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Abstract 

Additive Manufacturing is a powerful process to build complex geometry. Besides the numerous pro-

cess parameters influencing the mechanical part performances, others parameters related to the ini-

tial powder feedstock or component machining are of most importance. In this study, the combined 

effect of a wide particle size distribution, surface machining and stress-relief heat treatment on the 

microstructure and mechanical properties (tension and fatigue) of a stainless steel AISI 316L, produced 

by laser powder bed fusion, is investigated. In order to correctly investigate those parameters sepa-

rately, the netshape/machined character of the sample, alongside with the heat treatment is studied 

for two kinds of powder having different particle size distributions, i.e, narrow and widely spread. Re-

sults show that a large spread of particle size is only slightly detrimental to the fatigue life, in particular 

in high cycle conditions due to a larger porosity related to a weakly more uneven particle spatial dis-

tribution in the bed. Nevertheless, this effect is of a second order compared to machining or heat 

treatments which greatly affect the mechanical behaviour. Surface machining and moderate heat 

treatment are then the best post-operational steps to increase the fatigue life in high cycle fatigue 

conditions independently of the particle size distribution. Results are discussed in terms of defects, 

microstructural modifications, surface roughness, martensitic transformation and mechanical loading. 
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Introduction 
 

AISI 316L (316L) is an austenitic stainless steel widely used in various industrial applications due to its 

corrosion resistance, mechanical properties and formability. Thanks to its good weldability, 316L parts 

can be also produced by Additive Manufacturing (AM) processes which enables the production of parts 

with complex geometries [1,2]. Among all AM processes suitable for 316L manufacturing, Laser Pow-

der Bed Fusion (LPBF) is widely employed industrially and deserve attention. 

Microstructures obtained by LPBF differs from those issued from conventional processes. Defects such 

as pores, lack of fusion or high dislocation densities can be observed [1] alongside with morphologic 

and crystallographic texture generally characterized as {101}<001> (goss)[3,4] or {001}<001> (cubic) 

[5,6]. The optimization of the manufacturing parameters such as laser power, laser speed, powder 

layer thickness, hatch distance and scanning strategy, can lead to a reduction in these defects [7–10]. 

Although process parameters are key factors to control the microstructure and induced defects such 

as pores, others parameters including, for example, build orientation and post-treatments also influ-

ence mechanical properties (e.g., ultimate tensile strength). For instance, vertical samples enable a 

higher elongation to fracture than horizontal samples due to the anisotropic microstructure [11,12]. 

An increase in the fatigue endurance from 20 to 50% has also been reported when removing netshape 

roughness by polishing or sample machining [11,13–17].  

In order to improve the mechanical properties, several heat treatments have been designed and re-

ported in the literature. Among them, for austenitic stainless steels, stress-relieving treatments (tem-

perature in the range of 600-800°C) have been studied. Indeed, those annealing steps, which generally 

preserve the typical AM microstructure, lead to a decrease in their ultimate tensile strength (UTS) and 

an increase in their ductility when compared to as-built samples [18,19]. With regard to fatigue re-

sistance, it seems that it could be slightly improved by a heat treatment [14,15], especially if residual 

stress reduction is involved. Nevertheless, a slight decrease in tensile mechanical properties has been 

also reported for that kind of heat treatment due to the intercellular precipitation of σ-phase (with 

higher Mo and Cr concentration) in the δ-ferrite/γ-austenite phases boundaries [12].  

For powder bed fusion processes, powder control (chemical composition, particle shape, size and size 

distribution) is of prime importance. Industrially, different powder batches or different suppliers are 

employed for production purposes. This change from a batch/supplier to another may induce varia-

tions in powder characteristics which could lead to a change in the microstructure and mechanical part 

performance [20–22]. Furthermore, nowadays, cost and waste reduction in AM constrain industries to 

reuse the powder of a given batch which may affect the properties of the final parts [21,22]. Even if a 

sieving process is performed, the average particle size generally increases with powder reusing [23–

27]. Concerning powder composition, an increase in oxygen content is sometimes reported [26,28–

30]. In 316L, both phenomena have been observed, resulting in a decrease in part density and an in-

crease in ductility [26] as well as an increase in surface roughness [27]. For IN718, the increase in par-

ticle size and oxygen content only slightly reduce the fatigue life associated to low plastic strain ampli-

tude [31]. In that case, this reduction is due to the increase in particle size which modifies the powder 

flowability during the process [31]. The particle size distribution therefore seems to be one of the most 

influential parameters on the mechanical properties.  

For 316L, the influence of the particle size distribution on part microstructure and mechanical proper-

ties has already been studied. It has been reported that even for powder batches presenting the same 

average particle diameter, the size distribution plays a role on the process and part quality [32]. The 
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authors claimed that wide particle size distribution (2-70 µm) gives a better tap/netshape density as 

well as a lower surface roughness whereas a narrow distribution (15-70 µm) results in a better flowa-

bility and a higher ultimate tensile strength [32]. A decrease in average particle size has been also 

reported to produce lower surface roughness [33] whereas an average particle size value above the 

range 28-38 µm leads to an increase in porosity [34]. An adaptation of the manufacturing parameters 

to particle size distribution has been also reported to ensure high density samples [35–37]. Further-

more, it was reported that optimal mechanical properties in tension can be obtained by mixing two 

particle populations (i.e. spread and narrow) [35,36].  

Moreover, in some cases, small powder quantities remaining after jobs that cannot be used again, can 

be mixed all together to produce new parts. That kind of strategy can help to reduce powder wastes 

and makes LPBF process more efficient. In that case, the obtained row powder can exhibit a very wide 

spread particle size distribution (which does not fulfil common AM requirements) which may affect 

the part mechanical performances. It is then of prime importance to assess the impact of such powders 

on the part quality. In literature, the role played by a very wide particle size distribution on mechanical 

behaviour, especially in fatigue, was not properly addressed, either in Low Cycle Fatigue (LCF) or High 

Cycle Fatigue (HCF). Furthermore, AM samples are generally submitted to post-operational treatments 

such as machining or stress-relief heat treatments, which can change the conclusions regarding pow-

der particle influence on mechanical properties. Considering the great interest in fatigue loadings in 

industry, this lack of knowledge can lead to incorrect industrial criteria for powder employability, re-

sulting in higher economic and environmental costs. 

The main objective of this study is then to better understand the role played by a very wide powder 

particle size distribution over a large range of microstructure characteristics and mechanical properties 

of samples manufactured by LPBF. For comparison purposes, two powders were employed to produce 

samples, one with a narrow particle size distribution (supposed to be optimal for LPBF) and a second 

one with a very large particle distribution. Those samples were subjected to different post-operational 

steps such as machining and stress relief heat-treatments. A particular attention was paid to the char-

acterization of the fatigue properties in tension, compression and vibration bending to cover both 

elastic and plastic regimes which are of great industrial interest.  

1. Manufacturing and sample description 

The effect of the powder particle size distribution is investigated by using two different 316L powders: 

one with a narrow particle size distribution (labelled narrow powder in the following paragraphs) and 

the second one with a very wide size distribution (labelled spread powder in the following paragraphs). 

These precursor powders are both provided by the Erasteel company and will be fully described in 

section 3. 

Sample manufacturing was performed by Volum-e company using an EOS M290 powder bed fusion 

machine, equipped with a continuous fiber laser and a maximum power capacity of 500W. The bulk 

printing parameters are given in Table 1. A contour strategy has been applied for all samples with two 

laser vectors (same hatch distance for bulk areas) and reduced laser power and speed (P=150 W, V=450 

mm/s). 

 

 

 



 

4 

Table 1: Manufacturing parameters used on the EOS M290 employed in this study. 

Laser power  
(W) 

Laser scanning speed 
(mm/s) 

Layer thickness 
(µm) 

Hatch distance  
(mm) 

Angle 
(°) 

195 900 40 0.1 67 

 

In order to investigate the role played by machining and surface roughness on the mechanical behav-

iour (static and fatigue), a total of four sample series were manufactured vertically from the two pow-

ders, narrow and spread one (for each powder type, all samples fit in one plate). For monotonic and 

conventional cyclic tests, the first series consists in samples built as cylinders of 20 mm diameter and 

200 mm height for further machining (conventional turning) to obtain ISO 12106:2017 standard sam-

ples with a gauge length of 20 mm and diameter of 8 mm for a total length of 90 mm (two samples 

were machined in one cylinder). This first series will be called referred to as M. The second series is 

based on netshape samples manufactured with the same geometry as machined one. Samples from 

this series will be labelled NS.  

The last two sample series are dedicated to vibration fatigue tests carried out with an electrodynamic 

shaker. For the netshape configuration, walls of 120x20x2 mm (L×l×t) were manufactured for both 

powders (samples will be designated NS_V; “V” standing for vibration). Finally, 120x20x20 mm blocks 

(L×l×t) were produced for further machining (electro-discharge machining) of samples with same di-

mensions as netshape ones. Samples associated to these series are called M_V. 

For these two sample geometries, “N” and “S” suffixes are added to series names for narrow and 

spread powder, respectively. In order to characterize the influence of a stress relief heat-treatment on 

the mechanical properties, a part of M, M_V and NS_V series samples was heat treated at 720°C during 

2h. This temperature is expected to belong to the transition between recovery and homogenisation 

treatments [5]. The suffix “HT” on the name sample refers to these heat-treated samples. To sum up 

the sample nomenclature, for instance, a netshape sample built from spread powder and then heat-

treated prior to vibration mechanical testing is called NS_V_S_HT. Table 2 summarizes the different 

samples employed in this study, the precursor powder, netshape or machined conditions, together 

with the kind of applied mechanical loading and number of samples employed for each mechanical 

test. Finally, a specific sample including overhang walls oriented to 65 and 75° with respect to the 

building direction was also produced for each powder for surface roughness measurements. 
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Table 2: Summary of the different samples additively manufactured in this study and the associated mechan-

ical loadings. 

Sample Id. State Powder Heat-
treatment 

Mechanical characterization 

Tensile CSSC 
Conventional 

fatigue 
Vibration 

fatigue 

Sample 
number per 

loading 

M_N Machined Narrow no 

yes 

yes 

yes no 3 

M_N_HT Machined Narrow yes 

M_S Machined Spread no 

M_S_HT Machined Spread yes 

NS_N Netshape Narrow no 
no 

NS_S Netshape Spread no 

         

M_V_N Machined Narrow no 

no no no yes 3 

M_V_N_HT Machined Narrow yes 

M_V_S Machined Spread no 

M_V_S_HT Machined Spread yes 

NS_V_N Netshape Narrow no 

NS_V_N_HT Netshape Narrow yes 

NS_V_S Netshape Spread no 

NS_V_S_HT Netshape Spread yes 

 

 

Figure 1 illustrates the production plate manufactured from the narrow powder. For both netshape 

sample series, lateral reinforcements were employed to avoid bending in the case of contact between 

the solid body and the recoater. As the position of a sample in the plate can significantly affects its 

mechanical properties [38], in this study, as observed in Figure 1, the different samples of each series 

were placed as randomly as possible in the plate. In that case, any significant change in mechanical 

properties must be due to the powder characteristics or post-operational treatments and not to the 

sample position in the plate. 
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Figure 1: Illustration of a production job for the narrow powder on the EOS M290 LPBF machine. 

2. Experimental methods 

This work aims at investigating the effect of the powder particle size distribution with a large spread 

on the microstructure and mechanical properties. In order to correctly capture this effect, powders 

were first analyzed in terms of chemical composition and flowability. Then, a multi-scale microstruc-

ture investigation (density, surface roughness, phases, texture, grain size, dendrite, precipitation) on 

fused material was performed. Finally, the mechanical properties were assessed both in tension and 

fatigue. All methods employed for such investigation are described in the following subsections. 

2.1. Powder analysis 

Powder chemical composition was analysed by Inductively Coupled Plasma Optical Emission Spectros-

copy - ICP-OES -, Glow Discharge Mass Spectrometry - GMDS - and Instrumental Gaz Analysis – IGA 

Inductively Coupled Plasma (ICP) depending of the chemical elements.  A particle characterization sys-

tem Malvern panalytical MORPHOLOGI G3 was also employed to assess the particle size distribution. 

Together with this analysis of the distribution of powder particle size, the conventional powder flowa-

bility was characterized using a standard flowmeter funnel (ASTM B213). The apparent density was 

also measured with the same flowmeter (ASTM B212) whereas the tap density was measured with a 

Densitap machine following ASTM B 527 standard. For a better characterization of the powder flowa-

bility, the avalanche energy, the break energy, the avalanche and rest angles were also measured using 

a rotating drum device (Mercury scientific). 

2.2. Microstructure and surface roughness characterization 

Melting pools, pores, dendrites, grain sizes and grain orientations were characterized using a Scanning 

Electron Microscope (SEM, JEOL 7900F) coupled with Electron Backscattered Diffraction (EBSD). Prior 

to the observations, all samples were polished up to a 1200 SiC paper. For SEM analyses, samples were 

then electropolished (30s, 20V, Lectropol-5, Struers) using a 73% ethanol, 10% glycol, 8% perchloric 
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acid and 9% water electrolyte. SEM-EBSD orientation maps were acquired with a 1 µm step with a high 

voltage of 25 kV. Data were analyzed with OIM software.  

Samples used for Transmission Electron Microscopy (TEM) were taken from the mechanical testing 

samples in the initial or post-mortem state after mechanical loading. Foils were prepared by grinding 

coupons down to approximately 80 µm and then punched to obtain disks with a diameter of 3 mm. 

These disks were electropolished and thinned with a 10% perchloric acid solution in 90% methanol at 

-35°C and 20V using a twin-jet Tenupol-5.  

The strain induced austenite → α’-martensite phase transformation was investigated by measuring 

the magnetic fraction (content of α’-martensite) in the sample gauge length using a magneto-inductive 

testing device (Fischer feritscope), before and after the fatigue tests. The final content of α’-martensite 

value was obtained by averaging data from twenty local measurements along the gauge length of each 

sample.   

The relative densities were measured with an Archimedes type balance (with 0.1 g accuracy) using a 

reference value of 7.98 g/cm3. This reference value was measured with the same method on a 316L 

stainless steel plate obtained by conventional manufacturing process. For each sample, an average of 

5 measurements was performed in order to take into account the experimental scattering. In addition 

to those relative density measurements, porosity analysis was achieved after converting thirty micro-

graphs into binary images using Fiji software [39]. Images were captured by means of a Keyence VHX-

500 digital microscope at 200x magnification, leading to an image size of 1500×1160 µm size with a 

resolution of about 1.03 pixels/µm.  

The surface roughness measurements were performed on Altimet© Altisurf 500 metrology station on 

a 2 mm2 sample area with a 1 µm displacement resolution. The total length of the surface roughness 

profile was about 15 mm.  

2.3. Mechanical testing procedures 

Monotonic tensile tests were carried out on an electromechanical MTS C45 tensile machine controlled 

by a cross-head displacement. All tests were performed with a strain rate of about 1.7x10-3
 s-1, and the 

axial strain is measured using a "clip-on" extensometer (100% capacity). 

Conventional cyclic mechanical behaviour was investigated with Cyclic Stress-Strain Curves (CSSC) and 

fatigue tests on an MTS servohydraulic machine with a load capacity of 100kN under a total strain 

amplitude control. The CSSC curves were performed to quickly identify the cyclic behaviour of each 

material over a wide region of plastic strain amplitudes. During the test, samples were subjected to a 

stepwise increase in the total strain amplitude from 10-4 to 10-2 every 250 cycles.  

Fatigue tests were performed under strain control for 3 different total strain amplitudes corresponding 

to Low cycle fatigue (LCF), High Cycle Fatigue (HCF) and Medium Cycle Fatigue (MCF). These three total 

strain amplitudes give rise to plastic deformation. All cyclic tests were carried out with a symmetric 

tensile/compression loading (R=-1), at a frequency in the range 1-5 Hz leading to a strain rate of about 

(1.7±1) x10-3
 s-1 (similar to tensile one). To consider experimental scattering, all conventional mono-

tonic and cyclic tests (both CSSC and fatigue) were conducted three times for each sample series asso-

ciated with both narrow and spread powders and post-operational treatments.  

Vibration-induced fatigue tests were also carried out by using the shaker table shown in Figure 2 to 

analyse the influence of the powder particle size distribution under the HCF elastic fatigue behaviour 
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with shorter times than conventional tension/compression fatigue tests. Data acquisition was per-

formed by HBM software. The tests were conducted using previously mentioned 120x20x2 mm sam-

ples of the third and fourth series. Each sample is clamped on one edge and held free on the other 

edge for vibration monitoring. No notches were applied to investigate the intrinsic influence of each 

parameter (powder characteristics, sample machining or heat-treatment) on the fatigue life. For these 

tests, we focused on the first bending resonance mode (pure bending) which provides a straightfor-

ward analytical relationship between sample deflection and stress. This first resonant frequency was 

tracked with a first SRTD (Sine Resonance Track and Dwell) [40–42] applied on the sample. An acceler-

ation level of 1 g was used in a frequency range 50-120 Hz. All tests were performed with a sweep rate 

of 0.83Hz/s and duration of 1 minute. The resonance track was monitored by the frequency response 

corresponding to the output-input ratio. This frequency response was obtained respectively from a 

laser vibrometer (Polytec OFV 303) positioned at the free edge of samples and an accelerometer (PCB 

333A30) bonded on the table to monitor and control the shaker.  

A second SRTD was carried out then to perform the fatigue test at the previously characterized reso-

nant frequency. The maximal stress values applied to the samples can be obtained using the sample 

deflection and bending stress formulas. In this case, to ensure elastic behaviour, maximal stress values 

in the range 200-250 MPa (about half the yield stress reported for 316L samples manufactured by LPBF 

[1,6,12,43]) were targeted. To this aim, the second test was performed with an acceleration of about 

2g. Fracture was then detected by the drop of the resonance frequency. The controller automatically 

maintains the resonance conditions by tracking the resonant frequency during the test, even if a 

change causes a shift. Using this procedure, the frequency and time responses of all samples are con-

tinuously recorded during the fatigue tests.  

 

 

Figure 2: Illustration of the experimental set up for vibratory fatigue tests. 
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3. Results 

3.1. Initial powder properties 

The chemical compositions analysed by ICP-OES, GMDS and IGA are reported in Table 3. In particular, 

there are no significant differences in the Cr and Ni contents which may lead to variation in the stacking 

fault energy and further strain induced martensitic transformation ability. A difference in mechanical 

properties for samples manufactured from both powders cannot be due to the chemical composition. 

 

Table 3: Powder chemical composition analyzed by ICP, GMDS and IGA (%weight). 

Powder Fe C Mn Si Cr Ni Cu Mo P S N O 

Narrow Bal. 0.012 0.2 0.62 17.56 12.55 0.02 2.43 0.012 0.008 0.07 0.03 

Spread Bal. 0.015 0.19 0.58 17.51 12.56 0.02 2.44 0.012 0.008 0.07 0.02 

 

The particle size distributions of these two powders, analysed by laser granulometry, are reported in 

Figure 3a in number fraction and in Figure 3b in volume fraction. The inset in Figure 3a exhibits the 

SEM illustrations of the powder particles. In number fraction, the spread powder has a larger number 

of particles with diameters larger than 20 µm. When plotted in volume fraction, the difference be-

tween the two powders is magnified with more than 50% of particles having diameters larger than 60 

µm for the spread powder versus 15% for the narrow one. The spread of particle size is then much 

larger for the spread powder (particle size in the range 20-300 µm) than for the narrow one (particle 

size in the range 20-100 µm). The average powder particle size (d50) is about 34 µm for the narrow 

powder versus 50 µm for the spread one. The two powders differ then by both average particle size 

and particle size distribution.  
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Figure 3: Particle size distribution of the narrow and spread powders employed for manufacturing: (a) number 

fraction distribution and (b) volume fraction distribution. Powders characteristics were analysed by laser gran-

ulometry. 

 

Table 4 summarizes the powder characteristics, i.e. flowrate with Hall funnel, apparent and tap densi-

ties as well as avalanche energy, break energy, avalanche and rest angles. Except for the flowability 

measurement using the Hall funnel for which narrow powder did not flow, all other parameters are 

similar for the two kinds of powders.  

 

 

 

 

 

(b) 

(a) 
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Table 4: Summary of the powder flowability characteristics for the narrow and spread 316L powders. 

Powder 
Flowability 

(Hall Funnel) 
(s) 

Tap 
density 

Apparent 
density 

Hausner 
ratio 

Avalanche 
energy 
(mJ/kg) 

Break 
energy 
(mJ/kg) 

Avalanche 
angle (°) 

Rest 
angle 

(°) 

Narrow n-a 4.77 4.50 1.06 17.55 43.16 44.23 33.00 

Spread 15.58 4.81 4.35 1.10 17.48 41.48 45.20 32.23 

3.2. Initial microstructure characterization 

To investigate the influence of the powder particle size distribution and heat treatment on the micro-

structure of the built parts, density, surface roughness, dendrite and grain sizes and grain orientations 

were investigated.  

3.2.1. Porosity, density and surface roughness analyses 

LPBF process implies a different microstructure compared to cast or rolled samples with, in particular, 

defects such as pores or high surface roughness. Pores were observed for all samples and porosity was 

estimated by density measurements (Archimedes balance) and images analysis (together with the av-

erage pore size). Values are reported in Table 5.  

All samples present a relative density of about 99% or higher which can be considered as highly dense 

samples. Similar result has been noticed in the literature irrespective of the scanning strategies 

[6,19,44,45]. The porosity measured by Archimedes methods is higher than the one measured by im-

age analysis as already reported in the literature [36,46]. Results from image analysis show significant 

higher porosities for samples obtained from spread powder compared to narrow ones. The circularity 

and size of the pores are also affected by the powder particle distribution with an increase in the av-

erage pore size and decrease in circularity for spread powder. Indeed, more irregularly shaped pores 

are observed for spread powder. Moreover, the size of the manufactured samples (8 mm diameter for 

netshape series versus 20 mm for machined series) seems not to affect the porosity. When it comes 

to the effect of the heat treatment on porosity, considering both methods and their associated errors 

bars, no effect of this post-operational step is observed as already reported for such moderate tem-

perature heat-treatments in literature [19,47,48].  

Table 5: Porosity measurements by Archimedes and image analysis. Error bars are indicated for a confidence 

index of 90%. 

 
Porosity (%) (Archime-

des) 
Porosity (%) 

(Image analysis) Circularity Average pores sur-
face (µm2) 

Netshape from spread powder 
(NS_S) 0.70 ± 0.10 0.11 ± 0.03 0.82 ± 0.03 89 ± 35 

Machined from spread pow-
der (M_S) 0.64 ± 0.22 0.06 ± 0.03 0.86 ± 0.03 76 ± 30 

Machined from narrow pow-
der (M_N) 0.66 ± 0.30 0.02 ± 0.02 0.98 ± 0.02 27 ± 15 

Heat-treated from narrow 
powder (M_N_HT) 1.09 ± 0.13 0.01 ± 0.02 0.96 ± 0.02 10 ± 3 

Heat-treated from spread 
powder (M_S_HT) 1.26 ± 0.68 0.09 ± 0.03 0.87 ± 0.03 71 ± 27 
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As already reported in literature, both average value and statistical distribution of the powder particles 

can affect the surface roughness [27,32]. For the narrow powder, the average of surface height devia-

tion (Sa) is about 22.4 µm and 20.9 µm were measured for the 65° and 75° oriented walls, respectively. 

For the spread powder, slightly higher Sa values of about 25.7 and 22.8 µm was obtained for 65° and 

75° oriented walls, in the order given. This increase in Sa characterized for samples manufactured from 

the spread powder is also associated to an increase in maximal peak/valley height difference with val-

ues of about 276 µm (65°) and 241 µm (75°) for those samples versus 251 µm (65°) and 217 µm (75°) 

for the ones built using the narrow powder. 

3.2.2. Dendrites, grain size and texture analysis 

SEM observations of sample cross-sections (not shown here) revealed that solidification mechanisms 

by dendrite nucleation and growth are observed for all manufacturing conditions. Precipitates are vis-

ible in melt pools boundaries and in the inter-dendritic space for all samples in agreement with previ-

ous studies [19,49]. A better insight of the initial dislocation structures for machined samples made 

from spread powder without heat-treatment is provided Figure 4a (M_S series) and Figure 4b with 

heat-treatment (M_S_HT series) by SEM-ECCI imaging. In this figure, it is clearly seen that the dendrite 

structure related to the manufacturing is affected by the heat-treatment. Indeed, for annealed sam-

ples, the dislocation cells show a loose character with a decrease in dislocation density in the inter-

dendritic walls. Nevertheless, the average cell diameter is not modified by this moderate heat-treat-

ment (both average values are about 0.41 µm), which thus only affects the dislocation density in the 

interdendritic space. For netshape sample, the average cell diameter is heterogeneous with a value of 

about 0.60 µm on a 1 mm layer below the free surface and a value of about 0.40 µm outside this layer.  

Figure 5 shows the SEM-EBSD analysis (grain orientation maps and pole figures) of cross-sections per-

pendicular to the building direction for three conditions M_N, NS_S and M_S_HT series (see Table 2 

for the sample identification). In the grain orientation maps, individual laser scan tracks are visible and 

are composed of small equiaxed grains and inter-track large grains for all samples including the heat-

treated ones. A weak {110}<001> goss texture is observed on all pole figures in agreement with litera-

ture for a similar scanning strategy (67° rotation) [44]. However, the maximal pole density lower than 

five is supposed to ensure an isotropic mechanical behaviour for all samples.  

 

 

Figure 4: SEM-ECCI images of initial dislocations arrangements for the machined samples manufactured using 
spread powder: (a) without heat-treatment and (b) with heat-treatment (720°C- 2h). 

(a) (b) 
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Figure 5: Grain orientation maps and associated pole figures for different samples: (a) machined specimen 
built with narrow powder (M_N), (b) netshape specimen built with spread powder (NS_S), and (c) heat-treated 
and machined specimen built with spread powder (M_S_HT). 

 

Based on SEM-EBSD analysis reported in Figure 5, Table 6 summarizes the average grain size, aspect 

ratio, Grain Orientation Spread (GOS), Σ3 grain boundary fraction as well as low angle grain boundary 

fraction of the different samples. First, we can notice that these characteristics are independent of 

powder type and post-operational treatments. Average grain diameters are about 40 µm. Grain circu-

larity is low (around 0.4) which cannot be explained by the presence of twin boundaries (almost no Σ3 

grains boundaries). Indeed, most of the grain boundaries exhibit misorientations lower that 15°. Aver-

age grain orientation spread values exceed the 1° threshold generally associated to fully recrystallized 

and internal stress free materials [50]. All samples are then expected to exhibit internal residual 

stresses. Note that similar values of those parameters were estimated for other observation planes 

(not shown here) except for the aspect ratio due to the elongated grains related to epitaxial growth.  

Table 6: Quantitative data obtained from the SEM-EBSD analysis: average grain diameter, grain shape aspect 

ratio (AR), average Grain Orientation Spread (GOS), proportion of Σ3 grains boundaries and proportion of low 

angle grain boundaries (GB<15°). Error bars are indicated for a confidence index of 90%. 
 

 
Diameter 

(µm) 
AR GOS (°) Σ3 GB < 15° 

Machined from narrow powder 
(M_N) 

40 ± 25 0.40 ± 0.12 3.2 ± 1.9 0.34% 82% 

Machined from spread powder 
(M_S) 

37 ± 20 0.42 ± 0.14 3.1 ± 1.9 0.30% 82% 

Netshape from spread powder 
(NS_S) 

43 ± 20 0.40 ± 0.12 2.8 ± 1.4 0.50% 80% 

Heat-treated from narrow pow-
der (M_N_HT) 

37 ± 22 0.42 ± 0.12 3.0 ± 1.5 0.35% 85% 

Heat-treated from spread pow-
der (M_S_HT) 

38 ± 22 0.41 ± 0.12 2.8 ± 1.3 0.50% 82% 

(a) (b) (c) 
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3.3. Mechanical properties 

3.3.1. Monotonic tensile behaviour 

First, samples were tested under monotonic tensile loading at room temperature to assess the con-

ventional mechanical properties. The stress-strain curves depicted in Figure 6 show similar aspects for 

all considered samples. The average mechanical properties extracted from these curves are presented 

in Table 7. Results show that machining or powder characteristics do not influence tensile properties. 

In this work, except for the fracture strain which is slightly lower for the samples produced by spread 

powder, all other properties are similar. Heat treatment (720°C 2h) also enables a material softening 

with a decrease in the yield stress of about 80 MPa (15%), independently of the employed powder. 

When compared to literature, samples tested in this study present higher tensile strengths and higher 

ductility compared to cast samples [1,6,43] and even compared to other 316L manufactured by LPBF 

(yield stress: 380-600 MPa, UTS: 480-670 MPa, A %: 10-97%) [1,6,12,43].  

 

Figure 6: LPBF 316L engineering stress-strain curves obtained in tensile conditions for netshape (NS), machined 
(M) and heat-treated samples (_HT) manufactured from narrow (_N) and spread powder (_S). 

 

Table 7: Summary of Ultimate Tensile Strength (UTS), 0.2% Yield Stress (YS), Homogeneous Maximal Elonga-

tion (HME) and elongation at fracture (A%) obtained in tensile tests for different powder particle distribution, 

machining and heat-treatment conditions. Error bars are indicated for a confidence index of 90%. 

 YS [MPa] UTS [MPa] HME [%] A [%] 

Machined from narrow powder (M_N) 494 ± 9 618 ± 7 42 ± 2 86 ± 1 
Machined from spread powder (M_S) 497 ± 11 622 ± 3 39 ± 1 73 ± 12 
Netshape from spread powder (NS_S) 490 ± 40 619 ± 3 41 ± 2 78 ± 5 

Heat-treated and machine from narrow 
powder (M_N_HT) 

416 ± 7 618 ± 14 42 ± 3 92 ± 1 

Heat-treated and machine from spread 
powder (M_S_HT) 

422 ± 7 621 ± 13 41 ± 2 82 ± 4 
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 3.3.2. Cyclic Stress-Strain Curves  

Prior to the fatigue behaviour investigation, Cyclic Stress-Strain Curves (CSSC) were acquired to char-

acterize the relationship between stress and plastic strain amplitudes and further define the fatigue 

conditions. Considering that monotonous properties are similar between machined and netshape sam-

ples, those CSSC tests were only performed on machined samples. The evolution of the average stress 

amplitude versus the average plastic strain amplitude is plotted in Figure 7a for the machined samples 

with and without heat-treatment. Each point corresponds to the average values stabilised after 250 

cycles at the total applied strain. These cyclic tests were carried out for a number of total strain ampli-

tude increments ranging from 10-4 to 10-2, which leads to a plastic strain amplitude from 10-6 to 7.5×10-

3 as shown in Figure 7a. 

Figure 7a shows no significant differences in CSSC depending on powder characteristics – narrow or 

spread – even after a heat treatment. For non-heat-treated samples, a high cyclic strain hardening is 

observed up to plastic strain amplitudes of about 7x10-4 after which cyclic strain hardening is drastically 

reduced. This evolution is similar to the one observed on casted 316L samples after tensile pre-strains 

(involving dislocation cells formation) while fully recrystallized virgin samples do not exhibit any cyclic 

strain hardening for plastic strain amplitude lower than 7x10-4 [51]. For low plastic strain amplitudes 

(microplasticity), the stress amplitude is, surprisingly, much larger for heat-treated samples (hardening 

effect), while for high plastic strain amplitude (generalized plasticity), slight lower stresses (softening) 

are measured for those 720°C-2h annealed samples, similarly to the tensile yield stress. 

Important residual stresses into additive manufactured materials are generally observed  [1,52]. Cyclic 

tests with increasing plastic strain amplitude can be employed to estimate the average residual stress 

values [31]. For machined samples, mean stress evolution with the plastic strain amplitude depending 

on the kind of powder and heat-treatment is depicted in Figure 7b. For non-heat-treated samples, a 

negative mean stress is observed indicating tensile residual stresses. The mean stress reaches then a 

minimum value for plastic strain amplitudes about 10-4 which is close to the onset of homogeneous 

plasticity (yield locus crossed).  After heat treatment, the evolution of the average stress with plastic 

strain amplitude is similar to the one observed for non-heat-treated samples. Nevertheless, residual 

stresses appear to have been partially released as the average stress value is reduced by a factor of 

two compared to as-built samples. 
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Figure 7: Average cyclic stress-strain curves of LPBF machined (M) samples obtained from narrow (_N) or 
spread (_S) powder without or with heat-treatment (_HT): (a) evolution of stress amplitude with plastic strain 
and (b) evolution of mean stress with plastic strain. 

 

Based on these CSSC results, three plastic strain amplitudes (LCF, MCF and HCF) are chosen into do-

mains 1, 2 and 3 (indicated in Figure 7a) to perform pure fatigue tests with a total strain amplitude 

control. Table 8 summarizes plastic strain and total strain amplitudes for the conducted fatigue tests. 

Due to the lower yield stress for heat-treated samples (see Table 7), total strain amplitude under HCF 

conditions was adapted for those samples to achieve similar plastic strain amplitude as non-heat-

treated ones. 

 

Table 8: Different strain amplitudes used for fatigue tests and associated plastic strain values. 

 
Low-cycle fatigue 

(LCF) 
Medium cycle fa-

tigue (MCF) 
High cycle fatigue (HCF) 

Plastic strain amplitude 3x10-3 5x10-4 2x10-5 

Total strain amplitude 5x10-3 2.5x10-3 
1.25x10-3 

1.75x10-3 (for H.T. samples) 
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3.3.3. Conventional fatigue behaviour 

Figure 8 presents the fatigue behaviour for the three different total strain amplitudes considered in 

this work. First, Figure 8a shows the values of average plastic strain amplitudes of all the fatigue sam-

ples subjected to each fatigue conditions (i.e. LCF, MCF and HCF). For total strain amplitudes of about 

5×10-3, 2.5×10-3 and 1.25×10-3, all samples exhibited similar average plastic strain amplitudes corre-

sponding to about 3.10-3 (LCF), 5.10-4 (MCF) and 2.10-5 (HCF) respectively (as reported in Table 8). For 

each test series, it could be noted that those obtained plastic strain amplitudes correspond to that 

expected from the CSSC curves. Consequently, fatigue responses for netshape, machined and heat-

treated samples made from each kind of powder can be easily compared for each applied total strain 

amplitudes. Then, Figure 8b, Figure 8c and Figure 8d, illustrate the evolution of the stress amplitude 

versus number of cycles for the LCF, MCF and HCF plastic strain amplitude, respectively. The increase 

in stress during the first tens of cycles corresponds to the cycles needed to reach the desired total 

strain amplitude. 

As expected, the increase in the total strain amplitude results in an increase in the stress amplitude 

whereas the number of cycles to failure decreases. Moreover, when the applied plastic strain ampli-

tude increases of one magnitude order, the number of cycles to failure decreases to one magnitude 

order. For the highest strain amplitude in fatigue (LCF - Figure 8b), no significant differences in stress 

amplitude appear between narrow and spread powders for both netshape and machined series. Nev-

ertheless, for lower strain amplitudes, a slight decrease in fatigue life is observed in Figure 8c (MCF) 

and in Figure 8d (HCF) for the spread powder whereas stress amplitude is unchanged in agreement 

with the CSSC curves (see Figure 7a). Contrarily to the tensile tests for which no differences in mechan-

ical properties between netshape and machined samples was observed (see Figure 6), in LCF and MCF 

conditions, netshape samples also exhibit a slightly reduced stress amplitude (between 10 and 20 MPa) 

compared to machined ones. 

The effect of heat-treatment can be observed for each plastic strain amplitude. As predicted by CSSC 

curves, a softening effect is observed on heat-treated samples subjected to generalized plasticity (LCF 

and MCF conditions, see Figure 8b and Figure 8c, respectively) whereas a hardening is observed under 

the HCF conditions (Figure 10d). The softening of the stress amplitude is about 10 MPa and 20 MPa for 

the 3.10-3 and 5.10-4 plastic strain amplitudes respectively.  
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Figure 8: Fatigue behaviour for netshape (NS), machined (M) and heat-treated samples (_HT) manufactured 
from narrow (_N) and spread powder (_S): (a) average plastic strain amplitude versus number of cycles to 
failure, (b) fatigue curves 3×10-3 - LCF, (c) fatigue curves for Δεp/2 = 5×10-4 – MCF and, (d) fatigue curves for 
Δεp/2 = 2×10-5 – HCF. 

 

 

Figure 9: SN curves for netshape (NS), machined (M) and heat-treated samples (_HT) manufactured from nar-
row (_N) and spread powder (_S). For comparison purposes, cast virgin and cast 20% prestrained samples are 
introduced [53,54].  
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Finally, the evolution of the average stress amplitude versus the average cycle to failure (S-N curve) is 

plotted in Figure 9. Error bars (confidence index 90%) associated to the experimental scattering are 

introduced for each sample series. Two insets for LCF and MCF are introduced in this figure to better 

highlight the differences in fatigue behaviour between all samples. Compared to the machined speci-

mens manufactured from the spread powder, a significant increase in fatigue life is observed for ma-

chined samples manufactured from narrow powder under both MCF and HCF conditions. In contrast 

to the machined samples, netshape ones present very low fatigue life. Regarding the influence of the 

stress relief heat treatment, no changes in fatigue lives is observed for the two highest plastic strain 

amplitudes when generalized plasticity is involved (LCF and MCF). For the lowest plastic strain ampli-

tude, the heat-treatment improves the fatigue strength of the 316L samples manufactured by LPBF, 

independently of the kind of powder.  

Literature data corresponding to conventional casted samples with different initial microstructures 

(fully recrystallized or tensile pre-strained) tested with similar plastic strain amplitudes [53,54] are 

compared to AM samples in Figure 9. In LCF conditions, compared to cast samples, AM ones exhibit 

similar average stress amplitude but significant increase in fatigue lives (about a factor of 3), including 

netshape samples. Under HCF, except netshape AM samples, all samples (AM and cast) did not break 

after one million cycles. Nevertheless, as for MCF, the average stress amplitude under HCF for AM 

series is larger than casted ones, in particular for the heat-treated ones for which this parameter is 

increased by a factor of 3.  

3.3.4. Fatigue induced by vibration 

The fatigue tests reported in the previous subsection were conducted in plasticity or microplasticity. 

However, in service, mechanical components are generally submitted to elastic HCF loadings. In order 

to investigate the effect of machining, powder characteristics and heat-treatment were conducted in 

vibration based-bending fatigue tests. The time signal recorded during the fatigue tests were used to 

extract the resonant frequency of each sample over the time. Since bending vibration tests generally 

do not lead to complete fracture after fatigue tests, the frequency drop must be used to define a failure 

criterion. This criterion was defined based on the Resonant Frequency Deviation (RFD). In the litera-

ture, the RFD was already used to correlate crack growth with the reduction in the resonant frequency 

due to crack initiation and propagation [55–59]. In these articles, the RFC threshold ranges between 

0.5% and 5 % [55–59] for different metallic alloys. Here, for a confident failure detection, we chose to 

stop the tests at 5% below the initial resonant frequency to define the cycles to failure denoted 𝑁𝑓
5%.  

The evolutions of RFD as a function of applied cycles are depicted in Figure 10 for one sample of each 

sample series. Figure 10a illustrates the effect of the post-operational treatments (machining or an-

nealing) for samples manufactured from the narrow powder, whereas Figure 10b denotes the effect 

of powder characteristics for the machined samples. In all cases, the resonant frequency remains un-

changed during the first fatigue cycles, until the crack size reaches a critical value leading to a change 

in the resonant frequency. This change occurs for lower cycle number for the netshape samples com-

pared to the machined one (Figure 10a), whereas the powder characteristics do not seem to strongly 

influence the fracture for that specific fatigue test (Figure 10b). 
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Figure 10: Evolution of the resonant frequency deviation during the bending fatigue tests for netshape (NS), 
machined (M) and heat-treated samples (_HT) manufactured from narrow (_N) and spread powder (_S): (a) 
effect of the machining and heat treatment on samples from narrow powder and (b) effect of the powder size 
particles (narrow vs spread powder). 

 

The average cycles to failure 𝑁𝑓
5%, their associated statistical scattering (confidence index 90%) and 

the average maximal stress values are reported in Table 9 for all samples tested in vibration. As for 

conventional fatigue tests, for comparison purposes, data of three casted samples with the same di-

mensions (labelled "CT") from commercial cold rolled plate, were added in this Table. These samples 

were also subjected to the same 720°C-2h heat-treatment.  

For all AM sample series, Table 9 reports similar average maximal stress (located on the sample sur-

face) of about 250 MPa whereas this value is about 200 MPa for cast samples. This value is similar to 

the stress amplitude associated to HCF conventional fatigue tests. No plastic deformation is then ex-

pected for this vibratory fatigue tests. Taking into account experimental scattering, the netshape sam-

ples exhibit cycles to failure reduced by a factor of 5 compared to machined ones as already observed 

for conventional fatigue tests. For this type of samples, contrarily to conventional fatigue tests, spread 

powder appears to be slightly detrimental to the fatigue life compared to narrow powder. Bending 

seems hence to magnify the effect of the weak difference in surface roughness between narrow and 

spread powders (see section 3.2) under the HCF fatigue life. For machined samples, considering the 

experimental scattering on the number of cycles to failure, powder characteristics do not seem to 

influence this parameter. 

As for conventional fatigue tests, the 730-2h heat-treatment is beneficial for the cycles to failure inde-

pendently on the sample series. Indeed, despite slightly larger average maximal stresses for the heat-

treated samples, the number of cycles to failure is increased by about 100%. No significant fatigue life 

difference is observed between cast samples and machined AM samples independently on the precur-

sor powder or heat-treatment sequence.  
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Table 9: Effect of machining, distribution of powder particle size and heat treatment on the fatigue lives (𝑁𝑓
5%) 

after bending fatigue in high cycle regime. Error bars are indicated for a confidence index of 90%. 

Without heat treatment  With heat treatment 

Id 
Average max. 
stress (MPa) 𝑁𝑓

5% ( )  Id 
Average max. 
stress (MPa) 𝑁𝑓

5% ( ) 

CT 199 ± 11 2.45 ± 0.6  CT_HT 250 ± 22 3.35 ± 0.8 

NS_V_N 243 ± 21 0.29 ± 0.06  NS_V_N_HT 277 ± 28 0.39 ± 0.06 

NS_V_S 239 ± 21 0.16 ± 0.04  NS_V_S_HT 298 ± 60 0.43 ± 0.03 

M_V_N 241 ± 16 1.43 ± 0.4  M_V_N_HT 284 ± 61 2.68 ± 0.3 

M_V_S 238 ± 25 1.87 ± 0.7  M_V_S_HT 261 ± 30 3.78 ± 0.2 

 

3.4. Microstructure investigation of HCF loaded samples 

Previous experimental results show that under HCF, the average stress amplitude of AM samples is 

increased when subjected to stress relief heat treatments. In order to try to clarify this feature, TEM 

investigations were carried out after the fatigue tests to determine the changes in the microstructure, 

in particular on the dislocation arrangements. Figure 11 shows the Scanning Transmission Electron 

Microscopy (STEM) images of both machined and heat-treated samples subjected to HCF after 2 mil-

lion cycles. Compared to the initial state (see Figure 6), the HCF did not induce any significant change 

in the dislocation structures, independently of the applied heat-treatment. 

 

 

Figure 11: STEM images of dislocations arrangements after 2.106 cycles under HCF regime: (a, b, c) for machined 
samples without heat treatment; (d, e, f) for heat-treated samples. All pictures are related to bright field re-
gime except c) which is taken with High Angle Annual Diffraction (HAADF) detector. 

× 10
6

× 10
6



 

22 

Many dislocations are visible in the dendrite walls as well as inside the dendrites (see Figure 11b). 

Precipitates are also observed in the interdendritic walls (Figure 11c) as a consequence of the high 

cooling rates representative of the laser powder bed fusion process [7]. Regarding the heat-treated 

samples, the loose character of dislocation cells is still observed in Figure 11d and Figure 11e. A lower 

dislocation density within the cells and in the cell walls compared to the non-annealed samples is also 

depicted. Moreover, Figure 11d, Figure 11e and Figure 11f also illustrate strain-induced α’-martensite 

clusters. This strain-induced α’-martensite formation is followed by a volume expansion that induces 

compressive stresses in the material, confirmed by the presence of the bending contours around the 

α’-martensite needle, due to the stress-relief during the thinning process of the TEM-foil [60].  

Although the plastic strain amplitude during the fatigue test is similar for both samples (without and 

after heat treatment), TEM micrographs show that the formation of α’-martensite needles is more 

visible on the heat-treated samples. To validate these observations, a bulk measurement of the mar-

tensite content in the gauge section of samples was performed at the end of fatigue tests by means of 

a magneto-inductive testing using a feritscope. Figure 12 presents the results obtained for samples 

exposed to HCF regime. The heat-treated samples exhibit higher content of α’-martensite than the 

non-annealed machined samples. Without heat treatment, the magnetic fraction measurement is very 

low and does not exceed 0.05% (near to zero), which means that no austenite- α’-martensite transfor-

mation occurred. On the contrary, α’-martensite is detected on each zone of the gauge section of the 

heat-treated samples and the range is between 0.2% and 1.6%.  

 

 

Figure 12: Magnetic fraction of α’-martensite measured by feritscope in the gauge section of samples after 
high cycle fatigue. 
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4. Discussion 

The previous paragraphs highlighted the effect of a wide particle size distribution and the role played 

by machining or stress-relief heat treatments on the microstructure and mechanical properties, espe-

cially in fatigue. A slight decrease in fatigue life was observed for the spread powder compared to the 

narrow one which is not affected by post-operational treatments. The following paragraphs discuss 

these results in terms of powder flowability, sample porosity alongside with plastic strain. 

4.1. Powder flowability, sample density and surface roughness. 

The two powders employed in this investigation differ both in terms of average particle size or size 

distribution. The spread powder exhibits a larger d50 value (50 µm) compared to the narrow powder 

(34 µm) as well as a larger range of powder particle size, especially towards larger diameters. The 

results related to powder flowability summarized in Table 4 reports contradictory results. Indeed, the 

absence of powder flow of the narrow powder in the Hall funnel experience suggests that a narrow 

powder particle distribution could be detrimental to flowability. However, the Hausner ratio, defined 

as the ratio between tap and apparent density, is lower than 1.12 for the two powders (1.06 and 1.10 

for the narrow and spread powder, respectively) which is qualified as excellent [61]. Therefore, based 

on those results, one could expect a worst powder particle spread on the powder bed for the narrow 

powder compared to the spread one, which must be detrimental to the density and further mechanical 

properties [62].  

The increase in porosity observed in Table 5 clearly suggests an opposite trend with more uneven par-

ticle distribution in the powder bed for the spread powder. To better understand this discrepancy be-

tween powder flowability measurements and density/mechanical properties analysis, macroscopic ob-

servations of the powder bed after different passes of the recoater were realized on an experimental 

device simulating the powder bed during the LPBF process. To that aim, same recoater characteristics 

and same powder layer height (40 µm) were employed. The optical images related to the powder dep-

osition are illustrated in Figure 13 for the two employed powders. Figure 13a and Figure 13b depict 

the deposition of the first layer on the plate for the narrow and spread powder, respectively. The par-

ticle distribution is very heterogeneous for this first powder layer with a more uneven powder particle 

distribution for the spread powder. This difference between the two powders in terms of powder bed 

quality is reduced when a second powder layer in deposited (no melting) as observed in Figure 13c – 

narrow powder and Figure 13d – spread powder. In that case, reduced areas exhibit lines linked to 

powder – recoater interactions. Nevertheless, in that case, the spread powder still exhibits the worst 

distribution in the plate with larger areas with low particle density. After three deposited layers, no 

macroscopic differences appear between the two powders with very similar homogeneous deposition 

as observed in Figure 13e and Figure 13f for the narrow and spread powders, in the order given. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 13: Illustration of the powder bed: after one powder layer deposition (a) narrow powder and (b) spread 

powder; after two layers deposition (c) narrow powder and (d) spread powder and after three layers deposi-

tion (e) narrow powder and (f) spread powder. 

 

Despite the significant difference in powder characteristics, these observations illustrate a slightly 

worst particle distribution in the case of the spread powder compared to the narrow one, which nev-

ertheless appears to be acceptable for AM based on the observations in Figure 13e and Figure 13f. 

Moreover, the extensive characterization of powder flowability performed in this study was not able 

to capture these differences. The relationship between the powder flowability measured in laboratory 

and the powder flow in the process still needs to be investigated.  

According to the literature, the d50 value of a given powder out of the 28-38 µm range should be det-

rimental to density [34] whereas a wide spread of size could be beneficial to this parameter [35]. The 

results obtained in this study using a narrow and spread powder particle distribution seem to confirm 

Spurek and co-workers' assessment [34]. Indeed, despite a large spread of powder particles for the 

Recoater direction Recoater direction

Uneven powder particle distribution Uneven powder particle distribution

Homogeneous powder bed Homogeneous powder bed
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spread powder, a slight decrease in density associated to pores with larger diameter and lower circu-

larity was reported compared to the narrow powder (see Table 5). The similar grain size, dendrite size, 

GOS values for the samples manufactured from the two powders clearly shown that solidification 

mechanisms are not affected by the particle size distribution. The larger pore size for the spread pow-

der cannot be due to a change from convection mode to a keyhole one which results in larger pores 

dimensions [1]. The slightly lower density for the spread powder is then due to the more uneven par-

ticle distribution of the powder involving lacks of fusion compared to the narrow one as discussed in 

the previous paragraph. 

Regarding the surface roughness, results obtained in this study seem to indicate that the presence of 

particles having diameter up to 300 µm in the case of the spread powder leads to a higher surface 

roughness, whereas opposite results can be expected from the literature [35]. To conclude, a wide 

particle size distribution leads, hence, to a slightly larger porosity and surface roughness. 

4.2. Effect of powder particle distribution and post-operational 
treatment on tensile behaviour. 

In tension, the flow stress is not affected by the powder characteristics as grain size and dendrite size, 

expected to be the more influent parameters on the flow stress [63,64], are identical for samples pro-

duced from the two powders. According to literature, larger powder particles were found to enhance 

ductility [32,35,62]. Nevertheless, in the case of this study, the lower density and the presence of large 

pores for the spread powder reduce the fracture strain for the samples manufactured from this pow-

der. This trend is confirmed by the observations of the fracture surfaces of the samples tested in ten-

sion. Figure 14a illustrates such a surface for a sample manufactured from the narrow powder, 

whereas Figure 14b depicts the fracture surface for a spread powder-based sample. For both speci-

mens, the fracture surface highlights the pores, as illustrated in that figure. Nevertheless, the sample 

manufactured from the spread powder exhibits a larger density of pores associated to larger diameters 

compared to the narrow powder one. Moreover, for the spread powder, many of these pores exhibit 

unmelted powder particles (see Figure 14b inset) due to the lack of fusion. The slight increase in po-

rosity rate characterized in Table 4 for the spread powder compared to the narrow one is then con-

firmed and magnified by this fracture surface characterization.  

 

 

Figure 14: SEM illustration of the fracture surfaces in tension for netshape sample manufactured from: (a) 

narrow powder and (b) spread powder. 

(a) (b) 
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When it comes to the effect of the machined/netshape sample character, netshape specimens shown 

an increase in the dislocation cell diameter in the vicinity of the surface (1 mm depth). Considering the 

link between dendrite (cell) size and cooling rate [65], this larger value on the surface must result from 

a lower cooling rate due to the contact with unmelted powder particles and/or to the contour fill. 

Nevertheless, as this change in microstructure is restricted on the subsurface only, no change in me-

chanical properties is characterized in tension. Besides, tensile conditions also induce a strain harden-

ing which can quickly reduce the mechanical behaviour difference between the sample surface and 

the core areas. Finally, as observed in Figure 4, the stress-relief heat treatment (2h at 720°C) induces 

a decrease in dislocation density on the cell walls which, in turn, reduces the yield stress in agreement 

with reported results on hardness [48] and UTS [19] for the same material. This heat-treatment also 

induces a slight increase in strain to failure independently of the employed powder, probably due to 

the reduction in residual stresses suggested by both the slight decrease in GOS (Table 6) as well as the 

reduction in the average stress for cyclic loadings for the heat-treated samples (see Figure 7b).  

 

4.3. Effect of powder particle distribution and post-operational 
treatment on cyclic and fatigue behaviour. 

Under low cycle fatigue, despite the experimental scattering on the number of cycles to failure, results 

revealed that the wide range of particle size of the spread powder, associated to the larger porosity 

rate, tends to slightly reduce the fatigue life compared to the narrow powder. This feature is in agree-

ment with the established results regarding fatigue and metallurgical defects [66–68]. This fatigue life 

is, moreover, not affected by the stress relief heat treatment, whereas the large surface roughness for 

the netshape samples also decreases the fatigue life. Nevertheless, for LCF, those variation in fatigue 

lives are rather small and all values of cycles to failure are of the same order of magnitude. Despite 

their machined character, the cast samples, including those previously deformed in tension and exhib-

iting well-formed dislocation cells [53], have fatigue lives of an order of magnitude lower than AM ones 

(see Figure 9). The microstructure of AM manufacturing samples and especially the very stable dislo-

cation cells inherited from the solidification process [69] seem to reduce the plastic damage related to 

the high plastic strain amplitude related to LCF.  

For lower plastic strain amplitude (MCF conditions), the difference in fatigue life between all samples 

is increased.  In that case, for the machined samples, the reduction in the number of cycles to failure 

is reduced by 80% when powder is changed from narrow to spread. This trend is not affected by the 

heat-treatment whereas the netshape character, surprisingly, seems to be more detrimental to fatigue 

life when narrow powder is employed despite a higher surface roughness. As for LCF conditions, the 

netshape character also induces a reduction in stress amplitude of about 30 MPa compared to the 

machined samples. This softening could be due to the larger dislocation cell diameter in the vicinity of 

the surface which is not observed in tension due to the strain hardening occurring since the beginning 

of plasticity. Compared to the cast samples (virgin or tensile deformed), for the same plastic strain 

amplitude, the AM samples exhibit larger stress amplitudes. For the tensile deformed cast samples, 

the average cycles to failure ranges are between those of the machined samples. Under MCF condi-

tions, the average stress amplitude for the virgin cast sample is about half the one of the AM for a 

cycle-to-failure value in the same order of magnitude as the M_N samples. This is because under MCF 

condition, fatigue damage is more dependent on surface defects such as surface roughness. In that 

case, the machined AM and cast samples behave similarly. Nevertheless, as under LCF conditions, the 
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higher stress amplitude clearly illustrates the superiority of the AM samples compared to the cast sam-

ples. 

Under HCF conditions, strong differences in fatigue behaviour are observed. At such low plastic strain 

amplitudes, the surface defects are dominant over the fracture initiation [70]. As a result, netshape 

samples exhibit a lower number of cycles to failure by more than one order of magnitude compared 

to machined samples, which in some cases did not break after 3 million cycles (in agreement with the 

literature [55,57,58]). For these machined samples, the powder particle distribution effect is similar to 

the one observed under MCF conditions with a decrease in the average number of cycles to failure for 

samples built with spread powder. In that specific fatigue loading conditions, the heat treatment at 

720°C during 2h increases of about 100-150 MPa the average stress amplitude for similar fatigue lives. 

This result seems to be in agreement with the increase in the endurance limit from 310 to 360 MPa 

reported by Blinn et al. [15] for 316L samples manufactured by LPBF and further subjected to a heat 

treatment at 650°C during 2h. Nevertheless, this stress amplitude increase is opposite to the softening 

observed in tension, LCF and MCF conditions but is consistent with the hardening observed in CSSC 

curves. This feature suggests a microstructural change after the heat-treatment as the modification in 

residual stress (characterized in Figure 7b) and reported in the literature [52] would imply the same 

softening or hardening, independently of the applied total strain amplitude. 

The vibration fatigue confirmed these results obtained under HCF tests and provided additional infor-

mation. Indeed, the heat-treatment performed on the different samples increases both average stress 

amplitude but also the fatigue lives for all AM samples (results on cast are not significantly different). 

Recent work on residual stresses [52] for AM samples proved that the tensile residual stress in the free 

surface vicinity is decreased when stress relief heat treatments are applied. This, in turn, can reduce 

the fatigue damage on the surface, as observed here, independently of the kind of samples.  

4.4. Effect of heat treatment on martensitic transformation. 

The martensitic phase transformation occurring in HCF conditions for heat-treated samples could ex-

plain the increase in stress amplitude compared to the non-heat-treated samples. Following Grigo-

rescu et al. [60], who observed a significant amount of martensite content after very high cycle fatigue 

in a 316L steel previously annealed at 1050°C, the activation of multiple slip systems enhances the 

formation of the α’-martensite. This martensitic phase then improves the fatigue behaviour by reduc-

ing crack initiation due to the local compressive residual stresses. For AM 316L, it has shown that the 

martensitic phase transformation occurs preferentially on the dendrite walls due to the larger concen-

tration of Cr and Mo with respect to the matrix [71]. In our case, the decrease in dislocation density in 

the dendrite walls for heat-treated samples could promote multiple slip in those areas inducing a larger 

tendency to phase transformation which can also be enhanced by Cr diffusion on the dislocation walls 

during heat-treatment. This increase in α’-martensite may lead, in turn, to an improvement in stress 

amplitude and fatigue life. However, as the amount of martensitic phase is below 2% for heat-treated 

samples, this mechanism, alone, cannot be responsible for the stress amplitude increment for heat-

treated samples subjected to HCF or vibration fatigue. Other mechanisms (short-range order, nano-

scale precipitation, Cottrel atmospheres, etc) could also promote the improved fatigue behaviour for 

heat-treated samples. Work is in progress to better clarify this point and the origin of the difference in 

martensite content after HCF between narrow and spread powders with similar Cr and Ni content (see 

Table 3). 
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5. Conclusions 

In this study, the effect of particle size distribution (narrow and widely spread) on the microstructure 

and the mechanical properties of a stainless steel AISI 316L produced by laser powder bed fusion was 

investigated. Different post-operational conditions (machining with or without stress relief heat-treat-

ment) were considered. By an extensive characterization of the precursor powder characteristics com-

bined to the microstructure, the tension and fatigue properties (from LCF to HCF and vibration fatigue) 

of the printed parts, the following conclusions can be drawn: 

- A large spread of particle diameters is slightly detrimental to flowability which is not captured by any 

conventional powder flowability parameter. 

- A slight increase in porosity is observed when a large spread of particle sizes is employed due to a 

more uneven distribution of powder in the plate. Phases, grain size, texture and dendrite sizes are not 

affected by the powder particle distribution and are independent of the post-operational heat-treat-

ments. 

- Tensile properties are unaffected by powder characteristics or machining, whereas a 2h heat-treat-

ment at 720°C induces a 15% decrease in yield stress due to a reduction in initial dislocation density. 

- In fatigue, for the machined samples, the powder characteristics influence the fatigue life under HCF 

conditions with a weak detrimental character of spread powder associated with a slightly larger po-

rosity. 

- The applied heat-treatment of 720°C for 2h significantly increases the fatigue behaviour under HCF 

conditions with an increase in the stress amplitude (for a given applied plastic strain amplitude) and 

the number of cycles to failure. This effect could be due to a larger ability of α’-martensite transfor-

mation and a decrease in tensile residual stresses at the sample surface. 

Those results clearly suggest that the influence of a very large powder particle distribution is, in all 

cases, lower that the one related to the surface roughness (netshape versus machined character) and 

heat-treatment. Moreover, compared to conventional machined cast samples, AM samples exhibit 

better tensile and fatigue behaviour independently of the employed powder. Powders with a very large 

particle size distribution, resulting for instance from a mixed powder batch, could be acceptable for 

additive manufacturing using powder bed processes. 
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