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This study investigates the mechanical behaviour of fused filament fabrication (FFF) of 316L austenitic stainless
steel compared to conventional 316L at room temperature and 77 K, focusing on deformation-induced
martensitic transformation (DIMT). Results reveal that the Liiders-like effect, present in conventional 316L at

316L . 77 K, is absent in FFF 316L due to porosities that hinder martensitic front propagation. At room temperature,
Cryogenic temperatures . . TR . . . i
Microstructure uniform strain distribution and DIMT were observed in conventional 316L, whereas in FFF 316L, martensitic

nucleation occurred around pores, serving as a localized strengthening mechanism. Microstructural analysis
identified Fe-5 islands along grain boundaries in FFF 316L, which contribute to its multiphase nature. Although
FFF 316L demonstrates lower yield stress and elongation compared to conventional 316L, this study does not
establish design allowables. The present findings are limited to monotonic tensile behaviour, fatigue performance
and corrosion resistance under cryogenic conditions were not assessed. Further optimization of fabrication pa-

rameters to minimize ferrite content and porosities is suggested to enhance mechanical performance.

1. Introduction

Austenitic stainless steel (ASS) 316L is widely used in various in-
dustrial applications because of its outstanding corrosion resistance,
high ductility, and good mechanical properties, especially under
extreme temperature conditions. ASS was chosen for the Spacecraft due
to its high strength, excellent high-temperature resistance, corrosion
resistance, and durability at wide range of temperature. These properties
are critical for interplanetary travel, reusability, and preserving the
structural integrity of the spacecraft throughout its missions, even under
extreme conditions where temperatures drop below 77 K. The compo-
nents of the spacecraft fuselage, including the engine, exhaust compo-
nents, landing gear components, and key superstructure joints, are made
from conventional ASS. However, less critical elements could be made
from 3D-printed steel. This would allow for optimized shapes and reduce
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material and energy consumption.

Deformation-induced martensitic transformation (DIMT) in ASS is a
phenomenon where mechanical deformation leads to the transformation
of the face-centered cubic (FCC) austenite phase into the body-centered
cubic (BCC) or body-centered tetragonal (BCT) martensite phase [1,2].
This transformation can significantly alter the mechanical properties of
the material, such as increasing strength and hardness while potentially
reducing ductility. Latest findings [3] suggest that the mechanical
properties of metastable FCC alloys with low to medium stacking fault
energies can be effectively enhanced by facilitating martensite seeds via
pre-straining at cryogenic temperatures.

This study focuses on the mechanical behaviour of 316L stainless
steel, produced through both additive manufacturing (AM) and tradi-
tional manufacturing methods, with particular emphasis on
deformation-induced martensitic transformation at wide range of
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temperature (77 K-295 K).

Conventionally manufactured 316L has been extensively studied for
cryogenic conditions [4,5]. Studies show significant differences in the
deformation behaviour of ASS at cryogenic temperatures compared to
room temperature [6-11]. A key process occurring in austenitic steels
under mechanical stress in cryogenic conditions is DIMT [12-14]. The
most frequently observed phase transformation in metastable austenitic
(y) stainless steels is the martensitic (o) transformation due to plastic
deformation, which significantly influences work hardening [15-19].
This transformation typically occurs in randomly distributed, over-
lapping stacking faults at low stacking fault energy (<20 mJ m~2) and
has minimal effects on the macroscopic behaviour even at very low
temperatures [20,21]. DIMT offers advantages such as increased
strength and work hardening rates, enhancing mechanical performance
under deformation [14]. On the other hand, the presence of ferrite
content negatively impacts the material’s properties by reducing ductile
elongation, which limits its ability to undergo plastic deformation before
failure. Additionally, it compromises corrosion resistance, making the
material more susceptible to environmental degradation [22-24].
Furthermore, the ferrite content alters the magnetic properties of the
material, introducing magnetic behaviour that may be undesirable for
certain applications requiring non-magnetic performance [25,26].

In light of technological advancements, particularly in cryogenic
storage and aerospace industries where complex geometries are
required [27,28], AM has emerged as a promising solution for cryogenic
applications. AM offers not only the advantage of producing complex
geometries with minimal processing steps but also the ability to tailor
the microstructure to meet specific requirements by optimizing process
parameters, potentially replacing conventional ASS in such applications
[29-31]. By adjusting process parameters, it is possible to control the
occurrence and characteristics of DIMT in additively manufactured
materials, tailoring the mechanical properties for specific applications.

Jeong et al. [32] and Hong et al. [33] have investigated the influence
of laser scanning speed on DIMT, finding that a slower scanning speed
delays the DIMT process, in particular during deformation at cryogenic
temperatures. Increased stacking fault energy and denser cellular
structures hindered the formation of shear bands, thereby suppressing
martensitic transformation.

In addition to the LPBF process, the Fused Filament Fabrication (FFF)
process has been in use since the 1990s. Initially introduced for the
freeform fabrication of three-dimensional solid objects, this process was
first applied to thermoplastics. In 1996, it was adapted for producing
metal components, known as FDMet [34]. Early materials included 17-4
PH steel [35]. In recent years, research has focused on improving fila-
ment properties to achieve good extrudability at high particle loadings
while maintaining the required mechanical strength. This research in-
cludes materials such as 316L stainless steel, Ti6bAl4V alloy, and ce-
ramics [36,37]. For instance, BASF has introduced the UltraFuse 316LX
filament, developed for use with standard desktop FFF printers and
subsequent debinding and sintering processes. A limited number of
studies have been conducted on this material, focusing on aspects such
as mechanical properties [38,39] corrosion resistance [29], comparison
with conventionally manufactured and LPBF-produced samples [40],
microstructure [41], the influence of porosity [42], build direction and
printing speed [43], as well as the effects of post-processing methods
such as sintering and debinding [44]. Previous investigations have been
conducted exclusively at room temperature [42-44]. However, it should
be noted that excellent properties at room temperature do not guarantee
performance under cryogenic conditions. Therefore, this study aims to
investigate the mechanical behaviour of 316L stainless steel produced
via FFF and subjected to quasi-static tensile loading under cryogenic
conditions. The focus lies on the effects of DIMT and how manufacturing
parameters and porosity influence this transformation, as well as
exploring ways to control the DIMT process.

This study seeks to compare the mechanical properties and defor-
mation mechanisms of FFF-produced 316L with conventionally
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manufactured 316L. By employing tensile tests, digital image correla-
tion (DIC), ferrite measurements, microstructural analysis using electron
backscattered diffraction (EBSD), and chemical analysis using energy
dispersive x-ray spectroscopy (EDS) in scanning electron microscope
(SEM), this research aims to provide a comprehensive understanding of
the material properties and microstructural evolution under room
temperature and cryogenic conditions. The findings of this study aim to
deepen the understanding of the potential of additive manufacturing to
tailor the material properties of 316L, essential for developing compo-
nents with enhanced properties that meet the demands of low-
temperature applications and open new fields for additively manufac-
tured metallic components [32].

2. Materials and methods
2.1. FFF process and post-processing

The Ultrafuse 316L filament, created by BASF for producing stainless
steel parts through 3D printing, was employed. The schematic repre-
sentation of the FFF process is shown in Fig. 1. This filament, comprising
80 % spherical metal powder and measuring 1.75 mm in diameter,
facilitated the creation of “green” samples using an Ultimaker S5
desktop printer (Fig. 1a). This printer features an extruder, temperature
control, a heated build plate, a movement system, and a heated print
head with nozzles. For optimal adhesion and print quality, the temper-
ature of the building platform is set to 373 K (100 °C), while the nozzle
operates at a temperature of 515 K (242 °C). The printing speed is
adjusted to 15 mm/s for outer layers to ensure fine detail, while inner
layers are printed at a faster speed of 20 mm/s, optimizing the printing
time while maintaining mechanical strength. To obtain a fully functional
metallic component, the printed “green parts” must undergo debinding
and sintering. During the debinding stage, the polymer binder is ther-
mally or chemically removed, transforming the green part into a “brown
part” composed of loosely bonded metallic particles. In the subsequent
sintering process, these particles are metallurgically fused, producing
the final “white metal part” with the desired density, dimensional ac-
curacy, and mechanical integrity. These conventional terms—green,
brown, and white—refer both to the state of the part during successive
processing stages and to the visible colour changes resulting from binder
removal and metallic consolidation. After final machining, the appear-
ance and surface finish of the specimens are virtually indistinguishable
from those of conventionally manufactured 316L stainless steel
components.

The BASF Debinding and Sintering (D&S) process, developed for
Ultrafuse 316L, consists of two main stages: removal of the polymer
binder and subsequent sintering of the metallic particles. The catalytic
debinding is performed in a nitrogen atmosphere (500 L/h) with nitric
acid (HNOj3) dosing at 30 mL/h and a temperature of 120 °C. Under
these conditions, the binder is removed from the surface at a rate of 1-2
mm/h. Debinding is considered complete once a minimum mass loss of
10.5 % is achieved, ensuring effective polymer removal without
compromising the integrity of the printed part. The subsequent sintering
stage densifies and strengthens the material while inducing dimensional
shrinkage of approximately 16 % along the x- and y-axes and 20 % along
the z-axis. Sintering is carried out in a controlled hydrogen atmosphere
through multiple heat cycles: heating at 5 K/min to 600 °C witha 1 h
dwell, followed by heating at 5 K/min to 1380 °C and holding for 3 h,
then controlled cooling inside the sintering furnace [45]. All Ultrafuse
316L FFF printing, debinding, and sintering procedures were performed
at Elnik Systems (Germany) in strict accordance with BASF’s process
recommendations.

Tensile specimens were manufactured according to E8 ASTM. The
main dimensions of the specimens are shown in Fig. 2a. All samples were
aligned on the printing plate as shown in Fig. 2b. Two different infill
strategies were assessed, Fig. 2c¢ and d. In Fig. 2c the layers were printed
0° and 90° and in case of Fig. 2d, the layers were orientated +45°
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Fig. 1. Manufacturing steps: (a) printing process; (b) debinding stage; (c) sintering process.
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Fig. 2. Build orientation: (a) Specimen according to ASTM ES8; (b) Ultimaker desktop and build orientation in (c) 45°/45° and d) 0°/90° to the tensile

loading direction.

aligned to load direction. These orientations are commonly used in FFF
and span the typical extremes of orientation-driven anisotropy
encountered in practice [46,47]. The 0°/90° raster aligns extruded roads
with the loading axis, maximizing continuous load paths and mini-
mizing resolved shear across adjacent roads, representative of plate-like
housings, covers, and fixtures, whereas the +45° raster promotes
shear-dominated load transfer with more frequent adjacent-road and
interlayer interfaces, representative of brackets, frames, and
general-purpose infill. This selection ties the tensile tests to
application-relevant loading paths while preserving manufacturability
and reproducibility.

A notable aspect of this study is the evolution of ferrite content
throughout all stages of specimen fabrication (Fig. 1), following the
BASF procedure (Table 1). The volume fraction of secondary phase is
measured by feritscope FMP 30 (Helmut Fischer), a portable device
employing magnetic induction to determine ferrite volume fraction in
steel samples. Based on these measurements, the martensite volume
fraction is calculated according to the methodology developed by
Talonen et al. [48]. Due to the measurement limitations of the

Table 1
Ferrite volume fraction for FFF’s three-step printing process.

Printing process Ferrite content [%]

Filament 0.30-0.60
Green part 1.22-1.36
Finished part 6.00-7.00

feritscope, such as the edge effect, the influence of porosity on the
measurement, etc., comparing results between processes is not justified.
Table 1 demonstrate that at every stage of printing, a certain amount of
ferrite is present.

In addition to 3D printed parts, the study also compared these with
commercial sheet 316L ASS, which are 2 mm thick. The dog bone-
shaped tensile test specimens (Fig. 2a) are fabricated using electrical
discharge machining (EDM) from commercial stainless-steel sheets with
the tensile axis aligned with the rolling direction. The semi-products are
supplied in cold-rolled and the annealed conditions according to the
standards ASTM A480 and EN 10088. In these forms, the materials are
typically used for structural components that operate over a wide range
of temperatures. The chemical composition measured using WAS
Foundry-Master optical emission spectrometer, of FFF and conventional
316L is presented in Table 2.

The microstructure investigation of steel samples was conducted
using FEI Versa 3D FEG with Oxford Instruments Symmetry S2 CMOS
EBSD camera, and Ultim MAX 40 EDS detector. EBSD and EDS maps
were collected at beam acceleration voltage of 20 kV and probe current
of 26 nA. Hough transform indexing of electron backscattered patterns
(EBSP) in Oxford Aztec software was used to determine crystal orien-
tations. The EBSD data analysis was carried out using Oxford Aztec
Crystal software and Matlab with MTEX toolbox [49]. To improve the
indexing rate and accuracy, a post-acquisition data treatment consisting
of dynamic template matching, and orientation refinement based on
stored EBSPs was performed in Aztec Crystal software. Samples for
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Table 2
Chemical composition of 316L and FFF 316L samples.
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Chemical composition %

Fe C Si Mn Ni P S Cr Mo Al
316L bal. 0.053 0.54 1.34 9.75 0.031 0.005 16.6 2.05 0.005
FFF 316L bal. 0.052 0.59 1.15 10.10 0.026 0.005 16.5 2.14 0.006

microstructure investigation were mounted in resin and prepared
metallographically. The metallographic preparation included grinding
with SiC papers up to #2000 grit followed by mechanical polishing
using diamond suspensions up to 1 pm, and final polishing step using 60
nm colloidal silica suspension in vibratory polisher.

3. Experimental results
3.1. Experimental setup and tensile test results

To investigate the material’s behaviour at both cryogenic and room
temperatures, an experimental setup was developed [50-52]. The
cryogenic tests were conducted using a cryostat, where the specimen
and transducers were mounted between the grips of a tensile test ma-
chine (Instron 1343). Liquid nitrogen (77 K) served as the cryogen,
delivered into the cryostat through a transfer line until the specimen and
transducers were fully immersed. A thermistor inside the cryostat
monitored the cryogen level. Displacement-controlled tests were then
carried out with the elongation of the specimen measured by clip-on
extensometers. The general scheme of the experimental setup for cryo-
genic tests is illustrated in Fig. 3a.

To analyse the macroscopic behaviour of specimens and the defor-
mation mechanism of ASS at room temperature, the Digital Image
Correlation (DIC) technique is employed during the displacement-
controlled tensile tests (Fig. 3b). The strain distribution during tension
is monitored using the DIC Aramis 12 M system, equipped with lenses
having a total focal length of 75 mm and calibrated settings suitable for
the measuring area of 170 x 156 mm or 38 x 25 mm. Calibration is
performed before testing using a certified GOM calibration plate.

The displacement-controlled uniaxial tensile tests are conducted on
dog bone specimens of conventional 316L and FFF 316L stainless steel at
room temperature and 77 K, with a crosshead velocity of 1 mm/min (¢ =
5,2:10~*s71). In this study, the results of the DIC analysis are presented
as strain amplitude along the specimen axis for different traverse dis-
placements (Fig. 5b). One key question arises: is it possible to quanti-
tatively and qualitatively distinguish the differences in macroscopic

a) Digital Imaging
Correlation

b)

Cryosta

3-D strain full field at 77K

Multi-detector array

strain distribution between the conventional 316L and FFF 316L steels
in the initial uniform stage? To precisely examine the homogeneity of
the strain field distribution in both specimens, the floating root mean
square (RMS) function of strain amplitude along the symmetry axis is
evaluated (Fig. 5¢). This approach allows for a detailed analysis of strain
distribution patterns, providing insights into the mechanical behaviour
of both materials [50,53].

The martensite and ferrite volume fractions were measured using the
Feritscope Fisher FMP 30, an instrument that detects all magnetic phases
[48]. It is noteworthy that during the fabrication of FFF 316L, following
the producer’s procedure, the ferrite volume fraction varied, as shown in
Table 1. The finished specimen contained approximately 6-7 % ferrite
(Table 1, Fig. 3c). During tensile tests conducted at both room temper-
ature and 77 K, no significant changes in ferrite volume fraction were
observed, indicating that the ferrite islands remained stable (Figs. 9, 10d
and 11d). Hence, to accurately determine the DIMT content in FFF 316L,
the ferrite volume fraction was subtracted from the feritscope
measurement.

The stress-strain curves from displacement-controlled tensile tests on
dog bone specimens of conventional 316L and FFF 316L at room tem-
perature and 77 K are shown in Fig. 4. At room temperature, loading-
unloading tests were conducted to monitor the evolution of martens-
itic volume fraction across different loading cycles. These tests provide
insights into the changes in material properties related to the formation
of new martensitic phases throughout the cycles. At 77 K, the tests were
interrupted to remove the specimen from the cryostat, and the volume
fraction of martensite was measured. Subsequently, the next specimen
was subjected to tension until reaching the designated plastic strain level
(Fig. 6a).

Mechanical tests were repeated for each printing orientation,
showing consistent yield and tensile strengths but noticeable variation
in total elongation due to the brittle fracture behavior typical of addi-
tively manufactured materials at cryogenic temperatures [54]. This
brittleness does not significantly affect the evolution of
deformation-induced martensite, which remains uniformly distributed
along the specimen axis without accumulating in the fracture region.

Feritscope measurment

36 9 12

Fig. 3. Experimental setup for tensile tests at 77 K: (a) Strain evolution during uniaxial tensile test at room temperature, measured by the ARAMIS 14M system; (b)
The cryostat is equipped with a force transducer, thermistors, and extensometers; (c) Ferrite volume fraction measurement along the specimen axis.
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Fig. 5. (a) Evolution of deformation-induced martensitic phase in conventional 316L (red curve) and FFF 316L (0°/90°) (green curve) during loading-unloading tests
at room temperature. The figure illustrates the volume fraction of martensite for the first cycle (c.1) and the last cycle (c.15) before rupture (cf. Fig. 4); (b) Strain
amplitude along the specimen axis for the ninth cycle c. 9 (FFF 316L) and the tenth cycle c.10 (conventional 316L); (c) RMS-based profiles of strain calculated from
strain amplitudes along the specimen axis during tensile tests of conventional 316L and FFF 316L for cycles ¢.10 and c.9, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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reader is referred to the Web version of this article.)

The following analysis focuses on FFF-produced 316L specimens printed
in the 0°/90° orientation, as this configuration exhibits superior me-
chanical performance—both in terms of tensile strength and total
elongation—compared to the +45° orientation across a wide range of
temperatures (Fig. 4).

3.2. Deformation-induced martensitic transformation

In-depth microstructural studies of the direct y—a’ as well as the
two-stage y—e—«’ phase transformation in conventional ASS have been
presented in many works at a wide range of temperatures [2,12,55,56].
These studies consistently elucidate the conditions and mechanisms
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responsible for the nucleation and growth of martensite in conventional
ASS. However, experimental identification of deformation-induced
phase transformations in Fused Filament Fabrication remains rela-
tively rare. Accordingly, this section presents an analysis of
deformation-induced phase transformation in FFF 316L, contextualized
against conventional 316L over a wide temperature range.

The evolution of DIMT was studied for conventional 316L and FFF
316L (0°/90°) at room temperature. The evolution of martensitic vol-
ume fraction along the specimen axis after 1st and 15th loading-
unloading cycles is shown in Fig. 5a. To ensure accuracy, the initial
ferrite volume fraction was subtracted from the feritscope measure-
ments (Table 1). The secondary phase was measured after unloading for
the first and final loading cycles (Fig. 4). The results indicate a non-
uniform distribution of martensite in the FFF 316L (0°/90°) speci-
mens. It is attributed to the non-uniform distribution of plastic strain
during the uniaxial tensile test of printed specimens. To verify this, the
RMS-based procedure for identifying plastic behaviour was used [50,
53]. The method utilises digital image correlation technology (DIC) to

record the strain distribution during tensile testing, followed by calcu-
lating the floating root mean square (RMS) value of the strain amplitude
along the specimen axis. By implementing this approach, the RMS-based
profiles of strain amplitude are identified in conventional 316L and FFF
316L (0°/90°) (Fig. 5b). The RMS of strain along the specimen axis
(Fig. 5¢) reveals a significant strain concentration, which is considerably
higher in FFF 316L than in conventional 316L samples. This indicates
that the non-uniform strain distribution is accompanied by an uneven
distribution of the secondary phase.

Tensile straining of conventional 316L, FFF 316L (0°/90°) and FFF
316L (45°/45°) were carried out at room temperature (Fig. 4) and at 77
K (Figs. 4 and 6a) at the strain rates ¢ = 5.2 10~%s~!. At room temper-
ature, the volume fraction of the secondary phase was identified after
unloading for each cycle. The evolution of &’ — martensite as a function
of plastic strain is presented in Fig. 7a. Notably, after the first loading-
unloading cycle, a sharp increase in martensite volume fraction is
observed in FFF 316L. In contrast, conventional 316L requires a
threshold strain (er, = 0.35) before a significant increase in the
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Fig. 10. Phase distribution maps of FFF 316L samples after rupture at RT: (a) deformation in bulk material; (b) and (c) deformation close to porosity; d) KAM map of
the selected area, black arrow indicates deformation transport through a narrow ferrite grain; yellow arrows indicate porosity in the sintered material; blue lines
indicate £3 boundary in austenite; red lines indicate £3 boundary in martensite. Please refer to full resolution image for detailed analysis. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

secondary phase occurs. However, the shape of the volume fraction
curve is similar for both conventional and printed specimens. After
fracture, the final volume fraction of martensite is comparable between
FFF 316L and conventional 316L specimens. It is worth pointing out that
total elongation is approximately 30 % higher in the conventional 316L
specimen. One possible reason for this is the large volume fraction of
delta ferrite in the FFF 316L sample. Finally, the building direction in-
fluences the kinetics of the phase transformation. For the same plastic
strain level, the martensite volume fraction is higher in FFF 316L (0°/
90°) compared to FFF 316L (45°/45°) (Fig. 7a).

At 77 K, the evolution of the secondary phase in both conventional
316L and FFF 316L specimens is similar (Fig. 7b). However, the con-
ventional specimen exhibits a higher total elongation.

This variation is likely due to the enhanced transformation-induced

plasticity effect seen in conventional materials (so called Liiders-like
effect), which helps delay necking during uniaxial tension [57]. The
evolution rate is similar in both conventional and FFF specimens, despite
the initial front propagation observed in the conventional one. However,
the martensitic distribution is more non-uniform for FFF 316L at both
room temperature (Figs. 5a) and 77 K (Fig. 6¢).

3.3. The initial microstructure of FFF 316L and 316L steel samples

In the initial state, the microstructure of FFF 316L steel consists of
relatively large equiaxed austenite grains with an average diameter of
40 pm, in contrast to conventional 316L steel, which has a grain diam-
eter of 19 pm (Fig. 8). The sintered FFF 316L specimens exhibit the
presence of elongated macroporosity (Fig. 8), with a pattern oriented at
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Fig. 11. Phase distribution maps of FFF 316L at 77 K: initiation of deformation (a); deformation after fracture: (b) in bulk material, (c) deformation around pores;
blue lines indicate X3 boundary in austenite; red lines indicate £3 boundary in martensite, d) KAM map of selected area, indicating strong deformation of martensite
and relatively low plastic deformation in a ferrite grain. Please refer to full resolution image for detailed analysis. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

a 45° angle in the XY plane within the bulk material (Fig. 2). Therefore,
the porosity content depends on the built orientation and printing raster
patterns, as it was reported by Damon et al. [42] and Santamaria et al.
[58].

In both FFF 316L and conventional 316L the austenite grains appear
fully recrystallized i.e. they lack any subgrain structures, including low-
angle grain boundaries and internal orientation gradients. However,
while conventional 316L sample exhibits a typical single-phase
austenite microstructure, FFF 316L contains an additional secondary
ferrite delta phase (Fe-3). This ferrite is present in the form of islands,
predominantly located at the grain boundaries and triple junctions of the
austenite grains, constituting about 10 % of the microstructure.

The EDS chemical analysis (Fig. 9) reveals that ferrite islands contain
higher concentrations of chromium and molybdenum (ferrite-forming
elements), and lower concentrations of nickel (austenite-forming
element) compared to austenite grains. It is assumed that ferrite forms
from the liquid phase during the high-temperature sintering step in the
manufacturing process of FFF 316L. As a result, the austenite grains have
relatively lower amounts of chromium and manganese compared to
conventional 316L steel. A similar two-phase microstructure is observed
in 316L steel fabricated by direct laser deposition (DLD), due to crys-
tallization from the laser-induced melt pools. Similarly, it is expected
that a post-sintering heat treatment of FFF 316L for 2 h at 1150 °C would
dissolve the ferrite phase and homogenize the chemical composition
[59].

3.4. Microstructure evolution during tensile tests at 77 K and room
temperatures

The microstructure of deformed 316L samples was investigated in
several areas and at different magnifications to capture both the general
material behaviour and the detailed formation of martensite within

austenite grains. The FFF 316L samples were examined after being
tested to failure (after final cycle as shown in Fig. 4), with EBSD mea-
surement areas selected away from the fracture zone. In contrast, for the
conventional 316L samples, the tensile test was stopped before failure,
and EBSD maps were collected from regions outside and inside the
plastic deformation zone.

The FFF 316L tested at room temperature demonstrates an inho-
mogeneous microstructure evolution. In the bulk material, deformation
occurs in the austenite grains through dislocation slip and mechanical
twinning. The pre-existing recrystallization twins in the austenite grains
bend due to dislocation slip activity, resulting in a deviation from the
ideal £3 (111) 60° misorientation (Fig. 10a). The £3 grain boundaries in
presented EBSD maps were identified using the Brandon criterion [60],
i.e. with 8.66° angle threshold deviation from ideal (111)60°
misorientation.

New mechanical twins appear as narrow needles. The interaction
between the mechanical twins, and between mechanical twins and
existing high angle grain boundaries (HAGB) results in nucleation of Fe-
BCC martensite . The inhomogeneity is revealed by deformation
localization in areas close to pores present in FFF 316L. Fig. 10b and c
reveals intensification of mechanical twinning in between pores, and
around hard ferrite grains. Additionally, the KAM (kernel average
misorientation) map of the selected area indicates accumulation of
dislocation based plastic deformation of austenite in areas adjacent to
hard ferrite grain (Fig. 10d). The increase in twinning intensity is fol-
lowed by martensite o' nucleation and growth. The prevalence of phase
transformation around the porosity, suggest that martensite formation
can act as strengthening mechanism around the pores, resulting in
delocalization of deformation away from those areas. The relatively
harder ferrite grains appear to be stable through the entire tensile test
and are mostly undeformed until failure. The KAM map indicates some
strain transfer from austenite into the ferrite grains, which can be
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transferred further into next austenite grain (Fig. 10d).

The uniaxial tensile test of the FFF 316L steel to failure at 77 K results
in almost complete transformation of austenite grains into martensite o’
(Fig. 11b and c). After the failure, only small austenite grains (around 2
pm diameter) are retained in between the martensite laths. The micro-
structure of martensite o' consists of heavily twinned and deformed laths
resulting in relatively fine BCC grains. Grain boundaries in martensite
phase mostly exhibit twin like or needle morphology, however not all of
them match the X3 (111) 60° misorientation. Most of the martensite
grains also have internal structure evident in increased KAM values as
well as high density of low angle grain boundaries (LAGB), indicating
dislocation slip activity. Similarly to tensile test at room temperature,
the ferrite grains appear relatively undeformed in comparison to prior
austenite grains. However, some deformation and therefore dislocation
accumulation observed in KAM map is observed (Fig. 11d). Addition-
ally, ferrite islands in close proximity to pores, some deformation ac-
commodation is also observed through increased KAM values and LAGB
accumulation (Fig. 11c).

Microstructure observed in an area of the FFF 316L deformed sample
with higher cross section area, and therefore lower imposed strain, re-
veals an intermediate stage of deformation induced phase trans-
formation (Fig. 11a). Initially the austenite grains deform only through
narrow deformation twins and along those twin boundaries a twinned
martensite can start to appear. However mostly the deformation induced
martensite appears to nucleate without austenite twin boundaries.

Depending on the initial austenite grain orientation, the martensite
can appear either as narrow intersecting needles (Fig. 12a) or widening
bands (Fig. 12c¢). In all observed cases the martensite transformation
occurs with the intermediate hcp ¢ phase, which then transforms to
twinned martensite o. As mentioned the narrow needle-like martensite
can appear without twinning in prior austenite grain, however typically

' e-scc (o)
Fe-FCC

25 um
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the needles occur with some prior dislocation activity, which can be
observed either as a faint line in band contrast (BC) or in KAM maps
(Fig. 12a and b). The growing martensite needles can be interrupted by
existing twin boundaries, however the strain can be transmitted through
the boundary and secondary strain induced martensite needle can be
formed inside the twinned area (Fig. 12a). On the other hand, the
widening laths of twinned martensite impose some strain on the sur-
rounding areas which is accommodated by dislocation glide in prior
austenite (Fig. 12c and d). At this stage both martensite and austenite
appears mostly deformation free in the KAM maps (Fig. 12b and d),
which suggest that the dislocation structures observed after the fracture
(Fig. 11d) are accumulated after the microstructure is completely
transformed to martensite. Ferrite islands at this early stage of defor-
mation does not present any deformation accommodation or dislocation
activity in KAM contrast (Fig. 12b). This is due to the lack of easy slip
systems in ferrite.

It is worth noting that during the uniaxial tensile test at 77 K, a
Liiders-like effect (Fig. 4) is observed in conventional 316L stainless steel
[53,57]. Nevertheless, despite this behaviour, the microstructure evo-
lution of conventional 316L shows some notable similarities to that of
the FFF 316L sample. Before strain localization (outside of the front) the
austenite grains deform through dislocation glide and limited mechan-
ical twinning. Similarly, to the FFF 316L martensite first appear as
narrow needles or as slightly wider bands. Depending on prior austenite
grain orientation, the needles appear either oriented in single direction
or are intersecting each other. Martensite also nucleates at existing twin
boundaries, or at areas close to grain boundary triple points, where more
intensive shearing is most likely to occur (Fig. 13a). Inside of the
deformation front, additional martensite needles appear, while the
existing ones are widening and merging with each other (Fig. 13b).
Moreover, the martensite transformation occurs with the intermediate ¢

=

KAM [degrees]

=

KAM [degrees]

Fig. 12. Magnification of area indicated in Fig. 11 (showing initial deformation at 77 K): phase maps plus BC on the left and KAM maps on the right; blue lines
indicate £3 boundary in austenite; red lines indicate 3 boundary in martensite; arrow in (a) and (b) indicate strain transfer through a twinned area as a result of
growing martensite lath interaction with twin boundary and resulting martensite nucleation inside the twin region; arrows in (c) and (d) indicate strain accom-
modation in austenite as a result of twinning occurring in a martensite lath; blue arrow indicates formation of twinned martensite along an austenite £3 boundary.
Please refer to full resolution image for detailed analysis. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version

of this article.)
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Fig. 13. Phase distribution maps of conventional 316L samples after tension at 77 K: outside of the deformation front (a) and inside of the front (b).

phase, however the retention of this phase in the microstructure is much
lower in the conventional sample. In this case multiple twin boundaries
in the martensite ' are also observed, however not as numerous as in the
FFF 316L.

The microstructure evolution of conventional 316L and FFF 316L can
be compared by relating the grain boundary (GB) densities in the
austenite and martensite with relative concentrations of those two
phases. The grain boundary densities have been calculated in areas of
the microstructure with varying fractions of austenite and martensite
(FCC and BCC phases respectively) and presented in bar plots in Figs. 14
and 15. In both cases the overall grain boundary density increases with
increasing concentration of the BCC phase (increasing martensite con-
tent). In FFF 316L austenite boundaries accumulate strongly with
increasing deformation and BCC phase content, the LAGB (low-angle
grain boundaries) and HAGB (high-angle grain boundaries) boundary
densities increase at a similar rate.

The increase in HAGB density in FFF 316L sample is related to me-
chanical twinning. In BCC phases grain boundary evolution occurs
mostly in martensite, whereas delta ferrite grains are mostly unchanged.
In austenite initial density of GB in FFF 316L is low (Figs. 14c-1 RT) due
to relatively large grain size, however with deformation at RT the value
increases and at fracture is higher (Figs. 14c—4 RT) than in 77 K
deformed conventional 316L sample (Fig. 15¢). In the BCC phase the GB
evolution at RT is also observed in newly formed martensite. At 77 K
after fracture the GB density in BCC is over 4 times higher in the FFF
316L sample than in conventional 316L (Figs. 14b-3 LN and
Figs. 15b-9). However, in FFF 316L the twin boundaries are a much
lower fraction of overall GBs compared to conventional 316L, despite
previously mentioned higher density of twin boundaries in martensite
forming in early stages of FFF 316L deformation. This indicates that
during tensile testing at 77 K the twin boundary formation occurs
relatively early in FFF 316L, and the following deformation occurs
through dislocation activity, leading to accommodation of mis-
orientations, transforming the twin boundaries into random high angle
grain boundaries. This is due to the different chemical composition of
austenite in the conventional 316L and FFF 316L samples, which affects

the stacking fault energy (see Fig. 4).
4. Discussion

The current study aimed to compare the mechanical behaviour of
FFF 316L and conventional 316L ASS under room temperature and
cryogenic conditions (77 K), focusing on the role of DIMT. The results
confirm the hypothesis that DIMT behaves differently in the two mate-
rials, particularly under cryogenic conditions, with implications for their
respective mechanical properties and applications. At 77 K, the Liiders-
like effect associated with DIMT was observed in conventional 316L,
consistent with prior work [61]. However, no Liiders-like effect was
detected in FFF 316L at the same temperature. This divergence can be
attributed not only to the chemical composition of austenite but also to
the presence of porosities in FFF 316L, which hinder the propagation of
martensitic fronts throughout the specimen.

In room temperature tests, the RMS-based method [50] revealed a
uniform strain distribution in conventional 316L, which correlated with
the distribution of DIMT during loading-unloading cycles. For FFF 316L,
martensitic nucleation was predominantly observed around pores,
aligning with observations in similar materials [32]. These localized
transformations suggest a strengthening mechanism unique to FFF 316L,
as the porosities act as stress concentrators for martensitic formation
(Fig. 10c).

It is worth pointing out that in the FFF 316L specimens, initial Fe-8
islands were observed at grain boundaries, attributed to the fabrication
process. Moreover, these islands remain undeformed during tensile
loading, reinforcing the classification of FFF 316L as a multiphase ma-
terial. Future research should focus on understanding their impact on
yield stress, total elongation, and corrosion resistance. Additionally,
optimizing fabrication parameters to control ferrite content and porosity
could further enhance the potential of FFF 316L for specific applications.
Kurzynowski et al. [62] investigated the effects of various SLM (selective
laser melting) processing parameters, including laser power and scan-
ning strategies, on the microstructure and texture of the specimens. The
microstructures of the as-built specimens were characterized by
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Fig. 14. Grain boundary densities in the (b) BCC and (c) FCC phases with respect to relative phase volume fraction (a) at areas of the microstructure in FFF 316L. RT
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columnar austenite grains with intercellular segregation of Mo, Cr, and
Si, leading to the formation of non-equilibrium peritectic ferrite. It was
observed that the laser energy density and scanning strategy signifi-
cantly influenced the cellular substructure of austenite, the quantity of
ferrite, and the type and intensity of the texture.

The different mechanical behaviour of the FFF 316L and conven-
tional 316L steels at 77 K seem to be affected by several microstructural
factors. First, the austenite grains in FFF 316L are considerably larger
than in conventional 316L and have altered chemical composition due
to some of chromium and molybdenum concentrating in the ferrite
islands. The grain size dependence of the mechanical stability of
austenite, was studied by Ref. [63] in metastable ASS, with grain sizes
ranging from 1 to 80 pm. The results revealed that mechanical stability
of austenite is grain size independent, as advantageous martensite var-
iants are preferentially selected during transformation to accommodate
tensile strain. Therefore, while grain size does not influence the DIMT,
differences in chemical composition have the effect of higher propensity
of FFF 316L austenite to transform to martensite, resulting in relatively
early phase transformation, and overall larger fraction of martensite at
the end of tensile test compared to conventional 316L. This in turn can
affect the Liiders effect and the so called ‘front propagation’, which as
shown by Nalepka et al. [53], is related to coordinated martensite for-
mation in austenite grains with Cu and Goss-Brass orientations evolved
in prior dislocation based deformation stages. As the martensite in FFF
316L can evolve relatively easily and early, the Cu and Goss-Brass

oriented grains does not have the opportunity to develop, and thus
cannot contribute to coordinated martensite formation in Liiders like
behaviour or ‘front propagation’. Moreover the FFF 316L steel contains
both porosities and ferrite islands, which as shown here affect the me-
chanical response of neighbouring austenite grains by locally inducing
martensite transformation and creating areas of strain concentration
respectively. By locally inducing the DIMT relatively early in the
deformation process, the pores decrease the ability of material to
transform in a coordinated manner and prevents the occurrence of
deformation instability or Liiders like behaviour later in the tensile test
(see Fig. 16).

Conventional 316L consistently demonstrated superior mechanical
properties, including higher yield stress and greater total elongation,
across both room temperature and cryogenic conditions. Despite this,
the strength of FFF 316L is satisfactory for applications involving fewer
demanding loads, particularly for cryogenic environments. Addition-
ally, the absence of the Liiders-like effect in FFF 316L could be advan-
tageous in applications requiring stable hardening, where unpredictable
strain-induced transformations are undesirable. The specimen printed in
a 0°/90° orientation exhibits slightly higher ductility compared to the
45°/45° orientation during strain rate-controlled uniaxial tensile tests at
both room and cryogenic temperatures. Thus, FFF 316L parts have the
potential to serve as viable alternatives to their conventional counter-
parts. This is particularly true for secondary applications, such as non-
structurally critical components or parts [39,40,43]. In the case of wet
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corrosion operating conditions, further research is needed on the vol-
ume fraction, size, and morphology of delta ferrite precipitates and the
corrosion resistance of additively produced 316L steel.

5. Conclusions

The aim of this study is to gain a comprehensive understanding of the
mechanical properties of FFF 316L stainless steel across a wide tem-
perature range (77 K and room temperature), with a particular focus on
DIMT. Based on the findings, the following conclusions were drawn:

e The EBSD analysis confirmed the absence of preferential grain
orientation in the microstructure of FFF 316L, indicating that the
printing technology does not influence the resulting grain direction.
Based on the procedure recommended by company for printing in
FFF technology, Fe-8 forms at the grain boundaries after final sam-
ples. The ferrite content in the specimens after sintering is about 6-7
%. It is assumed that ferrite forms from the liquid phase during the
high-temperature sintering step in the manufacturing process of FFF
316L. As a result, the austenite grains have relatively lower amounts
of chromium and molybdenum compared to conventional 316L steel.
During uniaxial tension tests at 77 K, martensite evolution is similar
in both conventional 316L and FFF 316L specimens. However, at
room temperature the behaviour diverges significantly. After the first
loading-unloading cycle, the martensite volume fraction in the AM
specimen increases to 2.5 % and 3.1 %, while it remains close to 0 %
in the conventional specimen.

e An RMS-based strain parameter was introduced to quantify the
uniformity of strain distribution during tensile loading. It was found
that, under room temperature conditions, the strain distribution in
conventional 316L stainless steel is more uniform than in FFF 316L.
This difference is attributed to the strain concentration around pours
in the FFF specimens.

e Conventional 316L exhibits plastic flow instability at 77 K, man-
ifested by propagation of the plastic front combined with martensite
evolution (Liiders-like effect). The different chemical composition of
austenite grains in FFF 316L is affecting the stacking fault energy and
enhancing the DIMT, while the presence of porosity and &-ferrite
precipitates are most likely responsible for the lack of plastic front
propagation in the FFF printed sample.

DIMT in FFF 316L is localized around the pores, increasing the

strength of the specimen with porosity.

e At 77 K the microstructure evolution of FFF 316L sample occurs
through development of twinned martensite laths, followed by
dislocation glide until fracture.
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