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ABSTRACT 
Additive manufacturing (AM) offers the potential for 

significantly reducing the time and cost of new nuclear 
components. This process may also permit unique design 
features, for example internal geometries. However, the 
limitations of the technology need to be better understood to 
enable implementation and accreditation. 

Here a “blown powder” and laser melting process, within a 
helium shielded environment, was used to fabricate austenitic 
stainless steel 316L walls of ~2.4 mm thickness, with the 
deposition parameters minimizing the surface roughness. 

A key aim was to evaluate the effect of the as-deposited 
surface finish and the bulk material on the tensile and fatigue 
properties. In addition, the effect of material orientation was 
also considered to be important.  

Microstructural characterization demonstrated the complex 
nature of the grain morphology arising from the as-
manufactured AM process, including elongated grains 
following the thermal gradients. However, areas of equiaxed 
grains were also observed at the sample surfaces. Si-Mn-O 
particles, up to ~20 µm in diameter, were noted throughout the 
samples produced. Residual strains have also been measured 
and correlated with microstructural features. 

The tensile performance was generally similar to wrought 
316L material but exhibited some anisotropy. The fatigue 
endurance of as-deposited AM 316L was significantly lower 
than wrought material. However, surface grinding of the AM 

316L was shown to be beneficial. It was noted that in all cases 
examined, fatigue crack initiation was found to occur at the Si-
Mn-O particles, in both surface finishes – clearly a performance 
limitation. 

Keywords: additive manufacturing, austenitic stainless 
steel, fatigue, tensile. 

INTRODUCTION 

AM technology has been of interest for many years, for 
example the aerospace industry commenced studies in this area 
~20 years ago, focussing upon high value alloys like titanium 
and nickel base alloys [1, 2]. There has more recently been an 
upsurge in interest for the nuclear power sector [3]. However, 
further manufacturing technique development is required to 
address the requirements of specific nuclear applications, the 
properties achievable and non-destructive inspection issues.  

AM covers a wide range of technologies to build up 3D 
near net shape metal structures in a piece-wise fashion, using 
metal feedstock (usually either powders or wire) and in situ 
melting. The speed of deposition is limited by the ability to 
feed the metal (powder or wire), melt it locally and achieve 
good densification, without causing significant heat build-up 
and over-melting of the material. Hence, each of the AM 
techniques has a typical limiting deposition rate, which 
probably constrains the size of components that can be 
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effectively constructed because of the manufacturing 
economics of competing technologies, like casting. However, it 
should also be recognised that an alternative approach may be 
to use AM to build up features on components produced using 
more conventional methods (e.g. forging). Repair of existing 
components is also another potential application of AM. 

Here, metal powder feed, with laser melting (or laser 
directed energy deposition – L-DED), has been used, as this 
technology is readily available for development tasks. Such 
technology is probably currently limited to relatively modest 
component sizes but these could include significant complexity. 
However, as the technology is developed larger component 
may be possible but the build times have a significant impact 
on the economic feasibility of these systems. The widely 
applied austenitic stainless steel, 316L was used in this study 
and has applications in both LWR and high temperature 
reactors. 

The evaluation undertaken here was aimed at 
characterising austenitic stainless steel produced with the AM 
technique and determining the effect of the as-deposited surface 
finish on the fatigue performance. This may be important for 
situations where it is impossible to post deposition machine the 
material, e.g. internal passageways. In addition, the effect of the 
orientation of test specimens, relative to the deposition 
direction has also been studied. 

MATERIAL 

TWI in the UK are a leading exponents of additive 
manufacturing and have manufactured the material for this 
project. A general view of their equipment is shown in Figure 
1, with both the robot manipulator and combined laser and 
powder head shown. This system has great flexibility and the 
size of the robot arm not only permits the deposition of metal 
onto simple base-plates, but also the addition of features onto 
existing components. The deposition area had inert gas (He) 
shielding to protect the composition of the deposit. 

The chemical composition of the 316L stainless steel 
powder used in this study is shown in Table 1. It must be noted 
that this composition is for the powder prior to deposition. The 
powder composition compared well with the ASTM standard 
for this material, with all of the measured elements within the 
specification. The powder used had a size fraction of 45-90 µm. 
At the time of writing the oxygen content of the powder, nor 
the final deposit composition were available. 

‘Walls’ of the 316L stainless steel were produced with the 
aim to achieve the best surface finish (for this technology), 
whilst maintaining a pore free deposit. The equipment used in 
this work included a REIS RV60-40 Robot cell with Trumpf 
Trudisk 8002 5.3 kW laser and processing optics, whilst a 
Fraunhofer ILT three-beam/multi jet nozzle deposited the metal 
powder. The deposition used a 750W laser power, 1.5 mm spot 
size and a traverse speed of 6 mm/s. The deposition was 

shielded using nozzle delivery of helium shielding gas focussed 
around the melt pool. 

Figure 1. Overview of L-DED robotic equipment, with 
combined powder feed and laser melting systems. 

Table 1. Chemical composition (wt.%) of 316L powder and 
3 mm thickness 316L sheet, along with ASTM standard 
composition ranges. 

A parent 316L plate (~15 mm thickness) was used to 
provide a base for the subsequent laser powder deposition. The 
overall dimensions of the ‘walls’ were ~200 mm length and 
~120 mm height. The overall ‘wall’ width was ~2.4 mm. A 
deposited layer height of 0.29 mm was noted. An image of one 
of the ‘walls’ is shown in Figure 2. The layered nature of the 
surface can be clearly seen and all deposits had a similar 
appearance. The ~15 mm thick base-plate was bowed (ends of 
the plate were 1.0-1.5 mm offset from the plate centre) by the 
residual stresses generated during the deposition process of the 
“walls”. A total of 6 of these deposits were produced. 

Non-destructive inspection (NDI - x-ray) and x-ray 
computerised tomography of these 316L deposits proved 
inconclusive. It was thought that the surface topology and high 
aspect ratio of the deposited material interfered with the image 
generation. Further development of the NDI technology is 
required to enable reliable inspection of components in the as-
deposited condition. 

Material Cr Ni Mo Mn Si C 

Powder 16.5 12.4 2.5 1.5 0.6 0.012 

3 mm sheet 17.0 10.0 2.03 1.32 0.62 0.020 

ASTM A240 
16.0-
18.0 

10.0-
14.0 

2.00-
3.00 

2.00 
max 

0.75 
max 

0.030 
max 
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Wire Electrical Discharge Machining (EDM) was used to 
extract flat sheet type fatigue and tensile test specimens from 
the deposited “walls”. The tensile test specimens were standard 
pin-loaded “dog-bone” geometry, with a parallel gauge length 
of 25 mm and a 4.8 mm width. The tensile test specimens were 
oriented both perpendicular and parallel to the deposited layers, 
and also at 45° to these layers (Figure 2a) to assess any 
directionality effects. The tensile test specimens were all in the 
as-deposited condition, with the surface finish obtained from 
the deposition retained. The fatigue test specimens were all of a 
plain “dog-bone” geometry, but with a 40 mm parallel gauge 
length and a 7.5 mm width. These were all extracted with the 
tensile axis perpendicular to the deposited layer orientation. 
Given that each deposited layer is observable after deposition, 
then this fatigue test piece orientation was thought to represent 
the worst case for fatigue performance. Two sets of 9 off 
fatigue test pieces were produced, with one set tested in the as-
deposited surface condition, while the deposited surface of the 
second set of 9 off specimens was ground before testing to 
investigate the effect of surface finish. No post-deposition heat 
treatment was applied to these test pieces. The wire EDM 
surfaces of the fatigue test pieces were manually longitudinally 
polished with emery cloth to remove any re-cast layer from the 
EDM process. 

a)

b)

Figure 2. Macroscopic images of AM deposited 316L 
“wall”. 

In addition to the AM 316L test pieces there were also 
specimens cut from a conventionally produced 3 mm thick 
wrought 316L sheet material. The composition of this sheet 
material is shown in Table 1 and again is consistent with the 
ASTM specification for 316L. This sheet material was in the as 
manufactured condition. These specimens were to provide a 
comparison with the AM material, and also to permit the test 
piece geometry and production technique to be refined, prior to 
evaluating the AM material. As with the AM material, the 
specimens were wire EDM cut from the sheet and all were 
taken with the tensile axis of the specimens parallel to the sheet 

rolling direction. Again, the wire EDM cut edges of the 
specimens were manually longitudinally polished and 
metallographic examinations were performed to verify the 
removal of this re-cast material from the EDM process. 

EXPERIMENTAL 

Metallurgical preparation was carried out on cross-sections 
of one of the deposited “walls” at three locations – at the base, 
at mid-height and at the top. Micro-hardness measurements 
were performed by applying a load of 200 g – i.e. HV0.2, with 
indentations 250 µm apart from each other. Scanning electron 
microscopy (SEM) and energy-dispersive X-ray spectroscopy 
(EDX) for chemical composition analysis was performed. 
Electron back-scattered diffraction (EBSD) analysis for overall 
microstructure, grain orientation and the inferred plastic 
deformation (using the Grain Reference Orientation Deviation 
(GROD)) was also employed. The GROD feature assigns a 
reference (average) overall orientation to a specific grain and 
then compares the orientation of all points interrogated within 
this grain to this reference, thus allowing local lattice distortion 
to be determined. 

Residual strain measurements of an as-deposited plate were 
carried out at beamline I15 of Diamond Light Source, UK and 
further details can be found in reference [4]. The built plate was 
oriented perpendicular to the incident X-ray beam. A 55 keV 
photon energy monochromatic parallel beam with size of 0.5 
mm×0.5 mm was selected. Figure 2a presents the scan strategy, 
where three square regions (near base map, mid map and top 
map regions) with a size of 15 mm×15 mm for each map were 
chosen for measurement. In Figure 2a the 4 red vertical line 
scans were along the build direction of the sample; a step size 
of 0.5 mm within each map was used. For each measurement 
point, the exposure time used was 10 s, in order to obtain a high 
quality diffraction pattern (full Debye-Scherrer rings obtained). 
This data was then processed to generate local strain values 
along the 4 lines in each of the three grids and thence stresses. 

Given the importance of surface finish on the fatigue crack 
initiation behaviour, surface roughness measurements were 
performed in the as-deposited and the surface ground condition. 
This used a stylus profilometer to take four 10 mm length 
profiles, with the profile oriented parallel with the specimen’s 
longitudinal axis. Two surface roughness parameters – Ra and 
Rt – were generated. Generally, the as-deposited specimens 
presented average Ra values of approx. 2.4 µm and maximum 
Rt values ranging between 39 µm to 56 µm. These are 
consistent with the apparent high surface roughness of the as-
deposited condition. In comparison, the ground specimens 
presented average Ra values of ~0.6 µm and maximum Rt 
values ranging between 1 µm to 5 µm, again consistent with the 
grinding process. 

Tensile tests were performed at room temperature, 300°C 
and 600°C. The 600°C test temperature was selected to 
represent an upper temperature where comparative data is 

Perpendicular 
to deposit layers 

Parallel to 
deposit layers 

45° to deposit 
layers 

Location of residual 
stress measurements 
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available. The tensile tests were performed to ISO 6892-1: 
2016 [5] and ISO 6892-2: 2018 [6]. These tests were performed 
at a strain rate of 0.007%/s up to the 0.2% proof strength and 
thence at 0.14%/s up to failure. 

All fatigue tests were undertaken in load control at room 
temperature, in general compliance with BS3518-3 [7]. 
Centring wedge grips were used to hold the flat sheet fatigue 
test specimens. The alignment of specimens in the wedge grips 
was checked and found to give Class 5 (i.e. 5% bending strain) 
in tension, in general accordance with BS ISO 23788:2012 [8]. 
Fatigue testing was conducted at a frequency of 50Hz and a 
load ratio (R) between the maximum and minimum loads of 
0.1.  Prior to testing the AM specimens, the 3 mm thick 
conventional wrought sheet 316L material was tested to 
establish a base-line stress vs endurance curve. The test 
specimen geometry was identical to that used for the AM 
material. The AM material was then fatigue tested in the two 
surface finish conditions. Characterisation was performed on 
fracture surfaces from both AM deposit surface conditions. 

RESULTS AND DISCUSSION 

The microstructure of a cross-section of the deposit can be 
seen in Figure 3, this showed a microstructure similar to a weld, 
free of macroscopic defects, with columnar grains elongated 
towards the building direction as consequence of the thermal 
gradient direction during manufacturing. Similar 
microstructures were reported in the literature for AM 316L 
[9]. Very limited, or no, porosity was noted in the deposits.  
The large elongated columnar grains measured up to 1 mm in 
length and 200 µm in width, and are oriented at approx. 30° 
from the longitudinal axis and in places reach the outer wall 
surface. These large grains were mostly seen in the bulk of the 
wall. However, small equiaxed grains were observed along the 
wall outer surface (Figure 3). Analysis of the amount of plastic 
deformation present within each grain, shown in Figure 4 
(represented by the GROD parameter map), appear to suggest 
that these small grains contain a lower amount of deformation 
with respect to the elongated grains. Although this qualitative 
observation needs to be quantitatively confirmed, it is thought 
that these are small recrystallised grains originating from 
regions of locally high residual stress. 

At the top of the wall the grain structure differed, with 
grains appearing more equiaxed, presumably associated with 
the higher levels of convective cooling from the deposit top and 
sides, along with the conduction down the “wall”. 

The residual stress measurements of an as-deposited plate 
from the x-ray studies are shown in Figure 5, for stresses in the 
two orientations (travelling direction – parallel to deposited 
layers and building direction – perpendicular to the deposited 
layers). The colour maps at the top of Figure 5 show the stress 
at each measured region and show the distribution of stresses 
across these regions. Average macroscopic stresses were 
determined using the (311) x-ray reflection and is shown in the 

line graphs, with levels of variation. These macroscopic 
stresses peaked near to the base of the deposit at ~250 MPa, for 
the stress in the deposit travel direction (Figure 5a) and also 
peaked in the build direction near the deposit base, albeit at a 
lower value. This seems consistent with expectations, given the 
~15 mm thick base-plate, which would constrain the deposit as 
it solidifies. At the centre of the deposit the stresses reduced to 
almost zero in both directions. However, towards the top of the 
deposit the stresses slightly increased again. In general, the 
stresses parallel to the deposit layers were consistently higher 
than those perpendicular to deposit layers. 

Middle of 
the wall

Figure 3. Cross-section through the mid-height of the 
deposit. EBSD – Inverse Pole Figure colouring. 

Importantly, the SEM analysis showed a large amount of 
small, spherical particles homogeneously distributed in the 
microstructure. An example is shown in Figure 6. It should be 
noted that these particles ranged in size from sub-micron (the 
vast majority) to ~20 µm in diameter. EDX analysis showed 
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that they were Mn-Si rich oxides. Such Mn-Si oxide particles 
have been observed previously [10, 11] for AM 316L, but often 
at much larger sizes. 

Figure 4. EBSD GROD map showing local plastic 
deformation at the mid-height of the deposit. 

Micro-hardness measurements performed at the base, mid-
height and top of the deposits (Figure 7) showed a range of 
values. At the interface between the AM material and base plate 
a hardness of 245Hv0.2 was found; thought to be associated with 
relatively high cooling rates experienced here, along with the 
physical constraint imposed by the bulk of the plate. However, 
the hardness was much lower (~170Hv0.2) at the top of the 
deposited plate and this was similar to the wrought material. At 
this top location the local temperature of underlying metal was 
likely to be relatively high and enable a degree of stress 
relaxation to occur during deposition. Local hardness variations 
were observed, but generally the centre of the wall tended to be 
slightly softer (approx. 10Hv0.2) than the surface of the wall, 
independent of the location. The micro-hardness measurements 
also suggest that the re-melting and re-heating on depositing 
successive layers effectively anneals plastic strains (and 
significant hardening) in the underlying AM deposit.  

Figure 5. Overall residual stress distribution along – a) 
deposition travel direction and – b) deposit build direction. 

Figure 6. Oxide inclusions within deposit. BSE image. 

The micro-hardness, GROD and residual stress 
measurements indicate that significant hardening has occurred 
during deposition and could contribute to any loading 
considered during a component structural assessment. The 
residual stress values measured could be valuable in such 
assessments. This suggests that post-deposition annealing could 
be beneficial but elsewhere such heat treatments have been 
found to be detrimental to mechanical performance [11,12]. It 
should be noted that where reduced properties have been noted 
after heat treatment [11,12], this has been associated with 
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deposits that were not fully dense. In contrast the material 
evaluated in this present study, showed no significant porosity 
during the microstructural studies and so it would appear to be 
a potentially beneficial step for the present material. 

210-220
200-210
190-200
180-190
170-180
160-170
150-160

Base metal

Location 1

Location 2

Location 3

Figure 7. Micro-hardness maps (Hv0.2) at base (Location 
1), mid-height (Location 2) and top (Location 3) of cross-
section through deposit. 

The results from the tensile testing of the as deposited AM 
316L are shown in Figure 8 to highlight the role of test 
temperature and test piece orientation relative to the deposition 
process. In addition, the room temperature release tensile test 
data from the 3 mm thick 316L wrought sheet and ASME data 
[13] has also been included. 

As expected, the 0.2% proof strength decreases as the test 
temperature was increased from room temperature to 300°C 
(Figure 8a), however, there was no apparent further reduction at 
600°C. There was a fairly wide spread of proof strengths 
measured (>50 MPa) for the three different test piece 
orientations. The test pieces extracted perpendicular to the 
deposited layers showed the lowest proof strength of the three 
orientations evaluated, whilst those test pieces extracted from 

the 45° orientation exhibited the highest proof strength at room 
temperature but thence the strength fell below the test pieces 
extracted parallel to the deposited layers at 300°C. These 
variations in properties are presumably associated with the way 
the specific microstructures are loaded during testing. Thus for 
specimens cut parallel with the deposited layers, the tensile axis 
was across the large elongated grains and thus  presented an 
effectively much smaller grain size to the tensile load, 
compared with the specimens oriented perpendicular to the 
deposited layers and along the elongated grains. 

The room temperature strengths were consistent with the 
literature [14]. All of the measured proof strengths for the AM 
316L were above the ASME wrought 316L data [13]. It should 
be noted that the AM material is in the as-deposited conditions, 
whereas the ASME wrought data was probably solution 
annealed. The room temperature test data from the 3 mm thick 
sheet was within the variation of the AM material. 

The ultimate tensile strength (UTS) data for the AM 
material also showed some strength variability (Figure 8b), 
similar to that seen with the proof strengths. The test pieces 
extracted at 45° to the deposited layers appeared to show the 
most variability, especially at 300°C and 600°C. Here the test 
pieces, both parallel to and perpendicular with, the deposited 
layers exhibited similar UTS values at a given test temperature.  

It should be noted that the UTS decreased at both 300°C 
and again at 600°C, compared with room temperature tests. 
This contrasts with the proof strength behaviour above. Also in 
contrast to the proof strength, the UTS only exceeded the 
ASME wrought 316L data for the room temperature tests. At 
higher test temperatures the measured UTS values fell below 
the ASME data. It is not clear why the UTS behaviour at 300°C 
was relatively poor, although the limited ductility in a couple of 
specimens will limit the UTS. A further contrast with the proof 
strengths was the 3 mm thick sheet material which was 60-
70 MPa higher than the best of the room temperature AM 
material tests. This comparison with wrought material, along 
with the low 300°C values, suggests that the AM material could 
have a defect population or damage progression that differs 
from wrought behaviour. It is not currently clear whether this is 
associated with the Mn-Si-O particles or the surface finish. 

The elongation to failure (Figure 8c) showed that test 
pieces extracted at 45° to the deposited layers generally had the 
lowest ductility of the three orientations (especially at 600°C). 
The ductility of the two other orientations were similar to each 
other. A reduction in ductility was observed as the test 
temperature increased but such behaviour is typical of 
austenitic stainless steels [15]. Tests at room temperature of the 
AM 316L showed good ductility, similar to the wrought 3 mm 
thick sheet, and this appeared to also exhibit a small level of 
variability at this temperature. However, at elevated 
temperatures the variability of the ductility significantly 
increased but it is not clear if this is inherent to the material.  
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a) 

b) 

c) 

Figure 8. 0.2% proof strength (a), UTS (b) and elongation 
to failure (c) of 316L deposit in three orientations (relative 
to deposited layers). 

Clearly the mechanical behaviour differences with test 
piece orientation observed in the tensile properties reflect the 
anisotropy of the microstructures. These differences in 
behaviour should be considered in any stress analysis of 
structures fabricated with this technology. 

Room temperature load controlled, R=0.1, fatigue 
endurance data are shown in Figure 9, with the endurance lives 
plotted against the stress amplitude (total stress range/2). The 
wrought 316L sheet material exhibited the highest 
stress/endurance combination and there was some typical 
variability in the endurance response in the region 106 - 107 
cycles to failure [16]. This work suggested that the fatigue 
strength (i.e. the stress where an endurance of at least 107 
cycles was always achieved) of this wrought sheet material was 
estimated at ~170 MPa. In comparison with the wrought 3 mm 
thick sheet material, the as-deposited AM 316L showed a large 
reduction in the stress required for 107 fatigue cycles, with a 
fatigue strength for this material condition of ~115 MPa. All of 
these AM 316L failures was from the deposit surface as may be 
expected (i.e. not the specimen polished edges). 

Figure 9. Fatigue endurance lives of AM 316L and wrought 
316L sheet. All tests at room temperature, load ratio – 
R=0.1 and frequency of 50 HZ. 

Surface grinding of the as-deposited AM 316L was found 
to offer significant increases in the 107 cycle endurance stress, 
to ~150 MPa. Although with the large number of run-outs with 
this condition, estimating this endurance stress was difficult. It 
is worth noting that these test pieces came from a different, 
although nominally identical, deposit (“wall”) compared with 
the as-deposited material described above. Thus there is the 
potential for the fatigue endurance to have been affected by the 
base material condition, as well as the surface finish. The 
~150 MPa 107 cycle endurance fatigue strength remained below 
that achieved by the wrought 3 mm thick 316L but represents a 
significant improvement over the as-deposited condition. It was 
also interesting to note that at higher stress amplitudes (e.g. 
200 MPa) the endurance data of the surface ground AM 316L 
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and the wrought 3 mm thick sheet 316L were very similar. The 
improved fatigue endurance with surface grinding was 
consistent with comparable published fatigue data (R=0.1) for 
AM 316L (albeit a powder bed technology, rather than blown 
powder) [17]. 

Fractography of fatigue specimens tested in the surface 
ground condition has shown conventional fatigue crack 
initiation from the surface of the specimens. However, this was 
found to coincide with the presence of a Mn-Si rich oxide 
particle (Figure 10) located near to the surface. There was no 
clear evidence for fatigue striation features in the region of the 
fracture surface associated with fatigue crack growth. Fatigue 
crack growth features contributed to approx. 20-35% of the 
fracture surface. The remainder of the fracture surface was split 
between ductile fracture (from the final overload failure) and a 
planar fracture mode. The fracture surface in the fatigue failure 
region and the planar fracture surface appeared to be 
transgranular across the columnar grains.  

Figure 10. Fatigue crack initiation location (arrowed) from 
surface ground AM 316L, showing Mn-Si-O rich particle at 
the origin. 

The fracture surface of the as-deposited AM 316L fatigue 
specimen revealed that fatigue cracking initiated from the 
original (high surface roughness) deposited surface. 
Unfortunately, it was difficult to clearly establish whether any 
underlying microstructural feature was present at the initiation 
point. The fracture surface in the fatigue crack growth region 
again appeared to be transgranular across the columnar grains, 
as with the ground specimens. Spherical particles were 
observed again and these were confirmed to be Mn-Si rich 
oxides, similar to those seen over much of the fracture surfaces 
of the ground AM specimens above. 

The significant reduction in the fatigue endurance of AM 
316L, compared with wrought properties, appeared to be 
dominated by the surface finish effects, despite the presence of 
Mn-Si-O particles on both fracture surfaces. Consideration of 
the surface roughness in the as-deposited condition suggests 
that the effective cross-sectional area of test pieces could be 
over-estimated because of the difficulty in ensuring that that 
minimum thickness was being obtained. Even allowing 0.1 mm 
error on the thickness measurement (based on ~50 µm 
maximum surface height variation (Rt) on one side of the 
deposit) this could lead to ~6% increase in actual applied stress. 
This effect could serve to slightly raise the fatigue endurance 
stress at 1 x 107 cycles but not sufficiently to account for the 
reduction observed, in comparison with the wrought sheet 
material. This suggests that there is a distinct surface finish 
effect with AM 316L material and this must be accounted for 
during any component design and substantiation. 

The observation that fatigue crack initiation could occur 
from small (up to ~30 µm diameter) Mn-Si-O particles in both 
the as-deposited and surface ground AM 316L suggests that 
these are important (although the surface roughness effect for 
the as-deposited material appears to dominate in this condition). 
As noted above, these particles have been observed in the 
literature for AM 316L material previously [11], but here the 
size of the Mn-Si-O particles were up to ~300 µm reportedly, 
i.e. considerably larger than seen in the 2.4 mm thick “walls” 
produced for this project. The origin of the Mn-Si-O particles is 
not entirely clear, although it is reported that they can occur if 
the deposit melt pool was incompletely shielded by inert gas 
during the deposition process. However, this source of oxygen 
would appear to be unlikely with the deposition equipment used 
here, where the whole area was completely shrouded within an 
inert gas. The much smaller particle size recorded here also 
suggests that the oxygen source may not be plentiful and thus 
could be associated with other practical equipment or powder 
issues. Thus there may be an opportunity to enhance the AM 
material by reducing the presence of the Mn-Si-O particles. 
Any further processing, e.g. hot isostatic pressing, would be 
unlikely to enhance the fatigue performance until the larger 
Mn-Si-O particles have been eliminated. 

Comparison of the measured AM 316L fatigue endurances 
with the mean austenitic stainless steel fatigue data [18] that 
forms the basis of the design curves in ASME [19] have been 
undertaken. This has required a mean stress correction, here 
achieved using the Goodman approach [20] – i.e. the equation – 

Where σeff is the effective stress at a load ratio of R=-1, 
σUTS is the ultimate tensile strength of the material at the test 
temperature (here averaged at ~519 MPa), σstress range is the 
applied stress range at R=0.1 and σmean is the mean stress under 
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the test conditions used. It is also worth noting that the ASME 
and mean endurance data are given against stress amplitude, i.e. 
total stress range/2, as are the experimental data. 

The mean stress corrected fatigue endurance data (i.e. 
scaling the R=0.1 data to compare with R=-1 ASME data) for 
the AM 316L is shown in Figure 11. This shows that the as-
deposited AM 316L is below the mean data for austenitic 
stainless steel, but above the ASME III design curve [19], 
which itself was derived from mean data. However, the surface 
ground AM 316L was well above the design curve and just 
above the mean data. This suggests that in both surface 
conditions the ASME design curve for 316L should be 
conservative for the AM 316L. However, there remains further 
confirmatory evaluation work required here to demonstrate the 
consistency of this AM material with the ASME III design 
conditions, especially noting the wide variety of technologies 
that additive manufacturing encompasses. It must be expected 
that specific AM technologies will be required to be identified 
for any nuclear component. 

Figure 11. Mean stress corrected fatigue endurance 
comparison of AM 316L with ASME and NUREG curves 
(R=-1). 

SUMMARY & DISCUSSION 

Laser deposited 316L stainless steel powder “walls” 
(~2.4 mm thick), with reasonable surface finish were 
successfully produced. Little or no porosity was observed in 
these “wall” deposits. Attempts at non-destructive examination 
after deposition of the “walls” were somewhat inconclusive 
because of interactions with the deposit surface geometry, 
suggesting that this may be an area for further development, 
prior to commercial exploitation. 

The microstructure of 316L austenitic stainless steel 
produced by this AM process was found to be complex and 
anisotropic, depending on the thermal gradients present from 
the deposition process. This anisotropy was observed to effect 
the tensile property measurements and may be expected to also 

effect other mechanical properties and this must be considered 
in any design substantiation activity, or potentially a finite 
element stress analysis. Residual stress measurements obtained 
in the as-deposited condition may also be valuable in any 
component stress analysis work, although these are clearly 
geometry specific. 

The mechanical evaluation of the deposited “walls” 
indicated that both the fatigue and tensile properties at room 
temperature were mostly above ASME design code 
expectations, with some exceptions in the tensile properties.  

The tensile behaviour of as-deposited 316L displayed 
differing levels of performance, relative to wrought material 
and ASME values, at the different test temperatures (room 
temperature, 300°C and 600°C), and this highlights the 
importance of evaluation of the material over the full range of 
potential operational temperatures for such material. Here the 
material could be applied to both light water reactors, operating 
in the 250-330°C range, whilst for Generation IV reactors 
components are likely to be operating at 450°C - >600°C.  

In the as-deposited surface condition, fatigue endurance 
appeared to be dominated by the surface roughness effects. The 
fatigue performance of test samples cut perpendicular to the 
deposited layers was improved by grinding of the deposit 
surface, significantly reducing the surface roughness of this 
material. However, this fatigue performance was generally 
below the performance exhibited by conventional sheet 316L 
material (3 mm thick). This difference in fatigue behaviour 
should be reflected in any design substantiation of an AM 
component that retains the as-deposited surface finish.  

Throughout the microstructure, particles of a Mn-Si-O 
phase, up to ~20 µm in diameter, were observed. Fatigue 
initiation was seen to coincide with these particles, potentially 
limiting the performance of this particular deposition process 
and powder supply combination. Elimination, or a significant 
reduction in the presence, of these oxide particles could be of 
significant benefit to the fatigue performance of this material 
and suggests that further development of the input powder, or 
potentially the deposition process, may be beneficial.  
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