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ABSTRACT 

The present study is focused on the fatigue strength of 15-5 PH stainless steel, built by Direct Metal Laser 

Sintering. Six-specimen sets were manufactured, mechanically and thermally treated and tested under 

rotating bending fatigue. The study investigates the effects of the build orientation (parallel, perpendicular, 

or 45° inclined with respect to the vertical stacking direction) and of allowance for machining (1mm or 3mm 

at gage). The results, processed by an ANOVA methodology, indicate that allowance for machining has a 

beneficial effect on the fatigue response. Removing the surface irregularities, averagely leads to a 19% 

enhancement of the fatigue limit. The build orientation also becomes beneficial, when the slanted samples 

are included in the experiment. In this case, a fatigue strength increase up to 20% can be achieved. Further 

developments will include the investigation of the effects of heat and surface treatments, involving also 

further materials in the study.  

 

Keywords: Rotational Bending, Fatigue strength, Stainless steel, Direct Metal Laser Sintering, Build 

orientation, Allowance for Machining.  

  



NOMENCLATURE 

AM  Additive Manufacturing 

ANOVA Analysis of Variance 

CAD   Computer Aided Design 

CTE  Coefficient of thermal expansion 

DMLS  Direct Metal Laser Sintering 

FL  Fatigue Limit [MPa] 

H,1  Horizontally oriented specimens with 1mm allowance for machining (Set #1) 

H,3  Horizontally oriented specimens with 3mm allowance for machining (Set #4) 

Mb   Bending Moment [Nm] 

R  Stress Ratio (fatigue tests) 

f  Frequency (fatigue tests) [Hz] 

Ra   Roughness Average [m] 

R2  Linear Correlation Coefficient 

S,1  Slanted specimens with 1mm allowance for machining (Set #3) 

S,3  Slanted specimens with 3mm allowance for machining (Set #6) 

Si  10-base logarithm of i 

.iS   (i-th) row mean (for ANOVA) 

jS .   (j-th) column mean (for ANOVA) 

..S   Overall mean (for ANOVA) 

SLM   Selective Laser Melting 

S-N curve Maximum Bending Stress vs. Life Cycles curve in the finite life domain 

SSBC  Sum of Squares between Columns (for ANOVA) 

SSBI  Sum of Squares Interaction (for ANOVA) 

SSBR  Sum of Squares between Rows (for ANOVA) 

UTS  Ultimate Tensile Strength [MPa] 

V,1  Vertically oriented specimens with 1mm allowance for machining (Set #2) 

V,3  Vertically oriented specimens with 3mm allowance for machining (Set #5) 

i  Finite life fatigue strength for the (i- th) sample set 

  



INTRODUCTION 

Nowadays, there is an increasing interest towards Additive Manufacturing (AM) techniques, as this 

technological process is potentially capable of producing even complexly shaped parts in a relatively short 

time 1-2. In addition, the parts can be easily built, with a high level of flexibility, starting from a CAD model 3-

5. AM offers further advantages arising from a faster time-to market, a high efficiency in material utilization 

with a particularly reduced powder waste 6. A possible drawback of AM techniques consists in the residual 

stresses that may be generated during part building. Therefore, suitably shaped supports are usually 

applied to safely attach the built part to a rigid base-plate, thus preventing its movements through the 

powder bed or distortions induced by the residual stress field 3. Moreover, AM produced parts are likely to 

be affected by defects, being often due unmolten particles, entrapped gas bubbles, or missing fusion 6-7. A 

poor surface finishing with high roughness may also arise from the powder adjacent to the fabricated area 

being partially sintered and attached to the part surface due to heat transfer in the neighborhood of the 

fabrication area 8. Direct Metal Laser Sintering (DMLS) by EOS and Selective Laser Melting (SLM) by MTT 

Technologies Group can be mentioned among the most important AM processes for metals 5. A possible 

difference between the two technologies lies in the mechanism that makes the powder fuse together. In 

the case of SLM a full melting is achieved, whereas in the case of DMLS, selective laser sintering causes the 

powder to fuse together. Anyway, nowadays they can be regarded as basically the same technique, being 

grouped under the powder bed fusion technologies. They both have wide applications to metals, as pointed 

out in recent review studies 5, 9.  

The aforementioned base-plate is usually placed on a horizontal plane, and the parts are generated along a 

vertical stacking direction. A number of studies, involving different materials and AM processes have been 

focused on the possible effect of the build direction on the mechanical static and fatigue responses of the 

manufactured parts. Some researchers investigated a possible influence of the angle between the main axis 

of inertia (namely, the longitudinal axis of the specimen) and the stacking direction on the part strength. 

Several studies were performed on selective laser melted Ti6-Al-4V samples. The results indicated that the 

build orientation may significantly affect the fatigue response, in particular the endurance strength in the 

finite life domain. A higher life for the same load entity was retrieved for the build orientation, where the 

layer plane is parallel to the loading axis 10. A similar effect was also observed on fracture toughness 11. The 

possible effect of the build direction on the fatigue response, considering both the fatigue limit and the 

fatigue strength in the finite life domain, was also the topic of a previous study by the same authors. This 

research involved MS1 Maraging steel parts, built, considering three different orientations, with post-

manufacture mechanical and heat treatments. An experimental campaign led to the result that the fatigue 

response is not significantly affected by the build direction, since, for Maraging steels, post-manufacture 

treatments have a great role at removing sources of anisotropy 12.  

Further research in the literature was focused on the mechanical behaviour of 15-5 PH stainless steel parts. 

This type of steel is commonly used in applications such as aircraft components, or for parts under high 

pressure or working in harsh corrosive environments, including valves, shafts, fasteners, fittings and gears 3, 

13. It must be pointed out that the 15-5 PH alloy has been developed, in order to achieve a greater 

toughness with respect to 17-4 PH. This outcome is fulfilled by a reduced content of delta ferrite and an 

accurate control of inclusion size and shape. In particular, it is well known that the volume fraction of Delta-

Ferrite significantly affects the low-temperature toughness 14. The precipitation of Fe-Cu in the Delta-Ferrite 

leads to aged hardening after long term aging with consequent decrease in elongation and embrittlement 

of 17-4 PH 15. The current processing of 15-5 PH alloy ensures the minimization and control of the delta 

ferrite content, thus taking advantage of the precipitation mechanism, to enhance toughness 16. The 15-5 

PH stainless steel used in the present work is supplied as powder by EOS and is optimized for DMLS 



application (and related post-processing), meeting all the Standard specifications regarding composition 

and mechanical properties as well as fracture toughness 17. A lack of studies on the effect of the build 

direction on the fatigue properties of this steel can be pointed out. In particular, the research 3 was focused 

on the build orientation effect on the static response only. Experimental results indicated that this response 

is enhanced, when the load direction acts along the layer plane, but the fatigue properties for different 

build directions were not investigated. Additional studies 18-20 deal with the static properties of 17-4 PH 

stainless steel, focusing on the effects of build direction and microstructure. Comparison is also made to 

the mechanical response of wrought material. The study 21 is very interesting, as it can be mentioned as 

one of the few that deal with fatigue on 17-4 PH stainless steel, however, the fatigue response, even in the 

high cycle fatigue field, is studied by a strain-life model, which is usually better suited to low cycle fatigue. 

Moreover, just two build orientations are considered. Other studies are documented in 18-19, but are more 

oriented to the effects on technological issues like machinability, rather than to the outcomes on the 

fatigue strength. This point is attracting interest, considering also that the rough ‘as built’ surface often acts 

as a crack initiator under fatigue, therefore the fatigue strength is presumably affected by the surface 

condition and the design process must take this issue into account. For this reason, post-fabrication surface 

treatment methods have been developed and used to enhance the finishing of the built parts surface 

layers. On one hand, conventional methods, such as machining 22-23, mechanical polishing 24, abrasive flow 

polishing 25, chemical milling 26-27 and electroplating 24 have proved their efficiency. On the other hand, it 

must be argued that some of these techniques could be difficult to apply in presence of undercut, or of 

internal or complexly shaped surfaces. Electroplating has proved to be generally efficient from this point of 

view, but sometimes it may leave some residuals and small sharp‐tip features on the treated surface, which 

may even worsen the mechanical properties. Electropolishing, where the treated part act as an anode, and, 

upon voltage application, is polished through the removal of surface particles, may be regarded as a valid 

and challenging alternative. The study 8 indicates that by a proper choice of the process parameters, such 

as current, voltage, electrode distance and treatment time, a significant beneficial drop of the surface 

roughness can be achieved.  

The subject of this paper consists in an experimental study on the fatigue response of 15-5 PH stainless 

steel parts fabricated by the DMLS process. Two factors were considered: the build direction and the post-

processing procedure. In particular, three different build orientations were considered, with different 

inclinations of the main axis of inertia of the parts with respect to the base plate. Regarding the post-

processing procedure, the effect of allowance and subsequent machining, with different thicknesses of 

material to be removed was studied. This experimental plan derives its motivations from the previous study 

dealing with Maraging steel 12, which was focused on the effect of the build orientation, and from some 

recent studies, e.g. 11, 28-30, which are starting to investigate the effects of the amount of material to be 

removed after sintering on mechanical properties. However, in these papers, the size effect of the block, 

from which the part is machined, is studied from the point of view of fracture mechanics, whereas similar 

investigations dealing with high cycle fatigue properties are still missing. Moreover, the fatigue 

performance of machined Ti-6Al-4V samples with suitable selection of allowance has also been the topic of 

the study 31, which confirms the general interest in this topic. Issues of novelty also arise from considering 

three orientations with respect to the vertical stacking direction: horizontal, vertical and slanted. The 

slanted orientation has been very rarely studied in the previous literature: in particular with reference to 

AlSi10Mg 32 and, partially, with reference to 17-4 PH stainless steel 33. Conversely, no contributions tackle 

the study of the effect of build orientation, considered over three levels, on 15-5 PH stainless steel fatigue 

response.  



MATERIALS AND METHODS 

The experimental campaign was performed under rotating bending, following the ISO 1143 34 Standard. 

Specimens were designed accordingly, with reference to the cylindrical smooth geometry (with uniform 

cross section at gage). The smallest dimension suggested by the standard, 6mm diameter at gage, was 

chosen as a good compromise between standard requirements and production costs. A drawing of the 

specimen is shown in Fig. 1, with indication of all its dimensions and tolerances. The chemical composition 

of 15-5 PH stainless steel (PH1 stainless steel by EOSGmbH – Electro Optical Systems, Krailling/Munich, 

Germany) is provided in Table 1 17. 

 
Fig. 1: Specimen with 6 mm diameter at gage in agreement with ISO 1143 Standard 34 

The specimens were manufactured by EOSINT M280 system (EOS GmbH - Electro Optical Systems, 

Krailling/Munich, Germany), equipped with Ytterbium fibre laser with 200W power and emitting 0.2032mm 

thickness and 1064nm wavelength infrared light beam. The process takes place in an inert environment and 

the scanning speed may range up to 7000 mm/s. The machine features a working space with 250 × 250 mm 

dimensions on the horizontal plane and a maximum height of 325 mm. The applied process parameters 

were defined according to the EOS Part Property Profile named “Surface”. In particular, the layer thickness 

was set to 20 μm and a parallel scan strategy with alternating scan direction was adopted. For the 

subsequent layers the scanning direction was rotated by approximately 70°, in order to prevent or reduce 

in-plane property variations. Some examples of the scanning patterns are shown in Fig. 2, where arrows 

indicate the different scan directions at different stages of production and on different layers. A contour 

line was finally scanned, in order to complete the part shaping and to make its external surface as smoother 

as possible 35.  

Table 1: Chemical composition of 15-5 PH1 Stainless Steel by EOS 

 
All the specimens underwent surface cleaning by micro-shot-peening, in order to close the pores that may 

be induced by laser sintering. According to the machine manufacturer 17, and in general for selective laser 

sintered parts 36, a 99% density can be achieved proceeding this way. Afterwards, the H900 heat treatment 

was performed 3, 17, thus following the recommendations by EOS. For this purpose, the samples were kept 

at the temperature of 482°C for 2 hours after a ramp increase (from the room temperature) in 1 hour time. 

This treatment, which is aimed at reducing the residual stresses, thus enhancing the fatigue response of the 

built parts, was performed with the samples being still connected to their supports, in order to prevent 

them from bending. Finally, the specimens underwent machining and refining by grinding with the aim of 

accomplishing the roughness and dimensional specifications and of improving the fatigue performance.  



Six specimen sets were manufactured: those of types #1 and #4 were built while lying horizontally on the 

base plate, therefore the angle between their longitudinal axis and the vertical stacking direction was 90°. 

Whereas, those of types #2 and #5 were built while standing vertically: in this case, the angle between their 

main axis of inertia and the stacking direction was 0°. Finally, the samples of sets #3 and #6 were built along 

a 45° inclined direction with respect to the base plate, so that the angle between their longitudinal axis and 

the vertical stacking direction was 45°. The difference between the samples of sets #1 and #4 is that the 

first ones were produced with the same shape as shown in Fig. 1, with a 1mm uniform allowance both at 

the gage (diameter increased from 6 to 8 mm) and at the heads (diameter increased from 10 to 12 mm). 

The samples were then machined to meet the drawing specifications, regarding both dimensions and 

roughness. Conversely, the samples of set #4 were built with a cylindrical shape with 12 mm diameter over 

their entire length. It implies that the allowance was 1mm at the heads and 3mm at the specimen gage. 

These samples also went through machining to meet the same specifications as in Fig. 1: therefore, a higher 

thickness of material was removed at the gage with respect to the samples of type #1. The same difference 

applies also to sets #2-#3 (built with uniform allowance and reduced section at gage) and #5-#6 (built with 

cylindrical layout).  

 
Fig. 2: Some examples of the scanning patterns, as the specimens lying horizontally (a) and standing vertically (b) are 
being built (arrows indicate the scan directions), (c) zoomed image, where powder residuals are clearly visible at the 

bottom side (close to the door chamber), around the sample contours and as darker stripes on the built areas 

The described experimental plan can be regarded as a 2-factor experiment: the first factor, build 

orientation, was investigated over three levels (horizontal, vertical and slanted), whereas the second one, 

allowance (material thickness to be removed by machining) was considered at two levels (1 mm and 3mm 

at gage). This experimental plan is summarized in Table 2, with indication of sample set numbers and of 

short names to be used in the following. Each set was composed by 7 to 10 samples (the number of 

samples for each set is also reported in Table 2), considering that some samples were unfortunately 

damaged during manufacturing. Regarding this point, it is worth mentioning that residual stresses were 

presumably particularly high, following the building stage. As a result of this, some samples got bended and 

therefore permanently deformed. It should be pointed out that such large deformations had not been 

observed in the previous study dealing with Maraging steel 12, so it indicates that stainless steel is 

particularly sensitive to the generation of process induced residual stresses. In order to get a full 



comprehension of this outcome, consistent with the results presented in 37, a brief resume of the process 

that leads to the residual stress state generation is provided below.  

Table 2: Experimental plan involving 2 factors (at 3 and 2 levels) and 6 treatment combinations 

 
The residual stress state arises from the thermal cycle during the deposition and solidification and cooling 

of the material. The underlying mechanism is well highlighted in 38, where it is pointed out that, if thermal 

stresses exceed the yield stress, residual stresses are expected to remain after cooling and their sign turns 

to be the opposite of the sign of the thermal stresses. As the laser beam heats and melts the solid material, 

it tends to expand, but the thermal expansion is partially prevented by the surrounding colder material, 

which leads to a compressive thermal stress, generally exceeding the material yield point that is often 

reduced by the high temperature 39. Afterwards, as the laser beam leaves that area, the irradiated zone 

cools and tends to shrink. Partial constraint by the solidified material of the layer underneath induces a 

tensile residual stress state that may even lead to macroscopic curvature of the fabricated part 39. 

The number and thickness of the layers is likely to significantly affect the mechanism of residual stress 

generation 40. The described mechanism occurs for each layer and especially in the case of many thin layers 

large tensile residual stresses accumulate inside the manufactured component 41. This point provides a first 

explanation for the greater sensitivity of Stainless steel to residual stresses than Maraging steel, considering 

that in the first case the thickness layer is one half (20 µm) than for the latter (40 µm). A further 

explanation, mainly related to material physical properties, arises from the point that the coefficient of 

thermal expansion (CTE) has a large effect on the residual stress field generation. The higher CTE, the 

higher residual stresses. The CTE of Maraging steel is 10.110-6 K-1, whereas that of Stainless steel is 

11.310-6 K-1, i.e. 12% incremented 40. The gradient of CTE is also important: a recent study 42 has pointed 

out that the difference of CTE between different phases for the same material is likely to remarkably affect 

the residual stress field. For stainless steel, a not uniform state of heating/cooling along with a high number 

of thin layers may in turn strengthen this detrimental effect.  

The adopted countermeasures against residual stresses consisted in carefully following the 

recommendations by EOS, guaranteeing as larger as possible contact between the samples and the base 

plate (to improve heat dissipation). Moreover, the largely deformed section, usually located at an extremity 

of the sample, was cut away. Moreover, in some cases, the samples were discarded and rebuilt, following 

the aforementioned recommendations. As mentioned above, the aging treatment was performed on all the 

samples, to drop down the residual stress state. Some stages of production, with reference to some of the 

aforementioned sample sets, are shown in Fig. 3. In particular, the significant bending that occurred in 

samples of Set #3 (S,1) is highlighted in Fig. 3 (d, e). In this case, deformation was concentrated at the ends 



(whereas the remaining part was straight) and the heads were longer than the specifications in Fig. 1. 

Consequently, the deformed part could be cut upon machining.  

 
Fig. 3: Some stages of sample production: (a) Set #1 (H,1) samples just after DMLS manufacturing and before the heat 

treatment, (b) Sets #2 (V,1) and #5 (V,3) samples during residual powder removal with internal gage (top) and 
cylindrical shape (bottom), (c) Set #4 (H,3) samples after machining and finishing, just before the beginning of the 
fatigue campaign, (d, e) Set #3 (S,1) samples before support detachment, bending highlighted in the detail view 

The fatigue campaign made it possible to obtain the S-N curves and the fatigue limits (FLs). A staircase 

method was applied to determine the FL: for this purpose, the series of failure and not-failure events was 

processed by the Dixon method 43-46. A life duration of 107 cycles was set as run-out, based on the few 

available data on the fatigue response of sintered 15-5 PH stainless steel 3. The Dixon method is an 

abbreviated staircase method that makes it possible to estimate FL even from a short series of nominal 

trials at staircase (four to six in this work). A confidence analysis (90% confidence level) was also performed 

based on the standard deviation of FL (scattering of the experimental results) and on the size of the 

sequence that led to its computation. The data in the finite life domain were processed according to the 

Standard ISO 12107 47: the stress and life were linearly interpolated in logarithmic coordinates. The lower 

and upper limits of the S-N curve have been determined, based on the standard deviation of the logarithm 

of the fatigue life. Respective failure probabilities of 10% and 90% were considered together with a 90% 

confidence level. 



EXPERIMENTAL PROCEDURE 

All the samples were initially measured, in order to check the dimensions and roughness specifications. For 

this purpose, a micrometer screw gage, a digital caliper (both with the resolution of 0.01mm) and a 

portable surface roughness tester (with the resolution of 0.01 μm, Handysurf E-30A; Carl Zeiss AG, 

Oberkochen, Germany) were used. The heads at both ends and the sample gages were measured at 90° 

angled points with 4 replications. Similar measurements were performed on specimen gages with 6 

replications. The results are collected in Table 3 with reference to Set #2 (V,1). Regarding roughness, Ra has 

also been measured, considering 90° angled points around full diameters at both specimen heads with 8 

replications. Similar measurements were then carried out at the gages. However, these measurements 

could not be carried out before fatigue testing because of the impossibility of correctly holding the tester 

detector above the specimen cylindrical surface for a sufficiently long longitudinal scan. Therefore, 

roughness measurements at gauges have been performed only after breakage on the specimens that 

experienced failures during the fatigue campaign. Consequently, not all the samples underwent this 

measurement, however the retrieved amount of data was sufficiently relevant to check the fulfilment of 

roughness specifications. The averaged values, where available, are included as well in the same Table. The 

results regarding the other sample sets are not reported for the sake of synthesis. All the yields are 

generally well consistent with the requirements in ISO 1143 34 and with drawing specifications. The samples 

were also checked for hardness: HRC Rockwell hardness was determined on all the samples with three 

replications. The average values, ranging from 42 to 43.5 HRC, confirm an Ultimate Tensile Strength (UTS) 

from 1325 to 1375 MPa, which is in the order of that indicated in 17, 48-49 of 1310 MPa. 

Table 3: Dimensional and roughness measurement outcomes considering the samples of Set #2 (V,1) 

 

The specimens were tested under rotating bending fatigue by a rotary bending testing machine, where the 

specimen is loaded in the four-point bending configuration, so that bending moment Mb keeps constant 

over the entire sample length, and in particular at its gage 43. The sample was clamped at its ends by a 

pressure of approximately 70 MPa 50-51. All the tests were conducted under fully reversed bending load 

(stress ratio R =- 1) at the frequency f of 60 Hz. 

At the end of the experimental campaigns, crack surfaces were carefully analysed by a stereo microscope 

for the individuation of the crack nucleation point and of the zones of stable and unstable crack 

propagation.  Some samples were cut and resin embedded. In particular, transverse sections of the 

specimen at the gages and longitudinal sections at the heads were considered. Fractographic and 

micrographic analyses were then performed with the aim of investigating the possible presence of 

porosities, inclusions, spots of oxides and micro-cracks. For this purpose, a Stemi 305 stereo-microscope (by 

ZEISS, Oberkochen, Gernany) has been utilized for fractographies, whereas an Optiphot-100 optical 

microscope (by Nikon, Melville, NY, United States) has been applied for both micrographic and (more 



zoomed) fractographic analyses. In the case of micrographies, chemical etchings were performed by the 

following solution for a duration of 30s after heating in oven up to 90°C. 20 ml of Glycerol (C3H8O3) were 

mixed with 10 cc of Nitric Acid (HNO3), then 20 cc of Chloridric Acid (HCl) were mixed with 10 cc of 

Hydrogen peroxide (H2O2). Afterwards, these two compounds were merged together (50%-50% ratio) befo- 

Table 4: Data retrieved from the tests on all the sample types 

 
re starting etching. Some micrographs were specifically devoted to the investigation of the actual 

microstructure, following the building process and the heat treatment. For this purpose, an additional set 

of specimens was manufactured: they had horizontal orientation and 1 mm allowance, like those of Set #1 

(H,1), but did not undergo machining. Upon support detachment, it was therefore possible to individuate 

the orientation of the build planes and to perform cutting in parallel and perpendicular directions. 



RESULTS 

The results of the fatigue tests, involving all the sample sets are collected in Table 4: in particular, the 

sample identifier, the load level, in terms of the nominal stress at gage, and the observed life are reported. 

The final outcome of each trial is reported as well: “Y” indicates that failure occurred, whereas “N” 

indicates that the sample did not break down and the test was stopped upon the runout of 10 million 

cycles. 

In the case of failure, it was of course checked that specimen separation had regularly occurred at the gage. 

Afterwards, the fracture surfaces were observed, to make sure that a fatigue initiation and propagation 

mechanism was actually responsible of the observed failure. Most failures regularly occurred at gage, but in 

some cases, for sample sets #4 (H,3) and #6 (S,3), unusual and unexpected failures at specimen heads were 

observed: one of them is depicted in Fig. 4. It must be remarked that this outcome is not completely new, 

as it had also been observed in the previous research regarding Maraging steels. In that study, an analysis 

by dye penetrants had indicated the presence of some spots of unconformable roughness, which were 

likely to have triggered the crack in combination with the clamping pressure. In the present study, the 

roughness at sample ends was carefully checked by multiple measurements and was found to be consistent 

with the specifications. These results were not considered for further processing (tagged as “NOT VALID” in 

Table 4) and the possible reasons for these occurrences were later investigated by fracto-graphic and 

micrographic analyses. 

 
Fig. 4: Unexpected failure at sample head 

DISCUSSION 

The results reported in the previous Section were initially processed, in order to determine the fatigue 

curves in the finite life domain. The S-N curves were retrieved as linear regressions in double logarithmic 

scale: they are plotted in Fig. 5 with reference to horizontal, vertical and 45° inclined samples with 1 mm 

allowance (Sets #1 to #3) and in Fig. 6 for the other sample sets with 3 mm allowance (Sets #4 to 6). For the 

sake of clarity, short names are appended to the sample set numbers. The maximum likelihood bands at 

the 90% confidence level and the experimental data are included as well in the graphs. The experimental 

results can be generally well interpolated by a linear regression line with a linear correlation coefficient (R2) 

up to 0.8. The corresponding equations, related to 50% probability of failure Basquin fatigue curves, are 

provided in Eqs. (1) to (6), respectively for Sets #1 to 6. i indicates finite life fatigue strength for the (i-th) 

set. 
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It can be emphasized that all the exponents are quite close to each other and varying in the interval -0.09 

to -0.03, which indicates that all the curves have a similar slope and a horizontal-like trend. This outcome is 



clearly related to the roughness level of the tested samples that ranges from 0.3 µm to 0.4 µm as an 

average, as reported in Table 3. The aforementioned roughness levels are quite close to those of the 

specimens of the same material, involved in the fatigue campaign 48-49, which led to well comparable results 

regarding the finite life domain curve and its slope. Conversely, the experimentations reported in 3 involved 

SLM built Stainless steel parts with an approximately 10-time higher roughness, and a much steeper curve 

involving a strong drop for increasing life was retrieved. 

 
Fig. 5: S-N curves for sample Sets #1 (H,1), #2 (V,1) and #3 (S,1) (arrows indicate run-outs): effect of the build 

orientation compared for reduced (1 mm) allowance for machining 

 
Fig. 6: S-N curves for sample Sets #4 (H,3), #5 (V,3) and #6 (S,3) (arrows indicate run-outs): effect of the build 

orientation compared for incremented (3 mm) allowance for machining 

Observing the S-N curves in Fig. 5, referred to the lower allowance level, it can be remarked that those for 

horizontally and vertically built samples (Sets #1 and #2) are quite close, whereas that for the slanted ones 

(Set #3) is much higher, indicating a greater estimated strength for the same fatigue life. The analysis of the 

graph in Fig. 6, having the same axis scales as the previous one, indicates that the curves for the sets with 



the upper allowance level (Sets #4 to #6) are quite close one another. Moreover, these curves generally 

correspond to a higher strength in the finite life domain with respect to those for lower allowance. 

In order to better investigate the relationships among the six curves and the effects of the investigated 

factors, they were processed by the ANOVA-based statistical tool developed in 52. We have extended this 

tool that was initially set-up for designs with just one factor to two-factor experiments, managing not only 

the main effects of the factors but also their interaction. As in the conventional ANOVA 53-54 for the 

comparison of distributions of yields, the differences between the curve trends have been here compared 

to the scattering of the experimental results. All the data have been processed in the logarithmic scale: in 

particular, Si indicates the 10-base logarithm of i, considering the fatigue curves in Eqs. (1)-(6). As a first 

step, row ( .1S , .2S , .3S ) and column ( 1.S , 2.S ) means have been computed, combining the functions in Eqs. 

(7) to (11). 
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The overall mean was then computed as reported in Eq. (12): 
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The “Sum of Squares between Rows” (SSBR), i.e. the term related to the effect of the “Row” factor, namely 

the build orientation, was determined as the function in Eq. (13), where the sum of squares are weighted 

by the factor 2, considering that the row means are averaged between two functions. 
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The “Sum of Squares between Columns”, SSBC, being related to the effect of the Column factor, i.e., of the 

allowance, was similarly determined as in Eq. (14), where the weight factor is 3, as an effect of the column 

means being averaged among three S-N functions. 
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Finally, the interaction term, SSI, was determined as in Eq. (15). 
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Regarding SSBR, SSBC and SSI, the related functions were converted into scalars by the computation of their 

integral means over the life range investigated in the fatigue campaign, i.e. in the 104 to 107 interval. The 

error term was finally determined as the sum of the squares of the residuals between the actual 

experimental data and the related interpolating S-N curves. 



All the data were then processed as a conventional two-factor ANOVA, provided that the sum of squares 

terms were scaled, dividing them by the related degrees of freedom. The outcome of this analysis is 

summarized in Table 5, where the p-values in the last column indicate that both the factors and their 

interaction are highly significant. 

Table 5: Analysis of variance considering a 3-by-2 experiment 

 

A further analysis, which considered just a 2-by-2 experiment, discarding the results for slanted samples, 

was then performed by the same tool. The outcome of this study is reported in Table 6: it is important to 

point out, that, considering horizontal and vertical orientations only, the build direction is no longer 

significant and so is interaction, whereas the allowance factor retains its high significance. This result 

confirms the effectiveness of thickness of allowance and indicates that significant differences arising from 

the build orientation appear only when the slanted samples are introduced into the analysis. 

Table 6: Analysis of variance considering a 2-by-2 experiment (horizontal and vertical build orientations only) 

 

The results of the trials at staircase were processed by the Dixon method and led to the estimation of the 

FLs collected in the bar graph in Fig. 7 (a), along with the related confidence bands. The limit for the sample 

type #1 (H,1) was estimated as 480 MPa, a well comparable value to that for type #2 (V,1), 507 MPa. The 

other limits for horizontally and vertically built samples with incremented allowance were conversely 

significantly higher: 701 MPa for type #4 (H,3) and 605 MPa for the fifth sample set (V,3). The determined 

limits for the slanted samples were very close each other: both around 690 MPa for low (Set #3, (S,1)) and 

high (Set #6 (S,3)) allowance. 

It is interesting to compare the determined FLs to the UTS strength of the material 17, 48-49, considering that 

a commonly accepted ratio (FL/UTS) is approximately 50% for metallic materials 55. For this reason, the 

level of 50% of the UTS is appended in the bar graph in Fig. 7 (a). The marginal means plot of the two 

factors, i.e.  build orientation and allowance to be removed by machining, are provided in Fig. 7 (b). It can 

be remarked that the FLs for Sets #1 (H,1) and #2 (V,1) are quite close to each other and correspond to 37% 

and 39% of the UTS: these values are lower than 50%, but it is worth noticing they are about ten points 

higher than the corresponding ratios for Maraging steel 12. Interestingly, the determined FLs for other 

sample sets are very close to the 50% threshold. This indicates that the fatigue response of the here studied 

material, 15-5 Stainless steel, is less sensitive to the additive manufacturing process than that of Maraging 



steel. Moreover, the retrieved results indicate that the endurance performance can be further increased, 

by increasing allowance and optimizing the build orientation, thus making it well comparable to that for 

wrought material. In particular, removing the surface irregularities, averagely leads to a 19% enhancement 

of the fatigue strength, whereas, by the slanted orientation an increase up to 20% may be fulfilled with 

respect to horizontal/vertical layouts. These data may be useful as design recommendations for highly 

loaded parts under fatigue or for the general assessment of AM processed mechanical components. 

 
Fig. 7: (a) Bar graph summarizing the fatigue limits for the six sample types along with their confidence bands; (b) The 

marginal means plot of the two factors 

The fatigue results in the infinite life domain confirm those for finite life and the outcomes of the previously 

reported analyses of variance. Regarding allowance, it is interesting to point out that machining the 

samples from oversized blocks leads to improved fatigue performance. A possible reason could be that the 

detrimental residual stress state is remarkably released by machining parts from a larger piece. The 

described outcome is presumably amplified for stainless steel, considering that this material is highly 

sensitive to residual stresses arising during the stacking process, as reported above. Moreover, performing 

machining from larger parts built by AM is able to cut surface defects. These irregularities are usually 



concentrated at the surface layers, where, as remarked in the “Materials and Methods” Section, contour 

lines are scanned to complete the part shaping. These defects may be due to internal voids between the 

contour and the hatch, often arising from unmelted spots. These under surface irregularities may act as 

fatigue crack triggers, being thus responsible for the comparatively lower fatigue strengths in the case of 

the sets with low allowance. Conversely, removing the surface layers leads to a fatigue response that is well 

comparable to that of wrought material. This size effect is also confirmed also by the studies11, 28-30, where a 

remarkably slower crack growth rate was observed, following machining from oversized blocks. 

A further point regards the effect of build orientation, which becomes significant, only when slanted 

samples are introduced in the experiment. The negligible difference between the responses for horizontally 

and vertically built samples is well consistent with the results of the previous study 12 involving Maraging 

steel and can be interpreted in the frame of the effect of heat treatments removing the causes of 

anisotropy. Regarding slanted samples, it must be pointed out that very few results are reported in the 

literature: an experimental study 32 on AlSi10Mg also involved 45° inclined samples with respect to the base 

plate and to the load direction. After heat treatment, these samples showed good performance, compared 

to those with horizontal and vertical orientations. The response was the best at the highest load levels (in 

the finite life domain, for reduced life time). A possible interpretation is that irregularities due to missed 

scans, unmelted spots, or oxides, are usually concentrated on build planes. Following initiation, a crack 

tends to propagate along a perpendicular plane with respect to the load direction that is aligned with the 

sample longitudinal axis. Considering that the build planes are inclined with respect to the propagation 

plane, the notch effect arising from scan errors is therefore reduced. Moreover, should a crack propagate, 

the 45° inclined layers with respect to its pattern would act as barriers, thus reducing its propagation rate. 

It may be argued that similar considerations would also apply to horizontally built samples: in fact, the 

reduced notch effect, beneficially affecting their response, is often highlighted in the literature, for instance 

in 21, 32. However, the build plane is much larger for horizontally built samples rather than for slanted ones, 

consequently the amount of defects spread over every single build plane is comparatively statistically much 

higher. This may also be due to a further phenomenon, related to the generation of metal residuals during 

production. Upon the scanning process, some amount of residual is made, as the result of burn out metal 

particles, and oxidation may be triggered during sparkling 56-57. These particles are spread in the chamber 

and mixed with the new powder that is provided by the recoater and consequently also mixed on the bed 

surface during scanning. When a new layer is affected by these burn out residuals, if they are not suitably 

removed by the chamber air flow, spots of oxides and porosities may occur. The larger the surface being 

scanned, the larger the amount of residuals being generated, and consequently, the larger porosity 

occurrence. In addition, the number of defects per layer may be even incremented by the limited 

perpendicularity between the laser beam path and the build plane in conventional one-laser machines, due 

to the not optimal collocation of the fabricated part. This is also consistent with the outcomes in 21, where it 

is highlighted that, considering the overall volume of detected voids, horizontally built samples exhibit a 

higher level of porosity per unit volume. From this point of view, slanted samples can be seen as a good 

compromise between not high notch effect and low amount of defects in the build plane. As remarked in 

the Introduction, the fatigue performance of slanted samples had also been studied in 12 regarding 

Maraging steel and no significant improvements had been observed. It can be argued that the 

aforementioned remarks would not be sufficient to justify a different behaviour, when considering 

different material. A possible reason for the beneficial effect related to stainless steel is that the 

recommended (and applied) layer thickness is lower for stainless steel rather than for Maraging (20 µm vs. 

40 µm). Consequently, the number of layers is comparatively higher (approximately the double) for the first 

one. Therefore, for stainless steel, reducing the number of defects per layer, while simultaneously keeping 

the notch effect low, becomes effective to improve the fatigue strength. Conversely, it is not significantly 



effective for Maraging steel, for which the number of layers is much lower due to greater thickness. This 

outcome indicates that the obtained result, regarding the fatigue enhancement arising from the slanted 

orientation, keeps validity only for the studied material built with the described additive technology. In 

addition, it must be remarked that the fatigue response of the two materials has been assessed and is here 

compared, under the same most common manufacturing conditions, as they are the most recommended 

building strategies by EOS to optimize the part mechanical properties and productivity. 

 
Fig. 8: Micrographic analyses: (a) example of a void, (b) a transverse crack at the head of a samples of Set #5 (V,3) (all 

the images have been post-processed by microscope filters and polarized lenses) 

Finally, both fractographic and micrographic analyses have been performed on the broken samples to 

investigate the possible presence of voids, porosities, oxides or inclusions and to provide a reason for some 

cracks occurring at the head. In addition, micrographs have also been performed, in order to check the 

actual structure upon heat treatments on the build plane and in the stacking direction. The results indicate 

that some voids were sometimes observed, mainly at the heads: an example, retrieved by micrographic 

analysis, is depicted in Fig. 8 (a). These defects, together with the pressure transmitted by the fixture, are 

likely to have triggered some of the unexpected cracks at the heads, which then propagated along a 

transverse direction. It is interesting to remark that a transverse crack, shown in Fig. 8 (b), was detected on 

a specimen of Set #5 (V,3) that had regularly failed with separation at the gage. It indicates that another 

crack was propagating at the head, but failure at gage occurred earlier. Some samples of Set #6 (S,3) 

experienced failures at the head: these fracture surfaces have been carefully analysed by means of a stereo 

microscope and some images are available in Fig. 9 (a, b). An interesting point is that some spots of ferrous 

 
Fig. 9: (a, b) Fracture surface analysis pointing out huge defects and spots of oxides (highlighted) that originated 

failure at the head in a sample of Set #6 (S,3) (post-processed images by microscope filters and polarized lenses), (c) 
regular failure at the gage, starting from a porosity (indicated by an arrow) 



 oxides are present and are clearly visible due their brown colour. For the sake of clarity, they are also 

highlighted in the same pictures. Moreover, these oxides seem to have acted as crack inducers, as several 

cracks, approximately 250 m long, appear to have started from these points. An interesting issue is that 

the studied material is a stainless steel, therefore, it is usually unexpected that oxides may occur. A possible 

reason is related to the aforementioned generation of residuals. An important role is played by the inert 

gas that flows in the chamber, from outlets placed at the rear side, towards the front of the machine. This 

flow must be suitably tuned, to minimize the amount of residuals being mixed with the new powder and to 

prevent oxidation due to oxygen exposure. From this point of view, it is clear that pausing production and 

opening the chamber door may have highly detrimental effects on the mechanical properties of the build 

parts. The parts being produced as closer as possible to the gas outlet are more protected against the 

oxidation mechanism, whereas those placed at the machine front side, close to the door, are more 

exposed. As a matter of the fact, some residuals are also visible as darker particles at the bottom side of 

Fig. 2, corresponding to the machine front side, involving also the sample contours and the built areas, 

where darker stripes can be observed. Therefore, a possible reason for the problems occurring mainly with 

Set #6 (S,3) is concerned with its location at the front side of the chamber, where it was even probably 

shadowed from the inert gas flow by the other parts. Similar defects and crack patterns as those in Fig. 9 (a, 

b) were observed in the other samples of the same set that experienced similar failures. The other ones 

that experienced correct failures exhibited regular crack surfaces. Most cracks started from porosities just 

beneath the surface (80 to 100 m): an example (the initiation point is indicated by an arrow) is shown in 

Fig. 9 (c). Similar cracks, initiating from different size porosities, located just beneath the surface, have also 

been observed in 31, following fatigue cycling of Ti-6Al-4V. 

 
Fig. 10: Micrographic analyses on non-machined horizontally built samples: (a) laser scans on the build plane 

(contiguous planes are visible, relative angle highlighted), (b) layers along the stacking direction and (c) detail with an 
inclusion (images (a) and (c) post-processed by microscope filters and polarized lenses) 

Regarding the structure upon the building process and the heat treatment, the laser scans in the build 

plane are shown in Fig. 10 (a). It can be emphasized that scans belonging to contiguous planes are 

overlapped in the same image, due to the very thin layer thickness (20 µm) and to an unavoidable slight 

alignment error. It makes it possible to estimate the relative angle, which is 73°, in agreement with the EOS 

Standard settings. The deposited layers are shown in Fig. 10 (b), where the section plane is along the 

stacking direction. The build orientation is embedded as well in the same picture. An inclusion is finally 

shown in Fig. 10 (c). Regarding Fig. 10, it can be pointed out that, despite heat treatments, the structure is 



not made completely homogeneous: the scan layout and the layered structure are still well visible, which 

may justify the anisotropic effect remarked above. 

CONCLUSIONS 

This study aims at defining the fatigue strength of 15-5 PH Stainless Steel manufactured by Direct Metal 

Laser Sintering machine. There is a lack of data concerning the fatigue response of Additive Manufacturing 

processed parts of the aforementioned stainless steel. In particular, the topic regarding the effect of 

allowance, i.e., the amount of thickness to be removed by machining, has never been investigated. 

Moreover, regarding the build orientation, the slanted one has been very rarely involved in an extensive 

experimental study. The following points are worth mentioning, concerning the performed 

experimentation and the achieved results. 

 Six sample sets were manufactured: horizontally, vertically and 45° inclined (with respect to the 

base plate), built with uniform allowance and with an incremented allowance at specimen gage 

(manufactured as cylindrical parts). This experiment can therefore be regarded as a 3-by-2 plan, 

involving two factors with three and two levels. The fatigue tests led to the determination of both 

the sloping parts of S-N curves and of the fatigue limits. 

 The results indicate that allowance has a significant effect at enhancing the fatigue response. 

Conversely, the build orientation does not have an effect, when just horizontal and vertical 

orientations are considered. However, this factor becomes significant, when slanted samples are 

included in the experiment: this orientation led to improved results.  

 These results indicate that machining makes it possible to remove the irregularities and residual 

stresses induced by the additive process, which are mainly concentrated at the surface layers. 

Moreover, the slanted orientation has the effect of reducing the notch effect due to scan errors or 

to powder residuals (defects per layer) and of increasing the resistance against crack propagation 

due to the layered structure.  

 Taking advantage of build orientation or removing the surface irregularities may lead to increments 

of the fatigue strength in the order of 20%. It is worth noticing that the optimization of these 

factors leads to a fatigue performance that is well comparable to that of wrought material (ratio 

between the fatigue limit and the ultimate tensile strength around 50%).  

 Finally, fractography and micrography have shown that, despite heat treatments, the layered 

structure induced by the process is still well visible, which can explain the moderate effect of build 

orientation on fatigue.  

 Further developments will include the investigation of the effects of heat and surface treatments, 

including also further materials in the study. Possible effects, in terms of the generation of 

oxidation spots and of voids, arising from the position of the parts in the build chamber will also be 

investigated.  
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