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Additive Manufacturing (AM), particularly laser beam powder bed fusion (LB-PBF), enables fabrication of
complex thin-wall geometries, yet post-processing studies on such structures are limited. This work investigates
heat-treatment annealing of thin-walled stainless steel 316L (SS316L) built via LB-PBF. A novel build geometry
with wall thicknesses from 0.2-1.8 mm was used to examine microstructures before and after heat-treatment
(HT) at 1050 °C and 1150 °C. In the as-built state, thinner walls showed grains oriented in <001> toward
the wall centre, while thicker walls exhibited a <101> orientation due to a central band of preferential grain
growth, typical of larger LB-PBF SS316L parts. Annealing at 1150 °C produced partial recrystallisation in all
samples, reaching 86 % in the thickest walls, whereas 1050 °C annealing had little effect. Analysis of geomet-
rically necessary dislocation density, low-angle boundaries (LAB), and high-angle boundaries (HAB) showed no
correlation with recrystallisation behaviour. The primary factor limiting recrystallisation was Mn- and Si-based
oxide distributions, which impeded grain boundary migration. This caused a stop-and-go growth mechanism,
leading to abnormal grain growth in some cases. Findings highlight that chemical segregation, rather than
dislocation structure, controls recrystallisation in thin-walled LB-PBF SS316L.

1. Introduction

Laser powder bed fusion (LB-PBF) is one of the leading additive
manufacturing technologies that allows the fabrication of highly com-
plex and thin-walled geometries that are usually not viable through
other, more conventional manufacturing means. Thin-walled geome-
tries are typically used in heat exchanger applications, where the fast
exchange of heat is solely affected by the constraints of part geometry
[1]. With the constant evolution of the AM industry and the continual
development of LB-PBF based processes, the constraints of such
manufacturing methods must be understood and are of great importance
to fully realise the potential of the technologies.

LB-PBF technologies mostly utilise a laser beam system that interacts
and sinters metallic powder particles. The components are then created
through a layer-by-layer process; the component is split up unto 2-D
layers and the step-by step process is repeated until a 3-D component
of the desired geometry has been created [2]. During the process, in-
teractions between the laser beam and powder create melt pools [3].
Once a successive pass over an already sintered layer is complete, the

next pass will penetrate and remelt numerous layers below and give rise
to the unique and intricate fish-scale microstructure [4]. The size and
distribution of such features is dictated by the underlying process pa-
rameters, which need careful manipulation in order to produce a fully
optimised process and near fully dense final component [5].

An alloy that is used in many industrial applications is stainless steel
316L (SS316L). SS316L has been extensively studied due to its excellent
processability, corrosion resistance, and mechanical properties, making
it popular in aerospace and submarine sectors [1,6]. The as-built
microstructure of LB-PBF SS316L consists of fine solidification cells of
face-centered cubic (FCC) austenite [7]. The microstructure is typically
anisotropic in nature [8], which is a result of the complex localised
cyclic heating and cooling regime [3,9,10]. As such, epitaxial grain
growth is dominant where subsequent grains span across multiple melt
pools, aligned parallel to the build direction. Much research has dis-
cussed the heterogeneity of the microstructure of larger LB-PBF SS316L
components, including laboratory test coupons [11-16], but reported
research on thin walled components below 1 mm in thickness is notably
sparse. Since the thermal history within these samples will vary
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significantly from that of bulkier components, there is a clear necessity
for understanding such behaviours given the breadth of industrial sec-
tors and components that look to adopt thinner walled structures in their
designs. Wrobel et al. [17] reported that thinner single and double track
samples featured finer grains with a more pronounced <100> texture,
whereas thicker samples displayed larger grains oriented parallel to the
build direction, with a pronounced <101> texture. This difference was
attributed to the underlying melt pool size and microstructure which
varied with wall thickness, which in turn influenced both the grain size
and orientation. The single track samples exhibited symmetric elliptical
melt pools as a result of uniform denudation. This symmetry was also
observed in the initial tracks across other thicknesses. However, in
thicker walls, melt pools located toward the centre tended to be deeper
and less symmetrical, leading to an uneven, undulating upper surface.

Microstructural anisotropy in LB-PBF components can be detri-
mental to the mechanical performance due to the directional depen-
dence, which can lead to inconsistencies in the properties and prove
problematic in parts subjected to multiaxial stress fields [8]. Such fea-
tures can manifest as reduced strength, ductility, and fatigue resistance
in certain directions, compromising the overall integrity and function-
ality of the component. Annealing heat treatment (HT) processes [18]
are commonly used to alleviate this susceptibility and suppress associ-
ated anisotropy through promoting recrystallisation and homogenisa-
tion of the microstructure [19]. This process also aids in reducing built-
up residual stress and produces a more uniform grain morphology
[20,21], thereby enhancing the homogeneity of the material and
improving the mechanical properties and reliability of LB-PBF
components.

During annealing, recrystallisation can be influenced by several
factors, including initial grain size, stored dislocation energy, and the
presence of oxide particles [22-24]. Oxide particles, which may origi-
nate from the powder feedstock or form during processing, through el-
ements reacting with residual oxygen [23], can act as pinning agents
that hinder grain boundary motion, delaying or suppressing recrystal-
lisation. This particle pinning effect plays a critical role in controlling
grain growth and overall microstructural evolution [25]. Understanding
these factors is essential for optimising HT parameters to achieve desired
mechanical properties in LB-PBF produced thin-walled components.
Many researchers have investigated the recrystallisation kinetics from
heat-treating larger LB-PBF SS316L geometries to alleviate anisotropy
and texture effects [26-29]. Furthermore, researchers [23-25,30] also
investigated annealing of LB-PBF 316L stainless steel and found oxide
pinning to be the main mechanism in delayed recrystallisation behav-
iour. However, no reported literature is available that discusses related
behaviours on thin-walled structures, where factors such as heat dissi-
pation, oxide precipitation, and geometric scale can significantly influ-
ence recrystallisation kinetics.

In this study, the effect of HT on the microstructures of thin-walled
LB-PBF SS316L structures is investigated. The grain morphology and
texture of each individual wall from 0.2 mm up to 1.8 mm has been
analysed through EBSD, for both as-built and alternative heat-treated
states. Further analysis is presented that elaborates on the effect of
geometrically necessary dislocation density (GNDs) on recrystallisation,
in addition to presence, and subsequent effect of oxides particle pinning.

2. Materials and experimental methods
2.1. Materials & samples

In this study, a series of four novel build geometries were manufac-
tured from virgin SS316L powder using laser powder bed fusion (LB-
PBF). The ladder geometries were specifically designed to explore the
influence of heat treatments and the associated recrystallisation
behaviour in thin-walled structures of varying thicknesses. The ladder
components consisted of a series of varying wall thicknesses ranging
from 0.2 mm to 2 mm, as depicted schematically in Fig. 1. The figure is a
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Fig. 1. Schematic diagram of the XZ microstructural plane of the LB-PBF
SS316L ladder geometry with varying wall thicknesses.

cut through visual of the ladder geometry from the XZ microstructural
plane.

The ladder component described was built on an EOS M290 LB-PBF
machine, with a powder size distribution ranging from 10-49 pm, each
of which were built with an equivalent energy density of 100 J/mm? and
a layer thickness of 20 um. The composition and particle size distribu-
tion of the virgin SS316L powder is given in Tables 1 and 2. The scanning
patterns for the thinnest (0.2 mm) and thickest walls (1.8 mm) are
represented in Fig. 2. In each scan pattern, the laser direction is rotated
after every layer by 67°, which is illustrated by arrows in Fig. 2.

2.2. Post-processing procedures

Post manufacture, the ladder geometries were subjected to one of
three alternative heat treatments. The specific parameters for the heat
treatments are provided within Table 3. The fourth ladder sample
remained in the as-built condition with no additional post-processing to
provide a baseline entity of the material prior to heat-treatment. All the
post-process heat treatments were completed at ambient pressure within
a programmable box furnace utilising consistent heating and cooling
rates of <10 °C/s. The temperature control tolerance was set at +/- 5 °C
and measured using a Pico Logger accompanied with the Pico Logger 6
software. A hold time of 135 min was chosen to remain consistent with
previous studies by the authors [31,32].

After HT, the samples were sectioned relatively close to the inner
wall, parallel to the build direction on a Struers Brilliant — 200 appli-
ance. The XZ microstructural plane (parallel to the build direction) was
chosen for characterisation to avoid misleading recrystallisation calcu-
lations that might occur when investigating the XY plane (perpendicular
to the build direction).

2.3. Microstructural characterisation

Prior to microscopic analysis, the samples were prepared using
standard metallographic techniques, starting with initial grinding and
successively finer grit cloths, concluding with an MD-Chem polishing
cloth with a 0.04 pm OP-S suspension to achieve a reflective, mirror-like
finish. The microstructure and oxide particles were analysed using a
Hitachi SU-3500 scanning electron microscope (SEM). The oxide
chemistries were analysed using energy dispersive X-ray spectroscopy
(EDS), with the help of backscattered imaging. The texture and grain
orientation were measured using electron-backscattered diffraction
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Table 1
Composition of stainless steel 316L powder.
Element C Cr Ni Mo Si Fe Mn S P N O (ppm)
(%) 0.01 16.87 12.41 2.32 0.57 base 1.2 0.002 0.008 0.11 341
bl based on prior studies [13,28,33] that have demonstrated a correlation
Table 2

Particle size distribution of stainless steel 316L powder.

D, Number D; Das Dso D7s Doo

Particle Size Diameter (um) 10-16 20-26 26-32 34-40 43-49

(EBSD). The main operating parameters selected for both techniques
were 20 kV accelerating voltage and a spot size of 90. The EBSD required
a step size and exposure time of 0.59 ym and 10 ps, respectively. In the
interpretation of the EBSD maps, low angle boundaries (LAB) were
defined as having a local misorientation <15° and high angle boundaries
(HAB) defined as >15° misorientation. Texture analysis followed a
threshold value whereby samples exhibiting maximum multiples of
unity distribution (MUD) values >3, could therefore be classed as
‘textured’. Grain size and aspect ratio measurements for all micro-
structures were determined using the mean linear intercept method.

Additional imaging was collected on a JEOL 7800F field emission
gun (FEG) SEM equipped with a tungsten source. For particle analysis, a
backscattered electron (BSE) image was captured at an accelerating
voltage of 20 keV with a medium probe current of 9, corresponding to
the electron beam’s spot size.

Grain orientation spread (GOS) is a critical metric used to assess the
degree of plastic deformation within grains, which can serve as an in-
dicator for recrystallisation during post- processing. GOS quantifies the
misorientation within individual grains by measuring the angular dif-
ference between neighbouring points inside a grain, as identified using
the in-built algorithm in the Channel5 software. Low GOS values
generally suggest fully recrystallised grains, while higher GOS values are
indicative of deformed or partially recrystallised grains. In this study,

between low GOS and fully recrystallised grains. The final area per-
centage was calculated by summing the areas of all grains with a GOS
value below the 2° threshold.

2.4. Mechanical testing

Vickers microhardness testing was used to obtain relative mechani-
cal data for all wall thicknesses from each of the four HT conditions.
Hardness testing was completed on a Struers Duramin-A40, to investi-
gate correlations between localised mechanical properties and micro-
structure. A 50 g force with a 10 s dwell time was used, to prevent the
smaller walls with much less material volume from over-deforming or
rupturing under a higher load. Additionally, using 50 g ensured that the
deformation during testing was not influenced by the outer-wall regions
and permitted representative sampling. A testing pattern consisting of 1
row with 10 individual points was applied to directly test the central
regions of each wall.

3. Results
3.1. Microstructural behaviour

3.1.1. As-built
Examination of the as-built material revealed the microstructure

Table 3
Post manufacture heat-treatment parameters for LB-PBF SS316L ladder
geometries.

GOS was employed to calculate the extent of recrystallisation in the LB- Heat Treatment ~ Temperature Hold Time Heating/Cooling Rate
PBF SS316L samples. EBSD maps were generated for each sample, and No. QY (Minutes) (°C/Min)
grain-level misorientations were computed to derive GOS values, HT1 1050 135 <10
through the software. Grains with GOS values below a certain threshold, HT2 1150 135 <10
typically less than 2°, were classified as recrystallised. This threshold is HT3 1200 135 <10
Layer 2 Layer 3 Layer 4 Layer 5 a
Part Border
(not exposed
with laser)
Contour Line -
exposed after infill to
improve surface
Hatch Vectors — make
up the stripe ganem
for the infill .
/
Layer 1 Layer 2 Layer 3 Layer 4 Layer § b /
—
Overlap

Fig. 2. Scanning pattern for LB-PBF SS316L ladder geometries: a) 0.2 mm wall thickness, b) 1.8 mm wall thickness, and c) representation of overlap region.
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exhibited behaviour typically observed in AM, mirroring the findings
reported in previous literature [12,14,34]. As shown in Fig. 3, the
microstructure of all as-built samples is dominated by a columnar grain
structure, reflecting epitaxial grain growth across multiple melt pool
boundaries and span through multiple build layers. This occurs irre-
spective of the change in wall thickness. However, a variation in grain
size and orientation is evident across the different samples, as presented
in Table 4. The most obvious differences were observed in the three
thinnest samples (Fig. 3(a—c)) compared to the thicker walls exceeding
0.4 mm. In the former, grain growth tended towards the central regions
of the wall and converge at the end of each grain. This grain alignment
corresponds to the semi-elliptical and symmetrical formation of the melt
pool investigated and discussed by Wrobel et al. [17]. Consequently, the
main driver for solidification is the thermal gradient (G), oriented
perpendicular to the melt pool boundaries and extending toward the top
central region. Therefore, the grain morphology seemingly orients to-
wards the wall centre with crystallographic texture more defined toward
the <001>, represented through the inverse pole figures, as shown in
Fig. 4.

However, due to the relative sample size, the maximum MUD values
were less than 3, indicating that even though some crystallographic
texture is evident, it is not thought to be high enough to be considered a
heavily textured microstructure. Likewise, this value is likely skewed by
the presence of refined equiaxed grains at the edges of the walls. An
increased wall thickness exhibited a general increase in grain size and
the maximum MUD value, indicating that larger grains with a stronger
crystallographic texture become more prominent. This coincides with a
reduction in the relative frequency of low angle grain boundaries.

As the wall thickness is increased to 0.5 mm (Fig. 3d)), the grains
present maintained some alignment towards the central region but are
predominantly aligned parallel to the build direction. These micro-
structures closely resemble those depicted previously by Wrobel et al.
[17]. Furthermore, the aspect ratio remains relatively stable (0.19-0.23)
across all thicknesses, indicating that even though the alignment
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changes, grains are not significantly elongating or compressing with
changes in thickness.

It is evident from Fig. 4 that the observed grain morphology changes
and this consequently influences the texture of each sample. As shown,
for the thinner samples (Fig. 4a)-c)) the MUD value tends toward the
<001>, however these values are below the threshold for the material to
be considered textured. The limiting factor in this scenario is sample
size, as all calculations are relative to each sample. Due to this, MUD
values may be lower than visually presented. With an increase in sample
thickness, the more prominent <101> starts to evolve throughout the
samples, which is particularly evident in the 1.8 mm thick sample.
Furthermore, this sample has two clear bands of grain orientation,
where approximately 500 ym from the wall edge, grains are seen
growing at a 45° angle towards the central band of material.

In regard to the thicker samples, Fig. 3d)-h), the solidification
microstructure results from the increased cooling rates due to slower
heat dispersion. As a result, solidification behaves in a manner similar to
that of bulkier samples, whereby a more pronounced <101> texture is
prominent, akin to that reported in the literature [7,27,35-37]. This is a
known grain orientation that LB-PBF SS316L microstructures tends
toward.

It has been established that the thermal gradient is different in
samples with varying wall thickness. In Fig. 3d), there is the first
distinguished change in grain morphology which involves a central band
of <101> textured grains running parallel to the build direction,
bordered by smaller, randomly oriented grains growing at a 45° angle
from the wall edges. Due to heat dissipation, the larger central band
retains heat across successive powder layers, allowing the grains to
continuously grow epitaxially in the preferred <101> orientation. In
contrast, the grains near the outer edge cool much faster, leading to
reduced grain growth, which is directed toward the central band, driven
by the thermal gradient created by the central grains.

Another significant consideration is the scan pattern used across the
different wall thicknesses. The representative scanning pattern

X

Fig. 3. Inverse pole figure maps of as-built LB-PBF SS316L thin-walled samples — XZ microstructural plane: a) 0.2 mm, b) 0.3 mm, c) 0.4 mm, d) 0.5 mm, €) 0.6 mm,

f) 0.8 mm, g) 1 mm and h) 1.8 mm wall edge.
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Table 4
Microstructural parameters for LB-PBF as-built SS316L thin-walled samples.

Materials & Design 258 (2025) 114592

Thickness (mm) Mean Grain size Aspect ratio

LAB relative frequency

GND Density Twin Boundaries (£3) Maximum MUD

(um?) (10"/m?) (%)
0.2 208 0.22 0.916 1.24 0.08 1.70
0.3 223 0.18 0.875 1.26 0.12 2.55
0.4 278 0.21 0.912 1.20 0.16 2.07
0.5 302 0.22 0.791 1.32 0.24 3.16
0.6 298 0.19 0.803 1.33 0.19 3.46
0.8 300 0.19 0.729 1.37 0.12 2.46
1 270 0.20 0.785 1.30 0.19 3.12
1.8 345 0.23 0.756 1.39 0.39 3.45
o Exp. Densities (MUD) g Exp. Densities (MUD) 001 Exp. Densities (MUD) ot Exp. Densities (MUD)
Min = 0.06 Min = 0.06 Min = 0.01 Min = 0.06
2.58 Max = 2.07 Max = 3.16

Max

Max = 1.70
4 1
1
01

[

Exp. Densities (MUD) o1
Min = 0.05

Exp. Densities (MUD)
Min =0.19

Max = 3.46

N
\ Max = 2.34

B

Exp. Densities (MUD) o
Min =0.14
Max = 3.12

Exp. Densities (MUD)
Min = 0.04
Max = 3.45

b

Fig. 4. Inverse pole figures of as-built LB-PBF SS316L thin-walled samples — XZ microstructural plane: a) 0.2 mm, b) 0.3 mm, ¢) 0.4 mm, d) 0.5 mm, €) 0.6 mm, f) 0.8

mm, g) 1 mm and f) 1.8 mm wall edge.

regarding the thinner as-built walls (0.2-0.4 mm), induces apparent
differences in heating effects on the build layers. At these lower thick-
nesses, having very small material volume per build layer, accompanied
with the time it takes to sinter the succeeding layer, the material has
already cooled to a point where, when the next layer is deposited there
will be a relatively large thermal gradient between the layers, as re-
ported previously through simulation by Wrobel et al. [17].

Fig. 5 presents the geometric necessary dislocation (GND) behaviour
in the as-built samples, showing similar spatial distribution and density
of GNDs across varying wall thicknesses. Fig. 6 further quantifies this,
indicating that while thinner samples exhibit a higher relative frequency
peak of GNDs, the data is normalised per sample. Thicker samples have
higher observed GND densities, as confirmed in Table 3. This suggests
that thicker samples (0.5-1.8 mm) contain more stored energy for
recrystallisation, as evidenced by the broader curves observed for these
samples.

3.1.2. Heat treatment 1 (1050 °C, 135 min)

The microstructures of the LB-PBF SS316L samples subjected to Heat
Treatment 1 (HT1: 1050 °C, 135 min) are presented in Fig. 7. As shown,
the microstructure appears to exhibit a similar morphology to the as-
built samples, with the clear presence of columnar grains aligning par-
allel to the build direction. These findings indicate that a temperature of
1050 °C has minimal influence on recrystallisation of LB-PBF SS316L. As
a result, the first 5 walls were investigated (0.2-0.6 mm) with one
further EBSD map completed at 1.8 mm to support and confirm that no
recrystallisation occurred at higher wall thicknesses.

Despite HT1 appearing to have minimal effect on recrystallisation,
some notable differences were observed in the HT1 samples regarding
grain characteristics compared to the as-built state. For example, a
reduction in the number of smaller columnar grains nucleating from the

outer walls was observed. In the as-built state, it was seen that near to
the outer edges of walls, nucleation of smaller grains was more promi-
nent within thicker samples. Whereas, in HT1, the thermal input has
reduced the proportion of smaller nucleating grains, as particularly
evident in the thinner samples, as seen in Fig. 7a)-d). Although signif-
icant microstructural alterations were not observed, a noticeable vari-
ation emerged in relation to the reduction in sample thickness, likely due
to the oxidation of the metallic samples within the post-processing
procedure.

Some minor variations were also observed in terms of grain size. The
HT1 samples exhibited a slightly courser columnar grain structure
compared to those in the as-built condition, as supported by the data in
Tables 4 and 5. However, the average aspect ratios remained consistent
with those of the as-built samples, confirming the similar morphology of
the respective grains. Additionally, as grain growth was observed,
changes in texture also took place. In the as-built state, the grain
orientation was more randomly distributed, and this absence of texture
persisted in the 0.5 mm and 0.6 mm HT1 samples, as shown in Fig. 8(d)
and (e), respectively. However, the three thinnest samples (0.2-0.4 mm)
exhibited a tendency more towards a <001 > orientation, as reflected in
the MUD values displayed in Table 5.

3.1.3. Heat treatment 2 (1150 °C, 135 min)

As the heat treatment temperature is increased to 1150 °C (HT2), the
LB-PBF SS316L thin-walled samples undergo a more pronounced level of
recrystallisation, as shown in Fig. 9 and Table 6. Here, the majority of
the long-columnar grains have been replaced by a mix of equiaxed,
uniform, and abnormally grown homogenised grains. Notably, individ-
ual grains that span the entire wall thickness are also now evident in the
thinner-walled samples (0.3-0.4 mm), also there is a near-complete
reduction of as-built additive grains and an increased presence of
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1

Fig. 5. Geometric necessary dislocation (GND) density maps of as-built LB-PBF SS316L thin-walled samples: a) 0.2 mm, b) 0.3 mm, ¢) 0.4 mm, d) 0.5 mm, e) 0.6 mm,

f) 0.8 mm, g) 1 mm, h) 1.8 mm.
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Fig. 6. GND relative frequency of as-built LB-PBF SS316L thin-walled samples.

annealing twins. With an increase in wall thickness, as-built grains are
still present albeit with a preferential alignment to the <101> orienta-
tion. Despite this, the newly formed recrystallised grains can be seen to
exhibit a higher degree of twinning, akin to the thinner samples dis-
cussed prior. To note, the 0.2 mm thick wall sample became fully oxi-
dised under HT2 conditions and was unsalvageable for microscopic
analysis.

As was the case for the HT1 samples, the increased temperature used
in HT2 has led to a significant change in grain morphology, with an
increase in grain size (by a factor of 2-3) and aspect ratio (by a factor of

1.5-2) seen across all samples. A significant increase in annealing twin
boundaries was also seen, rising from below 1 % at 1050 °C, to above 20
% in some samples heat treated at 1150 °C. Although the thicker samples
(0.8-1.8 mm) exhibited a larger population of grains due to the
increased wall thickness, the average grain size was slightly reduced.
This is due to an increase in freshly nucleated grains and competitive
grain growth.

Fig. 10 illustrates the reduction in microstructural anisotropy ach-
ieved through HT2 on the LB-PBF SS316L samples, with the exception of
the 0.3 mm sample. The inverse pole figure for this sample shows a
strong texture with preferential alignment toward the <001> direction.
The reduced material thickness, attributed to oxidation, results in a
lower grain count, which can amplify the MUD value, indicating a strong
crystallographic texture even with the few grains oriented to <001> .
Due to a partially recrystallised microstructure, other samples show no
distinct preferential orientation, with the next highest MUD value being
3.10 in Fig. 10 (c). While a MUD value above 3 indicates texture, most
samples fall below or only slightly exceed this threshold, indicating
minimal texture, supporting the start of isotropic recrystallisation
behaviour. This is reflected by the reduced maximum MUD values,
where the average MUD for HT2 samples is now 3.1, as opposed to the
HT1 where the average was 3.7.

3.1.4. Heat treatment 3 (1200 °C, 135 min)

At 1200 °C (HT3), the samples exhibit near full recrystallisation
across all thicknesses, resulting in a randomly oriented and predomi-
nantly equiaxed grain structure, as displayed in Fig. 11 and Table 7. The
columnar grains have been replaced by a mix of equiaxed, uniform, and
occasionally abnormally grown grains, with an increased presence of
annealing twins compared to samples subjected to other heat treatments
presented here. As the thickness is increased from 0.8 mm to 1.8 mm,
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X

Fig. 7. Inverse pole figure maps of LB-PBF SS316L thin-walled samples subjected to HT1 conditions (1050 °C, 135 min) — XZ microstructural plane: a) 0.2 mm, b) 0.3

mm, ¢) 0.4 mm, d) 0.5 mm, e) 0.6 mm and f) 1.8 mm.

Table 5
Microstructural parameters for LB-PBF SS316L thin-walled samples subjected to
HT1 conditions (1050 °C, 135 min).

Thickness Grain Aspect LAB =3 Maximum Rx %
(mm) size ratio Relative (%) MUD
(um?) Frequency
0.2 222 0.19 0.813 0 7.26 23.12
0.3 284 0.16 0.838 0.05 3.50 25.45
0.4 306 0.22 0.843 0.14 3.28 21.60
0.5 408 0.22 0.908 0.11 2.50 16.10
0.6 341 0.20 0.890 0.11 1.82 15.45
1.8 474 0.28 0.852 0.02 3.68 19.41

grain size increases from 1076 to 1269 um? and the twinning (23
boundary) percentage rises significantly from 17.09 % to 48.08 %.
Additionally, the thicker samples (1 mm and 1.8 mm) show some
alignment toward the <101> orientation, although MUD values in
Fig. 12 suggest a largely anisotropic structure with weak microstructural
texture. The reduction in texture is compounded by a reduced average
MUD value of 2.3 for HT3 samples. Although alignment toward the
<101> is evident in the 1 mm and 1.8 mm samples, this is a direct result
of the increased sample size.

Minor variations, such as a higher population of abnormally grown
grains (as shown in Fig. 11a)), may arise from localised differences in
grain boundary mobility or stored energy heterogeneities prior to pro-
cessing. Recrystallisation percentages are consistently high, reaching
99.73 % in the 1.8 mm sample, implying that a temperature of 1200 °C
consistently produces near full recrystallisation within the LB-PBF
SS316L samples across all investigated thickness (0.8-1.8 mm). Sam-
ples below 0.8 mm could not be investigated under this heat treatment
due to increased oxide formation at this elevated temperature. Which

ultimately led to a complete reduction in metallic material. Therefore,
EBSD analysis was not feasible.

3.2. Oxide analysis

3.2.1. As-built

In addition to the microstructural findings gathered from EBSD,
further imaging was recorded using the same SEM coupled with EDS
analysis. However, Fig. 13b was created using the FEG-SEM. As pre-
sented in Fig. 13, the EDS analysis from the as-built 0.6 mm sample
reveals a relatively low distribution of micron-scale oxides at the wall
edge. Several larger particles, rich in Si, Mn and O, can be seen in more
internal sub-surface locations, however the bulk of the oxides are
precipitated at a nano-scale, as shown in Fig. 13b.

3.2.2. Heat-treatment 1 (1050 °C, 135 min)

Similar behaviour is shown in the HT1 samples, where the back-
scattered electron (BSE) micrographs in Fig. 14a reveal the presence of
oxide particles dispersed throughout the microstructure, with higher
magnification images highlighting their distribution and morphology
(Fig. 14b). EDS maps confirm that these oxides are primarily rich in Si
and Mn, with some also containing Mo. The spatial distribution suggests
that these larger oxides have formed during the LB-PBF process, i.e.
within a melt pool and subsequently coarsened during heat treatment at
1050 °C. Notably, when compared to the as-built material, the nano-
oxide particles have slightly coarsened, since very few smaller oxides
are visible after HT. These particles (as shown in Fig. 14b) are below the
resolution limit of EDS detection and do not appear in the elemental
maps. Their presence, though not evidently observed, is inferred from
the microstructural contrast variations, as seen in Fig. 14b. These oxides
can contribute to particle pinning effects, affecting the overall micro-
structural stability and mobility of migrating grains.
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Fig. 8. Inverse pole figures of LB-PBF SS316L thin-walled samples subjected to HT1 conditions (1050 °C, 135 min) — XZ microstructural plane: a) 0.2 mm, b) 0.3 mm,

c) 0.4 mm, d) 0.5 mm, and e) 0.6 mm wall edge.

Fig. 9. Inverse pole figure maps of LB-PBF SS316L thin-walled samples subjected to HT2 conditions (1150 °C, 135 min) — XZ microstructural plane: a) 0.3 mm, b) 0.4

mm, ¢) 0.5 mm, d) 0.6 mm, e) 0.8 mm, f) 1 mm, g) 1.8 mm.

3.2.3. Heat-treatment 2 (1150 °C, 135 min)

At an annealing temperature of 1150 °C, the microstructure exhibits
evidence of significant oxide coarsening, with oxides forming/precipi-
tating along the boundaries of non-recrystallised AM grains. The BSE
micrograph (Fig. 15a) presents a distinct contrast between recrystallised
and unrecrystallised grains, highlighting the impact of oxide particle
distribution on the recrystallisation process. The unrecrystallised grain
remains elongated, indicative of the original solidification structure
from LB-PBF processing, whereas the surrounding recrystallised regions
display a more equiaxed morphology.

EDS elemental mapping in Fig. 15 suggests that the oxides rich in Si
and Mn, which were initially fine and dispersed in the as-built condition,
have now coarsened and segregated along grain boundaries. This
behaviour aligns with the expected role of oxide pinning during
annealing, where oxides initially inhibit grain boundary movement but
eventually coarsen at higher temperatures. This potentially reduces
their effectiveness as recrystallisation inhibitors, supporting and justi-
fying the sluggish recrystallisation at 1150 °C. As such, the presence of
the oxides has significantly hindered grain boundary migration. There-
fore, higher temperatures are required to possibly dissolve oxides or
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Table 6

Microstructural parameters for LB-PBF SS316L thin-walled samples subjected to

HT2 conditions (1150 °C, 135 min).

Thickness Grain Aspect LAB 3 Maximum Rx
(mm) size ratio Relative (%) MUD (%)
(um?) Frequency

0.3 386 0.38 0.847 1.65 5.66 99.9
0.4 1050 0.37 0.280 26.7 2.95 93.4
0.5 895 0.37 0.449 19.7 3.10 85.7
0.6 918 0.29 0.704 9.26  2.02 72.2
0.8 827 0.40 0.547 17.75 3.01 89.8
1 879 0.39 0.402 23.01 2.58 90.8
1.8 802 0.36 0.666 21.09 222 86.1

increase atomic mobility, to facilitate boundary migration. Although
oxides typically precipitate at grain boundaries, there are a large num-
ber of particles that are dispersed in intragranular locations, as shown in

Fig. 15.
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3.2.4. Heat-treatment 3 (1200 °C, 135 min)

At the highest annealing temperature of 1200 °C, the microstructure
exhibits a more uniform grain structure with evidence of extensive
recrystallisation. The backscattered micrograph in Fig. 16 reveals that
oxide particles distributed both within grains and along grain bound-
aries, suggesting that some oxides have coarsened and remained trapped
within grain, whilst others have migrated and segregated at grain
boundary locations.

Table 7
Microstructural parameters for LB-PBF SS316L thin-walled samples subjected to
HT3 conditions (1200 °C, 135 min).

Thickness Grain Aspect LAB 3 Maximum Rx

(mm) size ratio Frequency (%) MUD %
(um®)

0.8 1076 0.42 0.474 17.09 1.99 98.37

1 1249 0.39 0.339 21.25 278 98.82

1.8 1269 0.36 0.15 48.08 2.21 99.73

Exp. Densities (MUD
Min = 0.09
Max = 5.66

)

001

Exp. Densities (MUD)
Min = 0.28
Max = 2.95

Exp. Densities (MUD)
Min =0.16
Max = 2.02

Exp. Densities (MUD)
Min = 0.04
Max = 3.10

Exp. Densities (MUD
Min =0.23
Max =3.01

)

Exp. Densities (MUD)
Min =0.15
Max =2.58

Exp. Densities (MUD)
Min =0.13
Max =2.22

Fig. 10. Inverse pole figures of LB-PBF SS316L thin-walled samples subjected to HT2 conditions (1150 °C, 135 min) — XZ microstructural plane: a) 0.2 mm, b) 0.3
mm, ¢) 0.4 mm, d) 0.5 mm, e) 0.6 mm, f) 0.8 mm, g) 1 mm and h) 1.8 mm wall edge.

001 101

Fig. 11. Inverse pole figure maps of LB-PBF SS316L thin-walled samples subjected to HT3 conditions (1200 °C, 135 min) — XZ microstructural plane: a) 0.8 mm, b) 1

mm and ¢) 1.8 mm.
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Fig. 12. Inverse pole figures of LB-PBF SS316L thin-walled samples subjected to HT3 conditions (1200 °C, 135 min) — XZ microstructural plane: a) 0.8 mm, b) 1 mm

and c) 1.8 mm.

Fig. 13. As-built thin-walled LB-PBF SS316L samples — XZ microstructural plane: a) Backscattered image of the wall edge of 0.6 mm thick sample, b) High
magnification image from the central part of sample, showing a fine distribution of nano-oxides, ¢) EDS mapped area of large features with corresponding elemental

maps d) O map, e) Mn map, f) Si map and g) Mo map.

The presence of intragranular oxides could indicate that some par-
ticles were either engulfed by growing recrystallised grains or remained
stable within the matrix, contributing to potential strengthening effects.
In contrast, the accumulation of grain boundary oxides may influence
grain boundary mobility, either acting as pinning sites that slow grain
growth or, at higher temperatures, becoming more mobile and redis-
tributing along the boundaries, which is evidently seen in Fig. 16. The
uniform grain structure observed in this condition suggests that
recrystallisation has progressed significantly, reducing the fraction of
non-recrystallised grains seen at lower annealing temperatures.

10

However, very small, non-recrystallised grains are still present in the
microstructure and are essentially pinned in place, due to Zener pinning
forces, having been completely surrounded by oxide particles.

Fig. 17a illustrates that although full recrystallisation was produced
in the HT3 1 mm thin-walled sample, a small number of non-
recrystallised AM grains are present and pinned in place, not only by
the recrystallised grains surrounding them but the distribution of oxides
on their corresponding grain boundary. These oxides looked to have
been dragged by the migrating boundaries of the recrystallised grains
either side.
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Fig. 14. LB-PBF SS316L thin-walled samples subjected to HT1 conditions (1050 °C, 135 min) — XZ microstructural plane: a) Backscattered image of the wall edge of
0.6 mm thick sample, b) EDS mapped area of large features with corresponding elemental maps ¢) O map, d) Mn map, e) Si map and f) Mo map.

3.2.5. Zener pinning and driving pressure in recrystallisation

Oxide distribution analysis was conducted on each HT condition to
calculate relevant and representative distribution maps (Fig. 18) and the
subsequent Zener pinning pressures. While distribution and volume
fractions were measured from different area sizes, each sampled area
was considered to accurately represent each LB-PBF SS316L condition
sufficiently. However, due to potential microstructural inhomogeneity
in AM SS316L, the absolute values may carry local variation. Evidently,
a systematic increase in average particle radius can be seen with
increasing heat treatment temperature.

The Zener pinning pressure (P;), which depends on the particle
radius (r, in m), volume fraction (f, as a ratio) and grain boundary energy
(y, in J/m?) can be described by the following expression [19,38]:
_ 3Vves
P, = or

Using a literature cited value for y of 0.668 J, /m? for SS316L [34,39],
in the as-built condition, the average particle radius was 0.0178 pm
with a volume fraction of 0.533 %, resulting in a pinning pressure of
approximately 0.31 MPa. At 1050 °C, the average radius increased to
0.0747 pm, and the volume fraction was 0.41 %, resulting in a lower

(€8]
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pinning pressure of 0.056 MPa, approximately 18 % of the as-built
value. Heat treatment at 1150 °C (HT2) led to further coarsening
(0.2609 um) and a reduction in volume fraction (0.293 %), which
subsequently lowered the pinning pressure to 0.0113 MPa. Finally, at
1200 °C (HT3), particles coarsened further to 0.4392 um, with volume
fraction increasing again to 0.842 %, yielding a slightly higher pinning
pressure of 0.019 MPa.

With HT1 exhibiting a lower pinning pressure of 0.0551 MPa at
1050 °C compared to as-built of 0.31 MPa, the driving pressure must
have a lower value, which would explain the negligible impact on
recrystallisation. The driving pressure (Pp) for static recrystallisation
can be estimated using the stored deformation energy per unit volume
due to dislocations [40]. The expression is shown below:

1 2
Pp = 5 pGb )
Where p is the dislocation density, which in this case can be inferred
from the average GND density displayed in Table 4 for as-built LB-PBF
SS316L (1.30 x 104 /mz), G is the shear modulus of ~77 GPa and b is
the burgers vector magnitude for 316L stainless steel of 0.2541 nm, as
calculated in previous research [41]. The Pp was calculated to be 0.323
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Fig. 15. LB-PBF SS316L thin-walled samples subjected to HT2 conditions (1150 °C, 135 min) — XZ microstructural plane: a) Backscattered image of 0.6 mm sample,
b) EDS mapped area of AM grain surrounded by particles with corresponding elemental maps c¢) O map, d) Mn map, e) Si map and f) Mo map.

MPa, similar to literature values [34], however significantly higher than
the particle pinning pressure. Therefore other parameters must influ-
ence the recrystallisation kinetics.

3.3. Mechanical properties

Fig. 19 presents the hardness results generated on the thin-walled
samples across the four HT conditions. To note, no reliable, relative
hardness values were possible in the 0.2 mm samples subjected to the
various heat treatment procedures due to severe oxidation effects. This
was also the case for 0.3 mm sample under HT2 conditions, and any
thickness below 0.8 mm in the case of HT3.

In the as-built state, the mean hardness remains relatively consistent
across sample thicknesses from 0.2 mm to 0.6 mm, ranging between
210.74 Hv and 244.33 Hv. A slight decrease in hardness is observed from
0.2 mm to 0.5 mm, with a notable dip at 0.5 mm (210.74 Hv), probably
due to scatter, before increasing again at 0.6 mm (244.33 Hv). The 0.5
mm sample shows the highest inconsistency, with a standard deviation
of 30.82. This is unsurprising when considering the microstructural
morphology of this sample, as presented in Fig. 3d). As can be seen, this
sample starts to show a higher propensity to the <101> orientation
when compared to the thinner wall thicknesses (0.2-0.4 mm) which are
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seen to be more oriented towards <001>. However, in the 0.6 mm wall
thickness, <101> oriented grains are more prominent, as reflected by
the sample exhibiting the lowest SD of 10.32.

After heat treatment at 1050 °C (HT1), the hardness decreases across
all thicknesses, likely due to grain growth effects. Hardness values drop
from 215.13 Hv at 0.3 mm to 185.68 Hv at 0.5 mm, with a slight increase
to 190.42 Hv for the 0.6 mm sample. The 0.3 mm sample shows the
greatest variation, with a standard deviation of 23.54 and a hardness
value range of 81.61 Hv, highlighting the lack of homogeneity. In
contrast, the 0.4 mm and 0.5 mm samples exhibit lower standard de-
viation values of 8.29 and 8.17, respectively, indicating a more uniform
behaviour. The lowest range and standard deviation is observed in the
1.8 mm sample exhibiting values of 16.89 Hv and 6.11, respectively.

At 1150 °C (HT2), the hardness behaviour shows larger variation,
with a sharp increase in hardness seen in the 0.3 mm sample (281.99
Hv), significantly higher than other samples. For thicker samples (0.4
mm to 0.6 mm), the hardness progressively decreases from 235.81 to
206.50 Hv. This substantial increase in hardness for the 0.3 mm sample
may be attributed to the decrease in grain size throughout the micro-
structure at this temperature. Variability is highest in the 0.3 mm and
0.4 mm samples, showing the highest standard deviation, while the 0.5
mm and 0.6 mm samples show more consistent hardness, with lower
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Fig. 16. Backscattered image of LB-PBF SS316L 1 mm thin-walled sample
subjected to HT3 conditions (1200 °C, 135 min) — XZ microstructural plane.

Image reveals a significant distribution of particles precipitated along grain
boundaries and within newly recrystallised grains.

standard deviations. The highest range in hardness for the 0.4 mm
sample (62.88 Hv), with the 0.5 mm sample (50.67 Hv) slightly below,
indicating some heterogeneity in the microstructure, likely resulting
from the uneven recrystallisation throughout the sample. The presence
of ‘abnormally’ grown grains will undoubtedly influence these mea-
sures, due to the hardness indent only bearing a force of 50 g, which
unknowingly could be testing a single grain.

For samples heat treated at 1200 °C (HT3), the hardness values
generally show an increase with sample thickness. The 0.8 mm sample
has an average hardness of 221.53 HV with low variability (standard
deviation 10.25), while the 1 mm sample shows a slightly lower average
hardness of 207.18 HV but with increased spread. The 1.8 mm sample
exhibits the highest average hardness at 245.22 HV and the greatest
variability, indicated by the highest range of all tested samples, as given
in Table 6. These trends suggest that thicker samples from HT3 maintain
a hardness level and associated variability closer to those observed in the
corresponding as built samples. The increased presence of abnormally
grown grains is likely the major contributing factor for this difference, as
the 50 g force will undoubtably be testing a greater number of single
grains in the thicker samples.

A non-uniform relationship was seen when considering grain size
and hardness properties, as depicted in Fig. 20. Again, there is no strong
correlation between the two parameters, apart from illustrating that
grain size generally increases with an increase in heat treatment.

4. Discussion

Previous studies have shown that post fabrication heat treatments at
temperatures of 800-1200 °C can fully recrystallise austenitic LB-PBF
SS316L microstructures [28,34,42]. This study failed to produce full
recrystallisation in thin-walled samples at 1050 °C or 1150 °C, apart
from applying HT2 in the 0.3 mm sample. However, caution should be
taken when assuming that full recrystallisation has taken place in this
sample since only a reduced material cross-section remains due to
oxidation from the HT regime. HT3 proved to reproduce sufficiently
high recrystallisation values >98 % across a range of investigated
thicknesses with small, non-recrystallised AM grains pinned in-between
newly recrystallised grains.

Fig. 21 presents the effect of heat treatment and wall thickness on the
recrystallisation behaviour on the LB-PBF SS316L samples. The figure
illustrates that in the HT2 samples, recrystallisation levels fall with an
increasing sample thickness to ~70 %, however at 0.8 mm and 1 mm, it
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is clear that recrystallisation significantly increases by around ~20 %.

At intermediate wall thicknesses between 0.6 mm and 0.8 mm, the
microstructure has a central ‘band’ of heavily textured grains, prefer-
ential to the <101> orientation, which could potentially contribute to
the delayed recrystallisation observed. For the HT3 samples however,
consistent results across each of the alternative wall thicknesses are
found, exhibiting high levels of recrystallisation near ~100 %. The
scatter from the GOS calculations may be the reason for the calculations
sitting just below 100 %. Additionally, scratching of the sample due to
oxide break-off during polishing may falsely increase the GOS of certain
grains, potentially causing Thomogeneous’ grains to be misinterpreted as
uncrystallised during calculations. Nonetheless, Fig. 11 demonstrates
that all mapped grains are newly recrystallised and it can safely be
assumed that 100 % recrystallisation is being replicated for all samples
subjected to the HT3 parameters.

The results from the three heat treatment (HT) cycles at 1050 °C,
1150 °C and 1200 °C reveal several important findings worth discussing.
Notably, no significant microstructural changes were observed
following the 1050 °C heat treatment; partial recrystallisation occurred
at 1150 °C; and the microstructure was near full recrystallisation at
1200 °C, for the range of wall thicknesses investigated. Previous studies
have shown that the driving force for recrystallisation is directly related
to the geometrically necessary dislocation (GND) density in the initial
LB-PBF microstructure [26,27]. In AM materials, dislocation densities
are influenced by the cooling rate and the geometrical constraints of the
melt pool [43]. Therefore, cyclic heating and cooling in localised zones
during processing lead to the formation of dislocations, creating residual
stresses that accommodate local expansion or contraction. When these
stresses induce plastic deformation, dislocations accumulate into
cellular patterns. These dislocations, known as GNDs, facilitate local
lattice rotations and accommodate changes in shape or orientation,
particularly during solidification. Therefore, a higher dislocation density
would undoubtedly increase stored energy throughout the microstruc-
ture, promoting a faster or more sufficient recrystallisation. This phe-
nomena is consistent with previous research where a higher dislocation
density was obtained in LB-PBF SS316L compared to the same material
manufactured through a directed energy deposited AM process [7].
However, the previous findings reporting the GND density has solely
been researched and linked to bulkier LB-PBF SS316L components, with
little to no mention of thin-walled microstructures.

As presented in Fig. 5 and Table 4, it is evident that an increased GND
density does not lead to increased recrystallisation levels. For example,
the as-built 1.8 mm thick sample has the highest GND value of 1.3910%*/
m?, yet only exhibits a recrystallisation level of 86.1 % at 1150 °C.
Fig. 22 supports the ideology that areas of increased stored energy do
not necessarily lead to the nucleation of recrystallisation, as stated by
Lee [44].

For context, as part of this study, a wrought equivalent of SS316L was
also analysed and was found to exhibit a GND of 0.22 10'*/m?. Table 4
shows the GND density values of all sample thicknesses in the as-built
condition and reveals that the 1.8 mm sample exhibits the highest
GND density, however, as shown in Fig. 21 for HT2, the 1.8 mm wall
thickness does not achieve the highest percentage of recrystallisation.
Although reports [26,27] suggest GND density is the driving force for
recrystallisation, other factors such as oxide precipitation and dispersion
may have a much greater overall effect on the microstructure to mitigate
the GND density.

Given the lack of correlation between GND density and recrystalli-
sation, other parameters need to be considered. One such feature is the
presence of LAB and HAB frequency, as HABs are a well-known pref-
erential site of nucleation for recrystallisation [19]. Also, they possess
higher mobility than LABs, therefore being important for the growth
mechanism [19]. Nonetheless, in this investigation the HAB frequency
does not have any correlative effects on the recrystallisation, as shown in
Fig. 23. Here, across all thickness values, the HAB and LAB frequency
have been compared against the recrystallisation percentage, exhibiting
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Fig. 17. LB-PBF SS316L thin-walled samples subjected to HT3 conditions (1200 °C, 135 min) — XZ microstructural plane: a) Backscattered image of 1 mm sample, b)
EDS mapped area of non-recrystallised AM grain surrounded by particles with corresponding elemental maps c¢) O map, d) Mn map, e) Si map and f) Mo map.
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Fig. 18. Comparison of the oxide distribution for as-built, HT1, HT2 and
HT3 conditions.

minimal correlation between these microstructural parameters.

The observed lack of direct correlation between Vickers hardness and
microstructural parameters, as shown in Fig. 19, can be attributed to
several interrelated factors. Firstly, oxide dispersion strengthening [37]
plays a significant role in the annealed samples, where the distribution
of oxide particles act as effective barriers to dislocation motion, thereby
contributing to hardness independent of grain size or recrystallisation
fraction. To characterise this would be very difficult and outside of the
study’s limitations. Secondly, residual stress relief is not uniform across
varying wall thicknesses, resulting in inconsistencies in recrystallisation
fractions. Likewise, the differing localised areas of recrystallisation
evidently lead to spatial heterogeneity in the hardness values that do not
necessarily align with microstructural changes. Additionally, the rela-
tively low indentation force used during testing likely emphasised these
local variations; the indenter tip may have indented directly on hard,
brittle oxide particles, which are known to significantly increase local
hardness through oxide dispersion strengthening.

Nucleation is defined as the process in which dislocations rearrange
within a deformed/recovered structure, forming regions of low dislo-
cation density that contain at least one high-angle grain boundary.
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Fig. 19. Effect of heat treatment and wall thickness on the hardness properties of thin-walled LB-PBF SS316L samples in the as-built and heat treated

(HT1-HT3) conditions.
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Fig. 20. Effect of heat treatment
(HT1-HT3) conditions.

These low dislocation density regions have the potential to rapidly grow
and consume the surrounding deformed matrix [19], in this case being
the columnar-like structure of the LB-PBF samples. It is well known that
nucleation can occur at different sites in a deformed microstructure
[19]. In this study, the as-built LB-PBF SS316L is subsequently deformed
with a high energy state for recrystallisation to nucleate. However, as
already discussed, Fig. 15 proves higher stored energy through GND
density does not lead to high recrystallisation levels. In this study,
nucleation in the thin-walled samples would occur either by the move-
ment of pre-existing HABs or the formation of new ones, assuming that
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and grain size on the hardness properties of thin-walled LB-PBF SS316L samples in the as-built and heat treated

strain-induced boundary migration (SIBM) is the primary nucleation
mechanism for LB-PBF SS316L during static recrystallisation. This
mechanism describes the formation of recrystallisation nuclei through
the bulging of a dislocation-free subgrain into a grain with higher stored
energy [19], possibly due to the presence of geometrically necessary
dislocations (GNDs) and LAB. The driving force for the formation of a
recrystallisation nucleus is the stored energy difference, AE, between
two neighbouring grains sharing a HAB. Once a nucleus reaches a crit-
ical size, it begins to grow. The existence of these nuclei suggests that
nuclei precursors, or embryos, must already be present in the as-built LB-
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Fig. 21. Effect of heat treatment and wall thickness on the recrystallisation behaviour of thin-walled LB-PBF SS316L samples in the as-built and heat treated (HT1-

HT3) conditions.
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Fig. 22. The correlation between GND density and recrystallisation % of samples subjected to HT 2 conditions for all wall thicknesses for LB-PBF SS316L.

PBF structure. For an embryo to become a fully active nucleus, it must
grow into the deformed matrix. As supported in Fig. 22, the presence of
increased GND density does not lead to higher recrystallisation levels.
Therefore, the sluggish recrystallisation is directly linked to the strong
particle pinning within the LB-PBF 316L thin —walled material, as
illustrated in section 3.2.

During annealing, oxide particles undergo Ostwald ripening and
coarsening [45]. When a migrating boundary is pinned, its movement is
temporarily halted while the particles rapidly coarsen through grain
boundary diffusion. Once these particles reach a critical size, the pinning
effect weakens, allowing the boundary to unpin and resume movement.
This process leaves behind coarse particles within the recrystallised
grains, forming a distinct pattern that reflects the previous locations of
the grain boundaries. As such, these Si/Mn oxides, which form during
the annealing of LB-PBF SS316L, play a crucial role in inhibiting
recrystallisation by pinning grain boundaries and restricting their
mobility. As annealing increases atomic mobility, Si and Mn diffuse
toward grain boundaries and react with residual oxygen, forming stable
oxides such as MnSiO3 and MnySiO4. Due to their high-energy state,
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these oxides preferentially nucleate at grain boundaries, where they
exert a Zener pinning effect [46] that inhibits boundary migration. Over
time, Ostwald ripening causes smaller oxide particles to dissolve and
redeposit onto larger ones, leading to oxide coarsening [23]. As these
oxides grow, their pinning effect diminishes, as once they surpass a
critical size, they can no longer effectively impede boundary motion,
allowing previously pinned boundaries to become mobile again.

This delayed boundary movement can result in abnormal grain
growth [47] rather than uniform recrystallisation, depending on the
heat treatment conditions. In this study, abnormal grain growth was
observed in the HT2 and HT3 conditions, as shown in Figs. 9 and 11.
This occurs when a small subset of grains expand significantly more than
their surroundings, disrupting uniform grain size distribution. It is
driven by variations in boundary mobility and stored energy among
grains [48]. In the presence of coarsened Si/Mn oxides, once boundaries
unpin, grains with higher mobility rapidly consume their neighbouring
grains, creating a non-uniform microstructure. Thus, annealing LB-PBF
SS316L samples induces a stop-and-go boundary migration mecha-
nism, where grain boundaries are periodically pinned and unpinned due
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Fig. 23. Correlation between recrystallisation %, at 1150 °C, with low angle boundary (LAB = misorientation (2-15°)) and high angle boundary (HAB = misori-

entation >15°) frequency — heat treated at 1150 °C.

to Ostwald ripening and Zener pinning effects.

Previous studies have calculated the driving force generated by grain
boundary migration, finding it to be several times greater than the
gravitational force acting on inclusions. This significant difference al-
lows oxides to be dragged along as boundaries migrate [25]. The
mobility of oxide particles is strongly size-dependent, with smaller
particles exhibiting much higher mobility. Consequently, the nanosized
oxides present in as-built LB-PBF SS316L (seen in Fig. 13b) possess
relatively high mobility and can be directly dragged through volume
diffusion of the matrix atom, Fe [25,49].

The schematic in Fig. 24, adapted from Deng et al. [30] illustrates the
interaction between a migrating high-angle boundary and oxide parti-
cles in LB-PBF SS316L. During recrystallisation, grain boundary migra-
tion is initiated by the nucleation of new grains, which form to reduce
stored energy or grain boundary energy. As the boundaries move, they

drag oxides along, leading to their accumulation at grain boundaries
[25]. Smaller oxides dissolve, and their atoms diffuse toward larger
oxides due to the shorter diffusion paths, with grain boundaries acting as
“diffusion highways” that accelerate this process. This results in oxide
growth at grain boundaries, as shown in Figs. 15a and 16.

As grain size increases, the driving force for boundary migration
decreases. Larger oxides eventually detach from the boundaries, while
smaller ones continue to be transported. Migration ultimately ceases
once the driving force becomes insufficient, leaving oxides concentrated
at grain boundaries at certain stages of recrystallisation. Over time, this
fraction diminishes as grain size increases. However, due to the high
diffusion rates along grain boundaries, oxides located at boundaries tend
to remain larger than those within the grains. Fig. 25 provides an insight
to this phenomenon, showing the oxide dispersion in HT2 0.6 mm thin-
walled sample.

—

Boundary Movement

Mn,Si Oxide Particles

Migrating High Angle Boundary

’ Zenner Dragging Force

Fig. 24. Schematic showing the interaction between coarsening of oxide particles with a migrating high-angle boundary during strain induced boundary migration

mechanism. []
Adapted from 30.
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When the annealing temperature is increased to 1200 °C (HT3), the
oxide pinning effects are significantly reduced due to the enhanced
driving force generated at higher temperatures. Elevated temperatures
promote greater atomic mobility, accelerating grain boundary migration
and reducing the effectiveness of Zener pinning by oxide particles,
which is why much greater recrystallisation percentages are achieved.
The higher thermal energy facilitates the dissolution and coarsening of
oxides, weakening their ability to restrict boundary movement. Addi-
tionally, the increased driving force overcomes the resistance imposed
by pinning particles, allowing more rapid grain growth and leading to
microstructures clustered with more abnormally grown grains. As a
result, the restrictive influence of oxide pinning diminishes considerably
at 1200 °C, enabling more extensive recrystallisation and grain bound-
ary migration.

Assuming an equal initial dislocation density of 1.30 x 10'*/m? for
samples subjected to heat treatments at 1150 °C and 1200 °C, the dif-
ferences in recrystallisation behaviour can be attributed primarily to the
interplay between driving pressure, pinning pressure, and grain
boundary mobility during thermal exposure. Both samples begin with
the same stored strain energy, representing the driving pressure for
recrystallisation, and initially exhibit similar pinning pressures from
dislocations and second-phase particles in the as-built microstructure.

During heat treatment, dislocation recovery and particle coarsening
modify these factors differently at each temperature. The Zener pinning
pressure was calculated to assess particle pinning evolution. At 1050 °C,
the average particle radius increased from 0.0178 um to 0.0747 um
while the fraction volume lowered to 0.41 % from 0.533 %, leading to a
particle pinning pressure of 0.055 MPa, significantly lower than the
driving pressure. At 1050 °C, recrystallisation does not occur primarily
due to limited thermal activation that restricts grain boundary mobility.
Although the driving pressure may exceed the pinning pressure, the
temperature is insufficient to provide the necessary energy for grain
boundaries to move and for recrystallised grains to nucleate and grow.
This low grain boundary mobility slows down the recrystallisation ki-
netics significantly, preventing the process from progressing even when
the thermodynamic conditions appear favourable. Additionally, com-
plex particle distributions and recovery processes may further inhibit
boundary migration and reduce the effective driving pressure, contrib-
uting to the suppression of recrystallisation at this temperature. While at
higher temperatures of 1150 °C resulted in a reduction of pinning

.”\a

r

e

Ditection of HAB
Phovement

NGB,

SU3500 20.0kV x470 BSE-3D

Fig. 25. Annotated backscattered image of LB-PBF SS316L thin-walled 0.6 mm
sample subjected to HT2 conditions (1150 °C, 135 min) — XZ microstructural
plane. Image illustrates the abnormally-grown recrystallised grains that have
grown and dragged oxides to the boundary of a non-recrystallised AM grain.
The boundary migration has ceased due to insufficient driving force, therefore
leaving oxides precipitated at the grain boundaries.
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pressure to approximately 3.75 % of the as-built value, at 1200 °C, the
particle radius further increases to 0.4392 um with a volume fraction of
0.842 %, yielding a pinning pressure about 6.4 % of the initial as-built
state. Despite this slightly higher pinning pressure at 1200 °C, the
overall resistance to grain boundary movement remains significantly
reduced compared to as-built conditions.

At 1150 °C, moderate dislocation recovery reduces the driving
pressure somewhat, but grain boundary mobility is limited by lower
atomic diffusion rates. This combination of oxide induced pinning
pressure and lower driving pressure due to recovery restricts recrystal-
lisation progression, leading to approximately 72 % recrystallisation in
the 0.6 mm HT2 sample. At 1200 °C, more extensive recovery further
decreases the driving pressure, but a higher grain boundary mobility
rate enables faster grain boundary migration. This enhanced mobility
overcomes the marginal pinning pressure exerted by the coarser oxides
within, resulting in nearly complete recrystallisation (~99 %).

In summary, although both driving pressure and pinning pressure
decrease during heat treatment, the dominant factor controlling
recrystallisation extent is the grain boundary mobility combined with
the oxide distribution, which increases markedly with temperature. This
allows recrystallisation to proceed more fully at 1200 °C, highlighting
the critical role of temperature-dependent kinetics in microstructural
evolution.

Furthermore, at 1200 °C, the thermal energy is significantly greater,
increasing atomic diffusivity and lowering the critical driving force
required for boundary migration. This temperature-dependent increase
in grain boundary mobility enables boundaries to overcome local
pinning sites more readily, promoting more recrystallisation and grain
growth. The presence of a small number of grains significantly larger
than the matrix indicates the onset of abnormal grain growth (AGG) as
classically defined by a bimodal grain size distribution [19] produced
from the stop and go recrystallisation mechanism. While there is no
universally accepted area-based threshold for identifying abnormal
grains in experimental literature, phase-field simulations [48] suggest
that grains with equivalent diameters exceeding 3.5x the mean diameter
corresponding to areas approximately 12x larger than the mean, this
behaviour is consistent with AGG which can be expressed as follows:

D,
Diimom-y = > 3.5 ®)
avg

Where, if the grain diameter is more than 3.5x the average grain
diameter it can be considered as abnormal, marking the onset or pres-
ence of abnormal grain growth. Therefore this criterion was applied to
the samples within this study.

Table 8 demonstrates that a significant number of grains exceed the
defined size threshold, corroborating the occurrence of AGG under the
applied heat treatment regimes, with a more pronounced effect observed
in HT2 compared to HT3. The reduced average grain size in HT2,
attributable to its partial recrystallisation, effectively impedes grain
coarsening and preserves a finer microstructural scale. In contrast, the
fully recrystallised HT3 condition facilitates more uniform grain growth,
yielding larger average grain sizes yet a diminished relative fraction of
abnormally grown grains. This indicates that complete homogenisation
promotes a microstructure characterised by a greater prevalence of
uniformly large grains, thereby suppressing the nucleation and growth
of abnormal grains. Given that each microstructural condition exhibits
distinct average grain diameters, the ratio of maximum grain diameter
(Dmax) to average grain diameter (Dgyg) varies accordingly. Nonetheless,
the dataset consistently reveals that HT2 samples possess a higher pro-
portion of abnormally large grains relative to HT3. Through previous
research, AGG in SS316L is generally reported to initiate within the
temperature range of 1000-1200 °C [50]. In this regime, certain grain
boundaries exhibit a localised velocity advantage, promoting preferen-
tial and accelerated grain growth compared to the surrounding matrix.
This localised enhancement in grain boundary mobility leads to the
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Table 8
Abnormal grain count for HT2 and HT3 conditions.
HT ID Thickness (mm) Avg. Grain Total Abnormal
Diameter (um) grain count grain count
2 0.3 19.73 99 1
0.4 27.85 142 2
0.5 25.77 280 6
0.6 24.39 375 12
0.8 25.56 610 8
1 26.14 796 13
1.8 23.98 1309 33
3 0.8 28.99 300 5
1 31.40 413 5
1.8 32.02 811 9

development of abnormally large grains, consistent with the typical
AGG behaviour observed [48]. So in the case of this study, the HT3
(1200 °C) conditions are on the tail end of the temperature range and
therefore the abnormal grain ratio drops off, compared to temperature
of 1150 °C.

5. Conclusions

In this study, a series of LB-PBF SS316L thin-walled samples were
manufactured and subjected to one of three heat treatment annealing
processes at temperatures ranging from 1050 °C to 1200 °C and
compared to the as-built equivalent. The aim of the research was to
assess the effect of sample thickness on the microstructural morphology,
and most importantly, recrystallisation behaviour of thin-walled sam-
ples. The main conclusions are as follows:

1. In the as-built condition, the microstructure of LB-PBF SS316L
changes with an increasing wall thickness. In thinner samples
(0.2-0.4 mm), grains preferentially grew in the <001> crystallo-
graphic orientation, and displayed a morphology that would orient
towards the centre of the wall due to the thermal gradient attributed
to the LB-PBF process. Once the wall thickness exceeds 0.4 mm, the
<101> orientation was dominant.

2. A temperature of 1050 °C was proven to have no significant effect on
the microstructure with little to no recrystallisation observed, as the
samples resembled morphologies similar to the as-built state. How-
ever, this temperature slightly altered the crystallographic texture,
particularly in the thinner samples. Also, grain size increased by a
factor of 2.

3. At 1150 °C, partial recrystallisation was observed, with a small
fraction of long-columnar grains being replaced by an uneven dis-
tribution of equiaxed, normally grown, and abnormally large
“homogenised” grains. The sluggish recrystallisation at this tem-
perature was primarily attributed to oxide pinning, which restricted
grain boundary mobility and impeded the formation of a fully
recrystallised microstructure. Analysis of GND density, as well as
HAB and LAB frequencies, did not reveal any clear correlation with
the final recrystallisation percentages, suggesting that oxide pinning
played a more dominant role in controlling the recrystallisation
process.

4. At 1200 °C (HT3), near 100 % recrystallisation was consistently
achieved across all sample thicknesses (0.8 mm, 1 mm and 1.8 mm),
indicating that the elevated temperature was sufficient to overcome
the strong oxide particle pinning that had previously hindered
recrystallisation at lower temperatures. This temperature also led to
a significant increase in grain growth, with an expansion factor of 1
to 1.5 observed in all samples. Despite the enhanced recrystallisation
and grain growth, the frequency of annealing twins remained
consistent between 1150 °C (HT2) and 1200 °C (HT3), suggesting
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that twin formation was not significantly influenced by the temper-
ature increase in this range.

5. From EBSD analysis on each of the samples with varying wall
thicknesses and subjected to one of the three post process heat
treatment conditions, no single microstructural parameter was found
to prominently control the hardness response of the material. This
included grain size, aspect ratio, frequency of LABs, percentage of
twin boundaries, texture, recrystallisation percentage, in addition to
the thickness of each respective wall. Therefore, it is suggested that
future studies should focus on alternative property characterisation
methods to understand whether a trend can be derived between the
resulting microstructures and the mechanical performance.

6. Prior to this study, it was believed that the driving force for recrys-
tallisation was primarily due to the presence of geometrically
necessary dislocations (GNDs). However, the results of this study
show that GNDs do not have a significant correlation with recrys-
tallisation. Although high stored energy from GNDs was present, it
did not lead to substantial recrystallisation, indicating that the pri-
mary mechanism in the thin-walled samples was strain-induced
boundary migration (SIBM). Additionally, the presence of Mn-Si
oxide particle pinning was found to significantly limit grain bound-
ary movement, further hindering recrystallisation.
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