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SUMMARY

An introduction is given to additive manufacturing (AM) processes and the impact of
such processes on the subsequent metallurgical, mechanical and corrosion properties
of stainless steel (SS), with a particular focus on 316L SS as a commonly used material
in a wide range of industries. The main differences with respect to the traditional
processing route include generation of pores, oriented and inhomogeneous
microstructure, elemental segregation, residual stress, elevated yield stress, reduced
fatigue resistance (in as-built condition) and poorer corrosion resistance. Thermal
treatment to reduce residual stress and grinding, bead blasting or laser remelting to
improve the surface condition can recover properties of the as-built material to an extent.
Annealing and hot isostatic pressing combined with an appropriate surface finishing
procedure is the most effective method of optimising properties but even then there are
remnants of oriented microstructure and residual pores, albeit of low density. It is
essential to develop international guidelines for corrosion and environmentally assisted
cracking testing of AM products to encourage confident application of such products in
harsh environments. Research to support the development of these guidelines is
required.
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1 INTRODUCTION

Additive manufacturing (AM), as defined by ASTM [1], is “a process of joining materials to
make objects from 3D model data, usually layer upon layer, as opposed to subtractive
manufacturing technologies”. While most applications of AM were initially on titanium alloys,
principally for the aerospace industry, there is considerable interest in the oil and gas and other
industries, such as nuclear, in the adoption of AM for stainless steel products. From the
perspective of developing an insight into the corrosion resistance of AM products, the relative
vulnerability of stainless steel to corrosion damage modes compared to titanium alloys makes
focus on these alloys more informative. The purpose of this brief overview is to provide an
introduction to the procedures adopted in AM, the consequences for characteristics of the
product relative to the wrought alloy, and the necessary steps to ensure confidence in the
application of additive manufactured products in harsh environments.

2 AM PROCESSES

For metals there are two basic types of additive manufacturing commonly adopted, though it
is an evolving technology. These include powder bed fusion and directed energy deposition
systems [1,2]. For powder bed systems (Figure 1) the powder is spread over the powder bed
usually in layers of 20-100 um thickness.
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Figure 1. Illustration of an AM powder bed system using a laser beam (after [3]).

The energy source, electron beam or laser beam, is programmed to deliver energy to the surface
of the bed thereby melting the powder into the desired cross section of the part. The next
powder layer is added and the process is repeated to build up the full part. Laser beam melting
is the most common approach with electron beam melting tending to be used for high
performance alloys [4]. Although electron beam melting offers greater speed and control, less
residual stress, and produces a coarser microstructure, it requires processing in a vacuum
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whereas laser melting can be conducted in an inert gas (typically argon). Due to the large
thermal gradients in the part distortion is common and so support structures need to be added
to the parts to hold them securely to the build plate and to enable overhanging features to be
accurately produced. These supports than need to be removed, normally after the part is
thermally strain relieved. The resulting surface finish will depend on the process used to
remove the supports.

In powder-feed directed energy deposition systems, as illustrated in Figure 2, the powder is fed
through a nozzle onto the build surface. The laser beam melts a monolayer or more into the
shape desired and the process is repeated layer by layer. The workpiece may remain stationary
and the deposition head moves or vice versa. Powder-feed systems enable a larger build
volume, though have a more limited geometric complexity than powder bed. They tend to
utilise the feedstock powder more effectively, avoiding issues with the recycling of unused
feedstock powder.
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Figure 2. [llustration of an AM powder-feed system (after [5]).

In wire-feed systems (Figure 3) the feedstock is wire but the energy source can be electron
beam, laser beam or plasma arc. Initially a single bead of material is deposited and this built
upon in subsequent passes. According to Frazier [2], wire-feed systems are well suited to high
deposition rate processing and have large build volumes but more machining of the product is
required.
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Figure 3. Illustration of an AM wire-feed system (after [6]).

The benefit of producing end-products, often with complex shapes, with limited or no further
machining, combined with rapid advances and ready access to AM production technology has
seen a rapid rise in product applications using a wide range of metals. However, it is important
to recognise the possible challenges in deploying these products as processed, including the
inhomogeneous and graded microstructure, strong crystallographic texture, elemental
segregation, residual stress, surface roughness, shrinkage fissures, pores, and mechanical
properties that may be directionally sensitive. There will also be differences depending on the
detailed AM process adopted and for that process there may be greater differences from one
manufacturer to another than would be experienced from traditional processing routes. Post-
processing treatment can reduce the impact of some of the potentially detrimental features
associated with AM. Thus, for austenitic stainless steel, residual stress can be reduced by a heat
treatment of 2h at 650 °C while pore density can be substantially deceased (albeit not surface
penetrating pores ) by hot-isostatic pressing (HIP), for example, 4h at 1150 °C at a pressure
up to 1000 bar in an argon atmosphere.

However, there will still be features of the thermally treated material that may give rise to
differences in mechanical and corrosion properties with respect to traditional wrought
materials. The question then is whether new testing protocols need to be established to provide
confidence in application for harsh environments. Currently, ASTM F3184 on additive
manufacturing with 316 stainless steel [7] provides guidance on processing, mechanical
property measurement, thermal post-processing, and refers also to grain boundary sensitisation
and intergranular corrosion sensitisation (thus, the need for low carbon stainless steels).
However, it falls short of detailed guidance on the implications of processing for environment
assisted cracking, pitting or crevice corrosion and testing of those potential damage
mechanisms.
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3 IMPACT OF AM ON HOMOGENEITY OF METALLURGY AND
MONOTONIC MECHANICAL PROPERTIES OF STAINLESS STEEL

3.1 Microstructure

Figure 4 provides an example from the work of Riener et al. [8] of an electron backscatter
diffraction (EBSD) image of AM 316L SS formed by selective laser melting, SLM, after stress
relief at 650 °C and following HIP processing as described above. The build direction is the
vertical direction with respect to the powder bed.

Figure 4. EBSD inverse pole figure (IPF) maps for (a) as-built 316L SS specimens, (b) 316L
following heat treatment for 2 h at 650 °C and (c) HIP processing (after Riener et al. [8])
Orientations in the IPF maps have been plotted with respect to build direction (BD).

The notable feature of the as-built and stress-relieved specimens is the elongation of the
microstructure with columnar grains along the build direction and strong texturing, with a high
fraction of (001) oriented grains (depicted in red). The term “horizontal build” is sometimes
used confusingly to describe material built with the long axis parallel to the bed. This method
allows manufacturing of components where it is desirable to have the long axis perpendicular
to the columnar direction. It may also be used for sample preparation for tensile testing with
the perspective of having the stress axis perpendicular to the columnar direction.

Figure 4 shows, as expected, that there is little impact of the residual stress relief treatment on
the microstructure. However, at the elevated temperature and pressure of HIP, recrystallization
leads to coarse equi-axed grains. The conversion is not necessarily complete and there are
regions of oriented microstructure characteristic of the as-built material, resulting in a bimodal
nature to the material.

Comparable images of the microstructure in the plane of the powder bed are not shown in the
publication of Riener et al. [8] but an informative example for 316L SS can be found in the
work of Trelewicz et al. [9]. An optical image of a section in the plane of the powder bed is
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shown in Figure 5 and a secondary electron image showing the cellular structure at the
intersection of two misaligned weld pools is shown in Figure 6. Trelewicz et al. suggest that
the cellular structure is a consequence of different etching rates at the cell boundary relative to
the intercellular region. Significant enrichment of Mo at the cell boundaries (up to 50%) was

observed.

Figure 5. Optical micrograph of powder bed fusion-laser, PBF-L, 316L SS, exhibiting a
heterogeneous structure containing a network of melt pools; after prior removal of 5 mm from
the as-finished surface (after Trelewicz et al. [9]).



NPL Report MAT 86

Figure 6. Secondary electron images of the cellular structure at the intersection of two
misaligned melt pools (after Trelewicz et al. [9]).

In the process of investigating the corrosion behaviour of SLM 316L SS Sun et al. [10]
highlighted issues of pore density (determined by optical microscopy and image analysis of
cross section) and balling (small balls of metal). The main interest was to examine the effect
of laser scan speed. The volume of pores in the AM stainless steel depended on scan speed and
was about 3% at a scan speed of 125 mm/s, decreasing to about 1.7% at 150 mm/s and then
increasing to about 6.6% at 200 mm/s. The pores were irregular in shape with sizes (whether
depth or width is not defined) ranging from a few um to 300 pm. Some pores were lenticular
in shape, which was ascribed to incomplete fusion between successive molten layers. Evidence
of balling was apparent (Figure 7) where the material was not completed fused with the
surrounding material. Sun et al. [10] note that balling occurs when the molten material does
not wet the surrounding material due to surface tension.
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Figure 7. SEM image of SLM 316L SS showing the presence of small balls inside the pores
(after Sun et al. [10]).

The surface finish of as-built products is often rough with a significant level of porosity and
potentially cracks. Typically in powder-bed processes downward facing surfaces exhibit
greater roughness than upward or side surfaces. Electron-beam powder bed parts exhibit even
higher roughness due to larger powder particles being used in the process. For example Yasa
and Kruth [11] reported an average surface roughness of about 12 um but reducing to 1.5 pm
with laser remelting (Figure 8). Laser remelting also reduced the porosity, from 0.77% (as
measured by optical imaging) to 0.036%.

Only SLM: No laser re-melting,

After laser re-melting

I Building axis

Figure 8. Improvement of surface quality of 316L SS after laser remelting (after Sun et al.

[10]).

Laser remelting can be applied layer by layer, albeit with extra cost, but it generates less
porosity and produces a lamellar structure that is considered to give better mechanical
properties [10].
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3.2 Monotonic mechanical properties

Riener et al. [8] highlighted the higher yield strength associated with the as-built 316L SS,
compared to the traditionally processed steel, as shown in Table 1. These data will be a function
of the processing parameters and a UTS value of 760 MPa has also been reported [12].

Table 1. Ultimate tensile strength (UTS) and 0.2% offset stress (co.2) and elongation to
fracture (er) [8].

Condition UTS/MPa | co./MPa et/ %o
As built/SLM 565 462 53.7
Traditionally processed | 530-680 220 >40

The increase in yield strength shown for the 316L SS mirrors the behaviour observed for
304L SS [13] and is attributed by Riener et al. to the presence of very fine substructures in the
as-built steel, albeit there was no specific evidence for these substructures reported. Similar
increases in yield strength by a factor of two were reported by Spierings et al. [12] for SLM
316L SS with also a modest increased in UTS. Notably, Spierings et al. reported a higher yield
strength of about 640 MPa, emphasising the dependence of properties on the details of the
processing parameters.

4 IMPACT OF AM ON RESIDUAL STRESS

Large thermal gradients near the laser spot, rapid cooling and repetition of this process gives
rise to localised compression and tension resulting in AM parts with significant residual stress
that may impact on mechanical properties or relaxation-induced shape change [14]. Residual
stresses can approach nominal yield and sometimes above nominal yield due to local variation
in microstructure and mechanical properties. Research efforts to minimise their magnitude tend
to be focused on varying the scanning parameters appropriately or adopting build-plate
preheating. Currently, careful thermal post-treatment of the product is the more common
approach. It has the virtue of removing uncertainty regarding local hot spots. Finite element
modelling is also being used to model likely distortion and then to compensate for that in the
build parameters so that the part is stable at completion of processing.

Laboratory specimens prepared by SLM as described by Riener et al. [8] show significant
residual stress with the magnitude being greatest in the direction of build. Thus, for the as-built
316L SS specimens the maximum residual stress was about 450 MPa, and with stress-relief at
650 °C about 300 MPa; surprisingly, only a modest reduction.

The challenge is in measuring through-thickness residual stresses in as-processed products and
knowing whether the steps taken to minimise the residual stress have been effective.
Synchrotron X-ray or neutron diffraction can be used but access to facilities is not readily
possible in most cases. Other methods inevitably involve destructive techniques such as hole-
drilling, sectioning or contouring allied with some measurement of strain using X-ray
diffraction, strain gauges or digital image correlation (DIC). For example, sectioning of AM
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316L SS and application of DIC has shown good correlation with residual stresses determined
by neutron diffraction [8], the advantage claimed being the non-contact nature of the strain
measurement and analysis without recourse to the use of finite elements.

There is an inherent constraint in destructive testing and the technique is essentially a means
of optimising the methodology of processing or ensuring quality control of a product type
prepared in a consistent fashion. Thermal post-processing treatment is the only method of
ensuring confidence in minimising residual stress but the remanent stresses may not be
insignificant and need to be taken into account when undertaking mechanical testing of one
form or other.

5 IMPACT OF AM ON FATIGUE AND CORROSION FATIGUE

The fatigue limit is most commonly associated with the nature, shape, and size distribution of
initial defects, both internally and on the surface. For AM products the most significant defect
is likely to be associated with the near surface micro-porosity but the very coarse surface
roughness in the as-built state (Figure 7) could also impact just because of the sharp changes
in surface topography. Numerous tests have been conducted. Riener et al. [8] investigated the
effect of both post-process treatment and surface finish on the fatigue limit for the SLM-
processed materials using cylindrical rod specimens prepared with the long axis oriented
perpendicular to the build direction. High frequency testing was conducted and a summary of
the results is shown in Table 2. The low value of the fatigue limit in the as-built specimens is
attributed to porosity. There is no indication as to whether damage started at the surface or sub-
surface and whether surface roughness per se was a factor. A recovery of properties is apparent
in the case of the as-built-and-turned surface and might suggest that surface roughness could
have been the primary factor than porosity per se. However, AM products tend to have a higher
degree of porosity close to the surface and this is true even with HIP treated products as the
stresses become more 2D near the surface and this tends to be less effective in closing pores.
Hence, the turning could have resulted in reduced near-surface pore density. There is an
improvement in fatigue properties with stress relief, and more so with HIP treatment. There is
a large spread in data for the traditionally processed steel. Surprisingly, Riener et al. [8] simply
listed established data for the latter rather than undertaking complementary tests, which would
have been more informative. As such, with the exception of the as-built material, all the
conditions give results within the range of the data for the traditionally processed steel.

Table 2. Fatigue limit of SLM 316L SS in air at R=-1 and frequency 40 Hz [8].

Condition Fatigue limit (MPa)
As-built/SLM surface 108
As-built/turned surface 267
650 °C/turned surface 294
HIPed/turned surface 317
Traditionally processed 240-381

Spierings et al. [12] also conducted high frequency fatigue tests on AM 316L stainless steel, at
a stress ratio of 0.1 and frequency of 50 Hz. The AM specimen with a polished surface finish
gave a fatigue limit comparable to or slightly above that with a conventional machined 316L
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SS specimen but the as-built specimen exhibited a reduction in fatigue limit of about 25%. By
comparison with Table 2 it emphasises that the properties obtained depend on the details of the
manufacturing process. It is interesting to note that the laser scan speed investigated by
Spierings et al. included materials processed at 400 mm/s or 800 mm/s, much greater than
adopted in the study reported by Sun et al. [10] for which a high volume fraction of pores was
indicated with increasing scan rate above 150 mm/s (Section 2). There was no specific
discussion of the microstructure in the paper by Spierings et al.

Riener et al. [8] also reported high frequency cyclic crack growth rate measurements in air for
the as-built, stress relieved and HIPed materials using compact tension specimens and a stress
ratio, R, of 0.1. Notably, these specimens were only 3 mm thick and that raises an uncertainty
as to whether through-thickness variation in residual stress would have been a factor otherwise.
Specimens were prepared such that measurement of crack growth rate could be made
perpendicular and parallel to the build direction. The results are shown in Figures 9 and 10.
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Figure 9. Crack growth curves for SLM-processed 316L SS in different conditions. Crack
growth is parallel to the building direction. Insets depict the compact tension, CT, specimen
including information on SLM building direction and a micrograph depicting a representative
fracture surface from an as-built sample (after Riener et al. [8]).
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Figure 10. Crack growth curves for SLM-processed 316L SS in different conditions. Crack
growth is perpendicular to the building direction. Insets depict the CT specimen including
information on SLM building direction and a micrograph depicting a representative fracture
surface from an as-built sample (after Riener et al. [8]).

It is apparent in Figure 9 that stress relief does not impact on the results, when compared to
data for the as-built material tests. Accordingly, tests with stress relieved specimens were not
repeated by the authors for the second set of tests. Since there was no measurement of residual
stress and the specimens were thin, it would be inappropriate to draw firm conclusions from
these data with respect to the influence of residual stress. Nevertheless, there is a clear benefit
of the HIP treatment in increasing the average AKw (threshold stress intensity factor range),
which was attributed to the coarser grain size. In general, small grain size steels better resist
crack initiation but a coarse grain size steel better resists crack propagation, certainly near
threshold [15]. The scatter in the results in the HIPed specimens reflects the bimodal
characteristics of the materials with some retained columnar grains of small grain size. In some
respects that could also lead to some directional behaviour but there is too much scatter in the
data to draw any distinction. In relation to the orientation of the crack with respect to the build
direction in the as-built condition, the crack growth resistance and AKw tend to be lower when
the crack is growing parallel to the build direction. This can be attributed to tortuosity of crack
path and grain boundary impediment to growth. With HIP treatment, sensitivity to orientation
tends to disappear.

Corrosion fatigue studies of AM stainless steel appear limited to the recent crack growth
measurements of Lou et al. [16] on 316L SS in oxygenated 288 °C water, the goal being to
assess the potential application of AM products in the nuclear industry. The thickness of the
compact tension specimens used here was 12.7 mm. The post process treatment was identical
to that of Riener et al. [8] with specimens prepared following stress relief at 650 °C, HIP at
1150 °C, or with a separate treatment of 950 °C for 4 h to deliberately induce partial

11
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recrystallization. The last of these was introduced because the HIP treatment still leaves some
grains unrecrystallised (noted also by Riener et al.), attributed to local strain variations. In some
tests, 20% thickness reduction was applied using forging at 200 °C to enhance susceptibility to
cracking. Pore size and volume fraction were measured. The mean pore size for the stress
relieved material was 3.2 um with minimum of 0.9 pm and maximum 36 pm while for the
HIPed material it was respectively 2.8 um, 0.9 um and 27.1 um. The mean porosity was 0.19%
for the stress relieved material and 0.085% for the HIPed material. The pore parameters were
determined by optical microscopy and image analysis.

A summary of the fatigue crack growth rate results at 0.5 Hz is shown in Figure 11.
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Figure 11. Cyclic crack growth rate as a function of AK for AM 316 SS with different
treatments. In the orientation X-Z, X is the load direction and Z the build direction so the crack
is growing parallel to the columnar grain structure while Z-X indicates growth perpendicular
to the grain orientation. The cold work along Z is in the build direction and along x in the plane
of the powder bed (after Lou et al. [16]).

There was no measure of crack growth rate near threshold. It is evident that HIPed material
gives consistently the lowest growth rate for otherwise similar test conditions and that the
orientation effect conforms to expectation with an enhanced growth rate along the build
direction. The authors conclude that the differences associated with heat treatment or
orientation were not significant at this frequency. It is a dubious conclusion but perhaps relates

12
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more to the lower absolute values compared to that at lower loading frequencies as indicated
in Figure 12. The authors also concluded that unrecrystallised grains did not have a significant
impact. Although the authors rightly conclude that HIP should be undertaken for use of these
AM materials in nuclear applications there was no direct comparison with wrought 316L SS to
assess the relative performance.
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Figure 12. Loading frequency dependence of da/dN between cold-worked and non-cold-
worked AM 316L stainless steel with different heat treatments and crack orientations (after
Lou et al. [16]).

6 IMPACT OF AM ON CORROSION AND STRESS CORROSION CRACKING

The pre-existence of pores of varying size, density and shape would create an expectation that
susceptibility to localised attack would be more likely for AM products. Sensitisation of grain
boundaries by carbide precipitation, which could lead to stress corrosion cracking by that route,
should be managed by adoption of low carbon stainless steel and appropriate thermal treatment
and rapid cooling.

Trelewicz et al. [9] undertook basic corrosion measurements with the 316 AM stainless steel
prepared by powder-bed laser fusion. The cylindrical rods of 25 mm thickness produced were

13
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cut into sections for testing. These sections were extracted from regions greater than 5 mm
from the build surface to avoid sampling inhomogeneities associated with the surface layer,
initial or final. There was no stress relief or HIP application. Polarisation scans in deaerated
0.1 M HCI are shown in Figure 13. There is virtually no passive region in the SLM processed
alloy. By comparison with other studies on AM 316L SS with density similar to wrought steel
Trelewicz et al. concluded that the non-uniformity of Mo in the steel induced by segregation
to the cellular wall boundaries reduced the Mo content of the passive film in many areas,
decreasing the protectiveness of the film.
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Figure 13. Polarisation scans for wrought and SLM 316 L SS at 1 mV/s in deaerated 0.1 M
HCI (after Trelewicz et al. [9]).

Sun et al. [10] also studied the corrosion behaviour of SLM 316L SS using cyclic polarisation
in 0.9% NaCl. 3 mm thick sheets specimens were sectioned from 25 mm diameter rods and
ground to a 1200 grade finish using SiC grinding paper. For comparison, tests were conducted
on a hot rolled bulk 316 L SS. The details of pore volume and size are given in Section 3.
Notably, wear rate was also measured by Sun et al. and was shown to increase linearly with
pore volume. The cyclic polarisation tests results are summarised in Figure 14 and the
dependence of key parameters, corrosion potential (Ecor), breakdown potential (Eb), corrosion
current density (icor) and repassivation potential (Er), on volume % of pores in Figure 15. The
forward scan for the AM stainless steel tended to be noisier than that for the conventional steel
and is attributed to greater ease of metastable pit development due to the pores. The breakdown
potential is reduced most notably at the highest laser scan rate and repassivation occurs at a
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lower potential for the AM stainless steel. The presence of pores of varying depth explains the
reduced breakdown potential but since a pit is already developed it may have been expected
that the repassivation potential would be less affected. The lower potential implies a larger pit,
perhaps because the most active pit initiates at a deeper, more constrained, pore and corrosion
is more readily sustained in the reverse polarisation.
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Figure 14. Cyclic polarisation curves for 316L SS in 0.9% NaCl at a scan rate of 1 mV/s
(after Sun et al. [10]).
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Figure 15. Measured corrosion potential (Ecor), breakdown potential (Eb), corrosion current
density (icor) and repassivation potential (Er) as a function of vol. % porosity in the SLM
samples (after Sun et al. [10]).

The correlation of the parameters with pore volume has to be treated with caution as it does not
account for the statistical nature of pitting. Also, the size distribution is more important than
pore volume, noting that the pores were irregular in shape and ranged in size from a few um to

15
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300 um (see Section 3). An increased variability from specimen to specimen would be expected
for an AM stainless steel. The focus here on the role of pores contrasts somewhat with the
conclusion of Trelewicz et al. [9], who put more emphasis on segregation of Mo. In that
context, Sun et al. conclude that a full density SLM 316L SS would be as good as the standard
316L SS but this is a presumption based on the perception that pores determine the corrosion
behaviour in the AM steel.

In relation to stress corrosion cracking of AM materials there appears no published accounts
of testing as yet.

7 APPROACH TO TESTING OF AM PRODUCTS

7.1 Issues for corrosion and environmentally assisted cracking

Perhaps the most distinctive feature coming out of this short overview of the literature is the
sensitivity of the properties to the details of the manufacturing process so that components
made of AM 316L SS will not necessarily have consistent properties and performance. There
is also an issue of how the component is supplied in relation to stress relief (commonly adopted)
and surface finish (as-built, machined, bead blasted, laser remelted, electrochemically polished
etc). HIP may also be specified, which will make a dramatic change in properties as well as
reducing residual stress more effectively.

The underlying features that will impinge on corrosion and environmentally assisted cracking
are predominantly:

e pore volume and its through thickness variation together with pore size, shape and
distribution (shrinkage fissures could be an additional consideration);

e clemental segregation, such as the reported Mo segregation to cell wall boundaries;

e balling of material that could give rise to crevice like attack at the interface;

e surface finish: roughness, defect nature and population (considering also the extent to
which near-surface pore density is reduced by any treatment process);

e incomplete relief of residual stress following thermal treatment;

e orientation of the component with respect to the stress axes and possible fatigue or
stress corrosion crack path through the oriented microstructure.

All of these factors will potentially impinge on the likelihood of localised corrosion and
environmentally assisted cracking. When compared with traditionally processed stainless steel,
where domains of safe operation of these alloys have been established based on laboratory
testing and service experience, the concern is that these varied factors individually or in
combination could lead to accelerated initiation and propagation of damage.

For HIPed components, the density of pores will be markedly reduced, but not necessarily to a
statistically insignificant level, and a higher pore density may be retained near surface if the
surface layer is not removed. Residual stress should be relaxed to a relatively low level. Grains
will be equi-axed but remnants of oriented microstructure will be present. Elemental
segregation will be removed. Hence, the risk factor is reduced but the overall component
production costs are higher and there will be a balance between the two depending on the
critically of the application or severity of the environment.
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Whichever processing route is followed there will be a need to provide full details (including
input material, detailed process, part design, build layout and post processing) with testing then
undertaken specific to that methodology. Data generated on traditionally processed stainless
steel may not provide a reliable basis for predicting how an AM product will behave but will
provide a starting point for defining the test conditions for comparison.

7.2 Implications of AM for test methodology and standardisation

The idea of AM stainless steel products is that the components are essentially ready for service
with only the minimum of further machining or treatment. There is an immediate challenge in
testing, especially for complex components, and whether to make specimens from a component
for testing purposes or to process the specimen material separately. The two main issues in
relation to the former are the surface state, and to what extent that can be retained in the
specimen design, and the statistical aspects of testing to take account of the inhomogeneity in
the processed material. In assessing localised corrosion resistance, for which small coupons
can be used, these problems can be overcome and statistical approaches to testing incorporated
using existing knowledge and standards. Depending on size, a full immersion test, albeit
expensive, may also be a consideration to relate to small scale testing and establish confidence
in the methodology for future applications. However, for stress corrosion cracking or corrosion
fatigue testing there may be fundamental challenges in cutting specimens from the component
while retaining the surface characteristics of the material. Much will depend on the detailed
geometry of the component. In that context, is it feasible to produce samples for specimen
preparation using the same processing route and have the same production thermal history and
post processing characteristics as those of the processed component? In principle, this can be
done but there will be a need to confirm that the near-surface characteristics (including
porosity) reflect that of the component. In some respects this is an issue for conventional
material testing as the surface in service can be different from that of a test coupon but given
the variable nature of AM processing and complexity it requires more focus on matching
specimen to component.

Whatever approach is adopted, it should be apparent that much more detailed material
characterisation and reporting of that information will be required when testing AM stainless
steel in harsh environments in order to understand what feature/s is controlling the damage
process and to give clarity to issues that may arise from poor repeatability or reproducibility of
test data.

In relation to standardisation there are already a plethora of corrosion tests for conventional
materials such as those developed in ISO TC156 Corrosion of Metals and Alloys, including
more than ten ISO standards on stress corrosion cracking. There seems little virtue in re-
configuring each of these standards to accommodate AM processed materials or in developing
parallel standards specific for AM products. The more effective course of action is to develop
a guidelines document on corrosion and environmentally assisted cracking testing issues
specific for AM products and to ensure reference to that document when the 5-year revision of
existing standards is undertaken. Standards on more general aspects of additive manufacturing
already exist (e.g. [3,7]) or are in preparation (e.g. [17], [18]).
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7.3 Designing with AM materials

A feature prevailing in a number of publications (e.g. [12]) is the need to re-think the design
strategy in the context of extended application of AM products and structural integrity. These
considerations are primarily focused on mechanical properties and particularly the role of
surface finish. It is doubtful that there is sufficient information as yet to guide that process
adequately and it is noted as a key area for further research in the Foresight Review of the
Lloyd’s Register Foundation [19]. In relation to potential corrosion related damage processes
associated with stainless steel in harsh environments there are simply too little accumulated
data and associated scientific insight to have confidence in developing design guidelines
specific to AM products.

8 CONCLUSIONS

The properties of AM produced stainless steel will be sensitive to the details of the
manufacturing process so that components made of AM 316L SS produced by different routes
will not necessarily exhibit the same performance.

In relation to corrosion and environmental assisted cracking the key factors that may impinge
on resistance to damage development will be: presence of pores; elemental segregation;
balling; surface finish; residual stress; orientation and texturing of the microstructure.

A HIP process can eliminate or reduce the significance of many of these factors.

Testing to qualify a product for service can be challenging in ensuring that the test specimen
reflects adequately the material and its surface state, with due accounting for the statistical
implications of material inhomogeneity.

A new set of corrosion or environmentally assisted cracking tests specifically designed for AM
stainless steel products is not recommended. Rather, a document for corrosion testing of AM
products should be developed that guides the intelligent use of existing testing standards to
properly account for the distinctive features of AM products. In the latter context, there will be
a greater emphasis on more detailed material characterisation in particular.

To accelerate wider industrial uptake of AM technology extensive research and testing is
required to generate the technical insight and expertise required to produce such a guidelines
document and to provide critical data on the relative performance of AM products in harsh
environments compared to traditionally processed steels.
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