano-wear 
system (Morphoscan machine of Michalex, see in 
Fig. 3 (a)) with a spherical diamond indenter (10-μm 
diameter) was used to measure the surface 
mechanical properties. The SLM processed sample 
slide under a still indenter. The sliding distance and 
speed were set at 500 μm and 2 µm s-1. As shown in 
Fig. 3 (b), the test sequence is preprogramed with 
multiple-pass test process [18]:  

(1) Wear length definition in Y+ direction: 
Indenter moved with the sliding distance of 
600 μm at 0.2 mN.  

(2) Initial topography scan (in Y- direction):  
Indenter moved back to initial position under 
very-low force of 0.2 mN.  

(3) Upload-wear-unload cycle (in Y+ direction):  
(3.1) indenter moved 50 μm under very low 
load of 0.2 mN and then charged to a high 
load (between 1 and 100 mN). 

(3.2) indenter moved 500 μm at 2µm/s and 
then discharged. 
(3.3) indenter moved 50 μm under very low 
load of 0.2mN.  

(4) Final topography scan (in Y- direction): 
Indenter moved back to initial position under 
very-low load of 0.2 mN.  

(5) Data analysis; 
 

 

Fig. 3. Schematic illustration of nano-wear test (S: substrate). 

3. Results and discussions 

The XRD patterns of raw powder and SLM 
processed CP-Ti is shown in Fig. 4. Firstly, only the 
titanium phase is observed with main phase of (1 0 1) 
plane for both powder and SLM processed sample. 
Moreover, compared with the standard peak position 
of CP-Ti phase, the SLM processed sample presents a 
small movement to right direction. It indicates that a 
phase transition from α-Ti to martensitic α’ Ti 
appears in the SLM processed CP-Ti, due to high 
cooling rate [10]. 

 

 

Fig.4. XRD patterns of powder and SLM processed commercial 
pure titanium 

The microstructures after chemical attaching from 
top and side views of SLM processed CP-Ti are 
shown in Fig. 5. From the figures, some porosity 
smaller than 5 μm in diameter could be observed with 
spherical morphology at both top and side views (see 
in Fig. 5 (a and b)). According to the report of 
Kasperovich et al. [16, 17], the spherical small pores 
are formed during the melting process with inert gas 
cladding. Moreover, the image analysis indicates that 
the porosity of SLM processed CP-Ti sample is 
inferior to 0.5%. Additionally, it can be seen that 
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some grey needle-liked grains appear on the top and 
side views, which is supposed to be martensitic α’-Ti 
[10]. In general, the transition from β to α phase 
happens at temperature around 882 °C in the case of 
low cooling rates, where the α phase illustrates the 
regular lath-shaped grains. But, as the cooling rate 
increase, the β phase tend to transfer as martensitic α’ 
phase, which present a refined acicular shape. 
Moreover, attributed to layer by layer manufacturing 
process, the SLM processed alloys present 
anisotropic thermal gradient, microstructure and 
mechanical properties [18, 19]. During the SLM 
process, the surrounding material, for example 
thermal conductivity of powder and solidified 
material near molten pool affects significantly the 
temperature gradient. So, the heat conduction in 
building direction is higher than that of spatial 
directions. As the results of cooling rate controlled 
martensitic transition, the acicular α’ phase grow 
along the high temperature gradient building 
direction (see in Fig. 5 (c and d)). 

 
 

  
  

  

Fig. 5. OM images of SLM processed CP-Ti (a, c) top view and (b, 
d) side view (build direction indicated by red arrow). 

The nano-wear test was performed and the friction 
coefficients (CoF) and penetration depth in function 
of applied loads are shown in Fig. 6. As seen in 
Fig. 6 (a), the CoF can be divided into 4 stages: (I) 
variant low CoF (morphological friction); (II) low 
CoF (elastic friction); (III) high CoF (plastic friction) 
and (IV) unstable high CoF (unstable friction). When 
the applied load is inferior to 10 mN, the CoF ranged 
between 0.02 and 0.1 with a light fluctuation. Due to 
small penetration depths (<50 nm, in Fig. 6 (b)), 
which is smaller than polishing roughness, the 
surface morphology leads to the CoF fluctuation. 

Moreover, the constraint applied on the surface on 
polished surface could be calculated by the equation:  

)(

2
102.0

22 dDDD

F






 
  (2) 

 
Where, F is applied load; D is indenter diameter; d is 
diameter of indentation, which is associated to 
penetration p (in case of 2p<D): 
 

222 )( pDDd 
  

(3) 
According to the equations (2) and (3),  
 

Dp

F


 2

102.0    (4)  

As reported by Attar et. al. [20], the elastic 
resistance of SLM processed CP-Ti is about of 
560 MPa. Thus, from the equation (4), it can be 
calculated the elastic-plastic transition (EPT) appears 
at applied load of 50 mN, which can also be observed 
in Fig. 6 (a) between stage II and III. Moreover, the 
stage III shows larger fluctuation than that of stage II. 
As the applied load increases to 80 mN, the CoF 
raises from 0.3 to 0.9. Additionally, the fluctuation of 
CoF increases significantly from 0.2 to 2 (stage IV in 
Fig 6 (a)). On the other hand, the penetration depth 
increases linearly with the increment of applied loads 
(see in Fig. 6 (b)). 
 

  

Fig. 6. (a) Average friction coefficient (number in Figure indicates 
the variance) (b) penetration depth of SLM processed CP-Ti under 

several applied loads (penetration depth is measured under 
maximum load force). 

Fig. 7 presents the detailed analysis of the CoF 
under loads from 1 mN to 100 mN. It can be seen 
from Fig. 7 (a and b) that the CoF is stable with a 
standard deviation below 0.1 for applied load smaller 
than 50 mN (morphological and elatic friction). As 
the applied load increased to 50 mN (plastic friction), 
fluctuations appeared all along the sliding trace (see 
Fig. 7 (c)). The similar phenomena was also present 
in the case of macro-wear behavior for SLM 
processed Ti [21]. In macro-scale, it could be 
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attributed to two factors: (1) the roughness and (2) 
cold welding effect. However, in this work, the one 
pass sliding on the polished (Ra<0.1 μm) surface and 
low sliding speed could significantly reduce the 
effects of those two factors. A possible wear 
mechanism is illustrated in Fig. 9. In this mode, the 
materials stripped step by step during the sliding 
process at the plastic and unstable friction stages. 
Thus, the lateral load (friction coefficient) also 
presented some fluctuations. As shown in Fig. 7 (d), 
when the applied load was about 100 mN, a large 
friction coefficient value (about of 9) appears at the 
beginning of sliding. As the material is stripped, the 
friction coefficient decreases rapidly to about 0.3.  

 

  
  

  

Fig. 7. Friction coefficient of SLM processed CP-Ti under 
different loads (a) 1 mN, (b) 10 mN, (c) 50 mN and (d) 100mN. 

The worn surfaces under several loads ranged from 
1 mN to 100 mN of SLM processed Ti are shown in 
Fig. 8. The overview image (Fig. 8 (a)) shows that 
the wear traces can be observed by SEM at the 
condition of applied load superior 50 mN. This 
phenomenon is well confirmed by calculated results 
as mentioned above. The local view of wear traces 
are shown in Fig. 8 (b and c) in cases of applied load 
of 90 mN and 100 mN, which are located in Fig. 8 (a) 
by red arrows. Under an applied load of 100 mN, the 
fracture surface can be seen at the beginning of wear 
trace and then following a shallow wear trace (see in 
Fig. 8 (b)). As shown in Fig. 8 (c), when the applied 
load drops to 90 mN, the wear trace is continuous 
with discontinuous extrusion. The 3-D image and 
cross sectional profiles of wear trace are shown in 
Fig. 8 (d and e). The cross sectional profile positions 
are indicated in Fig. 8 (d) with A-A and B-B. It can 
be concluded that the depth of wear trace is not 
uniform and ranged from 200 nm to 400 nm. 

Additionally, the cross-sectional circular profile B-B 
indicates the ratio of wear trace is about of 10 µm, 
which is in agreement with the spherical indenter.   
 

  
  

  
  

 

Fig. 8 (a) The worn surface under several applied loads ranged 
from 1 mN to 100 mN, local view of worn surface under applied 
loads of (b) 100 mN and (c) 90 mN and the corresponding (d) 3D 

image and (e) section profile. 

The wear mechanism of SLM processed CP-Ti 
under several loads are shown in Fig. 8. In the case of 
mild load (Fig. 9 (a)), no elastic/plastic deformation 
of substrate was obviously realized. The penetration 
depth of the indenter was inferior to 10 nm from 
Fig. 5 (b). The indenter, thus, acted as a probe to 
determine the surface morphology. As the applied 
load increased to normal situation (Fig. 9 (b)), a 
penetration of hundreds nanometers appeared on 
substrate surface. During the sliding process, the 
lateral material was deformed and accumulated. So, 
the lateral load increased simultaneously. On account 
of the positive correlation between lateral load and 
friction coefficient, the friction coefficient increases 
too. With this trend, a stress concentration is formed 
near the indenter, which leads to cracks and fracture. 
As one of the results of local fracture, the friction 
coefficient decreased rapidly. Therefore, a fluctuation 
of friction could be observed in sample with normal 
load (Fig. 7 (c)). However, if the substrate is 
overloaded (severe load > 80 mN, Fig. 9 (c)), larger 
lateral force is required to realize the fracture of the 
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material, because of the large penetration depths 
associated. Therefore, the maximum friction 
coefficient increased to about 10 with one peak 
(Fig. 9 (d)) at the beginning of trace, which indicated 
that the damage mechanism changes from wear to 
scratch. Meanwhile, the indenter is also bended 
during the sliding process. When the cracks and 
fracture appear, the indenter goes immediately back 
to no-loaded position due to low lateral load. So, the 
Cof decreases very rapidly. Therefore, the wear 
mechanism changes from elastic, plastic to unstable 
(scratch), as the applied loads increases. 

 

 

Fig. 9 Illustration of nano wear of SLM processed CP-Ti under 
several loads (a) mild, (b) normal and (c) severe. 

4. Conclusion  

In summary, dense commercial pure titanium (CP-
Ti) components were manufactured by selective laser 
melting (SLM) process. The nano-wear induced 
behavior of SLM processed CP-Ti was investigated. 
Based on microstructural characterizations and nano-
wear behaviors, some conclusions were reached: 

(1) The SLM processed CP-Ti showed a mixed 
microstructure of lath α hcp Ti and acicular α’ 
hcp Ti. 

(2) As the applied load increases from 1 to 
100 mN, the friction coefficient increased 
from 0.05 to 0.9. Meanwhile, the sliding 
behavior changed from elastic, plastic to 
unstable friction. Their potential application 
changed also from topography detector to 
wear and scratch damages. 

(3) The elastic-plastic transition of friction 
behavior appeared at applied load of 50 mN. 

(4) In the case of plastic friction, the friction 
coefficient nano-wear was smaller than that of 
micro-wear test [21].  

(5) Moreover, the fluctuation of CoF was also 
observed during nano-wear process. A 
possible damaging mechanism was proposed 
based on material stripping behavior. This 
mechanism could be used during the micro 
and macro sliding test to understand the 
incipient stage of damages. 
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attributed to two factors: (1) the roughness and (2) 
cold welding effect. However, in this work, the one 
pass sliding on the polished (Ra<0.1 μm) surface and 
low sliding speed could significantly reduce the 
effects of those two factors. A possible wear 
mechanism is illustrated in Fig. 9. In this mode, the 
materials stripped step by step during the sliding 
process at the plastic and unstable friction stages. 
Thus, the lateral load (friction coefficient) also 
presented some fluctuations. As shown in Fig. 7 (d), 
when the applied load was about 100 mN, a large 
friction coefficient value (about of 9) appears at the 
beginning of sliding. As the material is stripped, the 
friction coefficient decreases rapidly to about 0.3.  

 

  
  

  

Fig. 7. Friction coefficient of SLM processed CP-Ti under 
different loads (a) 1 mN, (b) 10 mN, (c) 50 mN and (d) 100mN. 

The worn surfaces under several loads ranged from 
1 mN to 100 mN of SLM processed Ti are shown in 
Fig. 8. The overview image (Fig. 8 (a)) shows that 
the wear traces can be observed by SEM at the 
condition of applied load superior 50 mN. This 
phenomenon is well confirmed by calculated results 
as mentioned above. The local view of wear traces 
are shown in Fig. 8 (b and c) in cases of applied load 
of 90 mN and 100 mN, which are located in Fig. 8 (a) 
by red arrows. Under an applied load of 100 mN, the 
fracture surface can be seen at the beginning of wear 
trace and then following a shallow wear trace (see in 
Fig. 8 (b)). As shown in Fig. 8 (c), when the applied 
load drops to 90 mN, the wear trace is continuous 
with discontinuous extrusion. The 3-D image and 
cross sectional profiles of wear trace are shown in 
Fig. 8 (d and e). The cross sectional profile positions 
are indicated in Fig. 8 (d) with A-A and B-B. It can 
be concluded that the depth of wear trace is not 
uniform and ranged from 200 nm to 400 nm. 

Additionally, the cross-sectional circular profile B-B 
indicates the ratio of wear trace is about of 10 µm, 
which is in agreement with the spherical indenter.   
 

  
  

  
  

 

Fig. 8 (a) The worn surface under several applied loads ranged 
from 1 mN to 100 mN, local view of worn surface under applied 
loads of (b) 100 mN and (c) 90 mN and the corresponding (d) 3D 

image and (e) section profile. 

The wear mechanism of SLM processed CP-Ti 
under several loads are shown in Fig. 8. In the case of 
mild load (Fig. 9 (a)), no elastic/plastic deformation 
of substrate was obviously realized. The penetration 
depth of the indenter was inferior to 10 nm from 
Fig. 5 (b). The indenter, thus, acted as a probe to 
determine the surface morphology. As the applied 
load increased to normal situation (Fig. 9 (b)), a 
penetration of hundreds nanometers appeared on 
substrate surface. During the sliding process, the 
lateral material was deformed and accumulated. So, 
the lateral load increased simultaneously. On account 
of the positive correlation between lateral load and 
friction coefficient, the friction coefficient increases 
too. With this trend, a stress concentration is formed 
near the indenter, which leads to cracks and fracture. 
As one of the results of local fracture, the friction 
coefficient decreased rapidly. Therefore, a fluctuation 
of friction could be observed in sample with normal 
load (Fig. 7 (c)). However, if the substrate is 
overloaded (severe load > 80 mN, Fig. 9 (c)), larger 
lateral force is required to realize the fracture of the 
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material, because of the large penetration depths 
associated. Therefore, the maximum friction 
coefficient increased to about 10 with one peak 
(Fig. 9 (d)) at the beginning of trace, which indicated 
that the damage mechanism changes from wear to 
scratch. Meanwhile, the indenter is also bended 
during the sliding process. When the cracks and 
fracture appear, the indenter goes immediately back 
to no-loaded position due to low lateral load. So, the 
Cof decreases very rapidly. Therefore, the wear 
mechanism changes from elastic, plastic to unstable 
(scratch), as the applied loads increases. 

 

 

Fig. 9 Illustration of nano wear of SLM processed CP-Ti under 
several loads (a) mild, (b) normal and (c) severe. 

4. Conclusion  

In summary, dense commercial pure titanium (CP-
Ti) components were manufactured by selective laser 
melting (SLM) process. The nano-wear induced 
behavior of SLM processed CP-Ti was investigated. 
Based on microstructural characterizations and nano-
wear behaviors, some conclusions were reached: 

(1) The SLM processed CP-Ti showed a mixed 
microstructure of lath α hcp Ti and acicular α’ 
hcp Ti. 

(2) As the applied load increases from 1 to 
100 mN, the friction coefficient increased 
from 0.05 to 0.9. Meanwhile, the sliding 
behavior changed from elastic, plastic to 
unstable friction. Their potential application 
changed also from topography detector to 
wear and scratch damages. 

(3) The elastic-plastic transition of friction 
behavior appeared at applied load of 50 mN. 

(4) In the case of plastic friction, the friction 
coefficient nano-wear was smaller than that of 
micro-wear test [21].  

(5) Moreover, the fluctuation of CoF was also 
observed during nano-wear process. A 
possible damaging mechanism was proposed 
based on material stripping behavior. This 
mechanism could be used during the micro 
and macro sliding test to understand the 
incipient stage of damages. 
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