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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. 
Peer-review under responsibility of the scientific committee of the Manufacturing Engineering Society International Conference 
2017. 
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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

Selective laser melting (SLM) is an effective way to produce optimized metallic parts in relatively short through-put times for
various applications. The microstructure of SLM-manufactured metals is affected by the melting parameters applied, namely the 
total heat-input during SLM. The SLM processing can also introduce defects, such as pores and residual stresses in the part, 
resulting in impaired mechanical performance. Especially under dynamic loading, pores and microstructural defects can lead to 
premature cracking. In this study, the effects of melting parameters and the surface quality on the bending fatigue strength of SLM-
manufactured AISI 316L austenitic stainless steel are demonstrated. Two sets of specimens were manufactured using two 
combinations of laser power and scan speed simulating a low and a high heat input. The specimens were heat-treated in a furnace
at 600 °C for 120 min prior testing to relief the residual stresses. The surfaces were either as-built or electropolished conditions. 
The porosity existing in the specimens was estimated from the surface views. It was found that although the higher strength of the 
low energy density specimens increased the fatigue limit, the surface finish did not have any effect on it due to a high amount of 
porosity at sub-surface layers masking the effect of surface polishing.
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1. Introduction

Selective laser melting (SLM) is an effective method for producing complex and optimized metallic parts and 
structures in relatively short through-put times. This technology allows to design complex geometries for a wide range 
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of metallic materials [1]. The SLM process is, however, a complex procedure, where several processing parameters 
are needed to be considered. For example, Liverani et al. [2] investigated the effect of processing parameters on 
microstructure and mechanical properties of SLMed AISI 316L type austenitic stainless steel, and they found out that 
the laser power was the most important variable influencing on the achieved material density, while the hatch spacing 
and build orientation affected the mechanical properties. Recently, Tucho et al. [3] also studied and reviewed the effect 
of various parameters on the properties of 316L steel and observed that the porosity decreased and the hardness 
increased with increasing the energy density. However, as a drawback, an excess energy density may cause balling of 
the powder [4], which leads to surface roughening and increase in porosity.

In addition to the processing parameters, metallurgical aspects must be considered. The properties of the metal 
powder vary, and they may change during the recycling process. For example, the increase in the oxygen content and 
changes in the powder grain size may affect the ductility and impact toughness of the deposited material [5,6].
Typically, SLMed specimen are annealed after additive manufacturing (AM) at around 600 °C to relieve the residual 
stresses induced by SLM. Chaubey et al. [7] noticed that although the heat treatment did not change the grain structure, 
the sub-structure was affected.

Fatigue behavior is usually strongly dependent on the quality of specimen surface [8], and it is generally agreed 
that a smooth surface improves fatigue strength especially in the high-cycle fatigue regime. Also, the building direction 
as well as heat treatment is known to affect the fatigue strength due of microstructural and chemical anisotropy in 
SLMed 316L steel [9].

For demonstrating the effect of those various parameters in the SLM processing, this preliminary study focuses on 
the effect of building parameters as well as surface quality on bending fatigue resistance of a SLMed AISI 316L steel 
containing high porosity. Specimens built with two different energy density as well as with two surface finishes were 
tested, both having a subsurface layer with high porosity. 

Nomenclature

SLM Selective laser melting 
AM Additive manufacturing
HE High energy density
LE Low energy density
wt.% Weight percent
YS Yield strength
UTS Ultimate tensile strength
UE Uniform elongation
TE Total elongation
Ra Surface roughness (arithmetical mean deviation)
FAT Fatigue limit

2. Experimental

2.1. Material and fabrication

Specimens for fatigue testing (Fig. 1a) were manufactured from AISI 316L powder using the SLM process. Two 
different SLM parameters were applied to produce a specimen with either high (101 J/mm2) or low energy density (61
J/mm2). The created structures are correspondingly coded as HE (high energy) and LE (low energy). Scan speeds of 
725 and 875 mm/s and laser powers of 220 and 160 W were used for HE and LE, respectively. The specimens were
printed in the vertical position (z-direction), as illustrated in Fig. 1a. Two different hatch angles (0 and 35°) were 
applied for every second building layer, as shown in Fig. 1b. The SLMed fatigue specimens were finally annealed in 
a furnace at 600 °C for 120 min.
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Fig. 1. (a) Schematic of the used fatigue specimen and building orientation and (b) illustration of laser path during
SLM.

2.2. Surface treatment

Two variations of the surface finish were prepared for mechanical testing: As-built and electropolished ones. The 
electropolished surface finish was performed by grinding first carefully with a 600 grit emery paper, and then applying 
an electrochemical polishing in a perchloric acid solution at 24 V DC for 4 minutes. The total thickness of the samples
decreased about 100 µm during the polishing process.

2.3. Material characterization

Hardness was measured using a Struers Duramin A300 hardness tester with the Vickers indenter (10 and 0.2 kg 
loads). At least 10 measurements were done for each structure to obtain good statistical reliability. The tensile 
properties of the studied structures were taken from our previous paper [10]. Fatigue tests were carried out using a 
Carl Schenck reversed flexural bending fatigue machine (R = −1) for standard hourglass-shape flat specimens (2 mm 
thick) in a stress amplitude range from 250 to 800 MPa. For each test, the test setup was calibrated with a strain gauge, 
and the test temperature was kept at ambient using air cooling. FAT50% limit was then calculated from the recorded 
S-N data using a power law equation:

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹50% =  ( Ĉ
𝑁𝑁𝑁𝑁𝑓𝑓𝑓𝑓

)
1
𝑚𝑚𝑚𝑚, (1)

where

𝐶𝐶𝐶𝐶 = 𝛥𝛥𝛥𝛥𝜎𝜎𝜎𝜎𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚 · 𝑁𝑁𝑁𝑁𝑖𝑖𝑖𝑖, (2)

where, Nf is the cut-off cycle limit, m is a material based constant, Ĉ is the logarithmic average of the Basquin equation
C, ∆σ is the stress amplitude and N is the cycle at failure.

Polished and etched samples were examined with an optical laser scanning microscope and in a field emission 
scanning electron microscope (5 kV and a SE detector) before and after the fatigue tests. Specimen were first ground 
and polished to mirror finish using 0.04 µm colloidal silica and etched electrochemically using 30% HNO3 and 1.4 V 
DC. Furthermore, microstructure, porosity and pore density were measured with a laser microscope from the ground 
and polished surface of the specimen.

Surface roughness measurements were carried out using the same laser scanning microscope by taking several line 
scans on the surface along and perpendicular to the building direction. Average Ra-values were then determined for 
each structure.
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3. Results and discussion

3.1. Metal powder

The 316L metal powder used in the experiments was analysed to determine its chemical composition, granule size 
and granule size distribution (Table 1 and Fig. 2). The powder was recycled, and it therefore exhibited a large deviation 
in the granule size as well as in the grain morphology. The irregular shaped (rough) granules among the equiaxed 
powder granules are typical features for recycled powders. The measured average granule size of 19 µm is also typical. 
The chemical composition given in Table 1 is close to the nominal composition given by the supplier [11]. This 
observation is consistent with that of Sartin et al. [12], whose study did not indicate any statistical differences in the 
chemical composition between re-used and virgin 316L powders. The oxygen content, which is known to increase 
when the powder is recycled and reused [9,10], was not measured in this study.

Table 1. Chemical composition (wt.%) of reused AISI 316L powder used in this study.

C Mn Si Cr Ni Mo Co Nb P S Fe

0.03 0.76 0.60 17.30 11.20 2.60 0.10 0.80 0.02 0.01 bal.

Fig. 2. 316L powder used in the study (a), where some irregular and rough recycled granules are present among the round and smooth
granules, and (b) granule size distribution (1000 grains).

3.2. Surface conditions

The surface roughness of the 3D-printed and annealed structures was reduced by slight mechanical grinding and 
electropolishing. Based on the results in Fig. 3, the electropolishing decreased the surface roughness (Ra; the 
arithmetical mean deviation of the assessed profile) of the as-built condition (Ra = 13.5 µm) to 0.2 µm Ra. Surface 
roughness is strongly depended on the initial powder grain size and the measured values are close to the values reported 
by other authors with similar processing parameters [13–15]. Naturally, pores affect the total surface quality, and thus 
the Rz-values of both HE and LE specimens are approximately equal, depending on the pore size. Because the pore 
sizes vary widely between the specimens, only rough values can be given. 

The residual stress distributions were not determined, but from the literature we can estimate the following. The 
as-fabricated SLM-manufactured 316L exhibits tensile residual stresses varying in the range 30–200 MPa in the 
surface layer, depending on the processing parameters and measurement direction [15,16]. Residual stresses are 
typically lower if the porosity is high as is the instance with the present structures. However, surface residual stresses 
are typically almost completely relaxed on the surface after electropolishing [17]. Furthermore, in the present 
experiments, the residual stresses were relieved by furnace annealing.
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Fig. 3. Height-difference plots of (a) Electropolished and (b) As-built specimens.

3.3. Microstructure of annealed SLM specimen

Microstructures of both SLM-manufactured and subsequently annealed (at 600 °C for 120 min) specimens 
consisted of bead-like austenitic structure typical for AM materials (Fig. 4). Even though the microstructures of the 
HE and LE specimens were similar, some features in the microstructure were different. The shape of the beads was 
more irregular in the LE specimen. The bead width was approximately 126 and 105 µm and the depth 96 and 86 µm 
for the HE and LE specimens, respectively. The average substructure cell diameter measured from polished cross-
sections were 0.58 µm and 0.42 µm for the HE and LE specimens, respectively. However, the most obvious difference 
between the structures was in the amount of porosity and pore density. The measured porosity was 1.8% and 4.0% for 
the HE and LE specimens, respectively, and the pore density was 5.9 mm-2 for HE and 12.4 mm-2 for LE. The measured
porosities are higher than those reported in some studies at the equivalent energy densities. For example, Cherry et al.
[13] measured the porosity of SLM 316L to be less than 0.5% at the energy density of 104 J/mm3, and less than 3% 
at the energy density of 60 J/mm3. Several reasons can be behind this, and the powder moisture is the most probable 
one, which should be kept under 5%. Other reasons such as improper energy density and scanning parameters can 
also lead to a higher porosity. A noticeable feature is also the pore location. As seen from the specimen cut in XY-
direction, pores in the LE specimen resided mainly just below the outermost bead-track, i.e. about 100 µm below the 
surface. In the HE specimen, however, the pores were distributed more evenly through the cross-section (Figs. 4 and 
5).

Fig. 4. The low-magnification microstructure, pores and cell-substructure (laser and SE-images) of the samples printed with (a and c) high 
and (b and d) low energy input.
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Fig. 5. Surface layers of (a) HE and (b) LE specimen, seen in XY-plane. Pores reside below the first bead track in the LE specimen but are 
more evenly distributed in the HE specimen.

3.4. Hardness and tensile properties 

Macrohardness measurements did not reveal any clear difference as a result from the processing, for regardless of 
the processing parameters, the hardness was in the range of 218 and 211 HV10 for the HE and LE specimen, 
respectively. When measuring the through-thickness hardness evolution with the 0.2 kg load, a small difference in the 
hardness could be seen, as shown in Fig. 6a. When comparing the hardness values between the 10 kg and 0.2 kg load 
measurements, it can be noted how the difference in the hardness is opposite. It seems that the high porosity close to 
the upper surface in the LE specimen affects the hardness values especially with the low 0.2 kg load. 

Contrary to the microstructural features, clear differences were noticed in tensile properties between the LE and 
HE specimens (Fig. 6b and Table 2). With decreasing the energy density, both the yield strength and uniform 
elongation were enhanced, even though the porosity increased. The yield strength and uniform elongation were 
approximately 50 MPa and 4% higher in the LE than in HE specimen, respectively. The reduction of area was lower
in the LE structure. 

Fig. 6. (a) Hardness of the HE and LE specimen through thickness and (b) stress-strain curves of the annealed HE and LE specimens.

Table 2. Mechanical properties of the annealed HE and LE specimens.

YS UTS UE TE Hardness S.D.

MPa MPa % % HV10 HV10

HE 491 645 15.9 30.0 218 5.0

LE 538 701 18.6 33.4 211 14.7
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3.5. Fatigue strength

The fatigue tests were performed for the SLMed and stress-relieved specimens at stress amplitudes leading to 
fatigue life more than 105 cycles, i.e. in the HCF regime. Fig. 7 shows the S-N plots for LE and HE specimens without
and with the surface electropolishing. The difference in the fatigue strength between the LE and HE structures was
quite low (Table 3). For example, the LE as-built structure only exhibited the stress amplitude of 37 MPa higher at 
the cut-off cycle (2e6 cycles) than the HE structure did for the both surface conditions. However, this difference (15%)
is higher than the difference in the yield and tensile strengths (<10%).

In contrary to the presumption, the electropolishing of the surface had a negligible effect on the fatigue strength.
The fatigue limit of the as-built and electropolished conditions was almost identical despite the significant difference 
in the measured surface roughness values. In fact, for the polished LE structure, the fatigue limit was even 5% lower
than that for the as-built structure. These results indicate that in the SLMed 316L steel, the fatigue limit is affected 
more by the porosity than by the surface finish. Comparing to the bending fatigue strength of a commercial wrought 
316L sheet [18], it can be noticed that the fatigue limits are quite identical, but at higher stress amplitudes the SLMed 
structures have much higher fatigue strength. This can be related to the much higher static strength of the SLMed 
structure than that of wrought and annealed structure (the yield strength typically below 200 MPa).

Table 3. Stress amplitudes (FAT50%) at various lifetimes (cycles) of SLMed specimen.

Stress Amplitude [MPa], FAT50%

LE HE

Lifetime As-built Electropolished As-built Electropolished

100000 770 770 800 670

500000 500 500 520 470

2000000 252 252 289 275

Fig.7. Stress amplitude vs. lifetime plots.

3.6. Failure mechanisms

The bending fatigue tests indicated the lowest fatigue strength for the SLMed specimens with high energy density, 
although the difference in fatigue behaviour of HE and LE specimen was very small. Electropolishing did not have 
any positive effect on fatigue resistance. The reason for that was clarified by inspection of surfaces of the fatigued 
specimens. In addition to the main crack there were numerous short cracks on the surfaces (Fig. 8). It appeared that
the porosity existed as random defects in the polished surface and fatigue cracks always initiated in these defects (Fig. 
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8b). The electropolishing smoothens the surface roughness of SLMed specimens, resulting from the melting of the 
relatively rough powder, but the polishing cannot remove large pores and voids, which still work as crack initiation 
sites. As shown in Fig. 5, most of the pores located just below the surface, so that they became more revealed after
the grinding and polishing. This leads to an increase the number of crack initiation sites on the surface. With the as-
built specimen, the number of pores in the surface seemed to be smaller, most of them locating deeper in the 
subsurface.

Fig. 8. Typical crack initiation sites in LE specimen. a) As-built, b) Electropolished specimen, fatigued until failure at Δσ = 350 MPa.

Also, in the as-built specimens, both in LE and HE ones, cracks related to subsurface defects (Fig. 9), and cracks
propagated intergranularly along bead boundaries. This is in agreement with the observations reported in the literature 
[19]. It seems that regardless of the surface finish, the defects are the main factor affecting fatigue resistance behavior.

Fig. 9. Crack initiation sites in the as-built specimen (a) HE and (b) LE. For revealing the pores, the specimen was ground 150 µm from 
the surface to reveal the subsurface view.

4. Conclusions

The effects of high porosity, energy density and surface finish on the microstructure and bending fatigue properties 
of a SLMed AISI 316L steel were preliminarily studied. It was noted that:

• Microstructures were similar after processing at low or high laser energy density.
• The porosity was high despite the energy density, but with the high energy density the pores resided 

mainly about 100 µm below the surface.  
• Electropolishing did not have any beneficial effect on bending fatigue properties. Cracks initiated mainly 

at the pores either on the surface or in the subsurface layer masking the influence of electropolishing.
• In spite of high porosity, the fatigue limit of SLMed AISI 316L steel was equal to that of the wrought 

steel. At higher stress amplitudes, the SLMed structure is even stronger than the wrought one.
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