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316L stainless steel has many industry applications due to its excellent corrosion and oxidation resistance. Laser
powder bed fusion (LPBF), a metal additive manufacturing process, is used to fabricate 316L in the current work.
Epitaxial grains can be observed in as-built material. LPBF-processed 316L demonstrates both high strength and
ductility at room temperature. The yield strength is 609 MPa; the UTS is 722 MPa; the elongation is 62%; LPBF-
processed 316L fractured high —196 °C shows an increased strength with good ductility due to transformation
induced plasticity (TRIP) and twinning-induced plasticity (TWIP). The yield strength is 818 MPa; the UTS is
1349 MPa; the elongation is 39%. The formation of deformation twinning is significantly retarded when the
testing temperature reached 200 °C. At 550 °C and 600 °C, tensile curves with serrated flow were observed which
is associated with dynamic strain aging (DSA). Further increasing the testing temperature to 800 °C, the yield
strength was decreased to 230 MPa and the UTS was decreased to 239 MPa with an elongation of 29%. Dynamic
recrystallization was observed. The short elongation obtained at 800 °C was a result of the occurrence of high

temperature creep.

1. Introduction

Austenitic stainless steels have many applications, including food
processing, medical instruments, oil and gas, shipbuilding, and aero-
space industry, etc., due to their outstanding corrosion and oxidation
resistance. 316L, one of the popular grades of austenitic stainless steel,
contains 16-18 wt% Cr, 10-14 wt% Ni, and 2-3 wt% Mo. The high
content of Cr and Ni results in excellent corrosion and oxidation resis-
tance. The addition of Mo offers 316L acceptable high temperature
mechanical properties and further improves its corrosion resistance.

Traditionally, 316L is fabricated using casting followed by a forging
process. Small components fabricated with 316L are usually processed
using mould forging because of its good formability. Big components are
usually processed using milling and welding because of its good
machinability and weldability.

Fig. 1 shows the microstructures of a forged 316L. Optical image in
Fig. 1(a) and the electron backscatter diffraction (EBSD) orientation
map in Fig. 1(b) show its grain morphology. The straight grain

boundaries are the =3 twin boundaries. The distribution of the £3 twin
boundaries is highlighted using red lines in Fig. 1(c) which is the grain
boundary map obtained using EBSD. The grain boundary misorientation
is shown in Fig. 1(d). It can be seen that nearly 50% of the grain
boundaries are £3 twin boundaries. The formation of twin boundaries is
due to its low stacking fault energy of 316L which ranges from 9.1 to 22
mJ/m? calculated using different methods [1].

Twin boundaries can be classified into three categories, i.e., growth
twin boundaries which are formed during crystal growth; annealing
twin boundaries which are formed during recrystallization; and defor-
mation twin boundaries generated by mechanical deformation. The twin
boundaries in a forged 316L are the annealing twin boundaries.

Additive manufacturing has been successfully adopted in various
industry designs and manufacturing. There are four types of fusion-
based metal additive manufacturing processes [2], i.e., laser powder
bed fusion (LPBF) which has the highest accuracy, therefore, its
advantage is to fabricate components with complex geometry [3];
electron beam powder bed fusion (EBPBF) that the temperature of its
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building chamber can be elevated to about 1100 °C, therefore, materials
with high tendency of cracking can be fabricated using EBPBF [4]; laser
metal deposition (LMD) that has high deposition rate and good accuracy
[5]; and wire arc additive manufacturing (WAAM) that has the highest
deposition rate [6], therefore, its advantage is to build components with
large volume.

Currently, the research of LPBF-processed 316L is mainly focused on
the relationship of processing-microstructure-properties [7-9], the
origin of high dislocation density [10-12], or its corrosion resistance
[13,14]. Extensive recent research has shown that 316L fabricated using
LPBF has a better mechanical performance in terms of yield strength,
ultimate tensile strength and tensile elongation compared with other
fusion-based metal additive manufacturing processes. The yield strength
of 316L manufacturing using LPBF can be high at 552 MPa [8], 584 MPa
[11], 609 MPa [9], and 638 MPa [7]. It has been reported that the
LPBF-processed 316L has a high density of dislocations (1.1-1.2 x 10%°
m_z) [11,12]. The high dislocation density contributed about 340 MPa
to the yield strength, which can be calculated using the Taylor equation,
Aoy = AGb,/p. Its average grain size is usually about 30 pm based on
high angle grain boundary [15]. According to the Hall-Petch relation-
ship, the stress is calculated as 230 MPa. The theoretical calculated
strength from the Tylor equation and Hall-Petch relationship is close to
the experimentally observed values. There are also other factors that
should be considered, such as Orowan strengthening from the in-situ
formed oxide particles [16]. However, the contribution to strength is
small due to the small content of the particles.

The elongation of LPBF-processed 316L is usually between 40% and
60% at room temperature, which is similar to a forged 316L [8]. The
good ductility of 316L at room temperature is due to the
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twinning-induced plasticity (TWIP) phenomenon [17,18]. The lower the
stacking fault energy is, the easier the formation of the twinning. It
would be interesting to know how much the TWIP contributed to the
total tensile elongation of 316L.

Stacking fault energy is a function of temperature [19]. The stacking
fault energy is larger at a higher temperature. Therefore, the deforma-
tion induced twinning can easily happen at room temperature while
difficult at high temperatures. It would be important to know the for-
mation of twinning is retained at which temperature. Muhamed et al.
[20] studied the tensile tests of a conventional 316L at different tem-
peratures ranging from room temperature to 800 °C. It is shown that the
tensile elongation of a forged 316L decreases with the increase in tem-
perature. At 200 °C, the elongation decreases significantly from 66% to
38%. In addition, serrations were observed in the tensile curves of the
forged 316L tested at 500 °C and 600 °C. At 800 °C, the tensile elon-
gation was high at 112%.

Since stacking fault energy is a function of temperature, it would be
interesting to study the tensile behavior of LPBF-processed 316L at low
temperature. Wang et al. [21] studied the mechanical properties of
LPBF-processed 316L tested at —196 °C. They found its yield strength is
high at 840 MPa and UTS is 1510 MPa which is much higher than at
room temperature. The strength enhancement is attributed to
deformation-induced phase transformation. Similar results were ob-
tained in LMD-processed 316L by Karthik et al. [22].

It has been reported that serrated tensile curves which are cause by
DSA in conventional 316L when tested at temperatures of 500 °C and
600 °C. Additionally, superplasticity has been observed at 800 °C [20].
Currently, research has explored the deformation behaviors of
LPBF-processed 316L at various temperatures, including —196 °C [21]
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Fig. 1. Microstructures of a wrought 316L. (a) Optical microstructure, (b) EBSD orientation map, (c) grain boundaries map, and (d) grain boundary misorientation

distribution. TB: twin boundaries.
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and room temperature [23]. However, there remains a gap in under-
standing the deformation behaviors at high temperatures. Creep, a
common phenomenon in metals under mechanical stress, particularly at
elevated temperatures, is often influenced by grain boundary
morphology [24]. Dynamic recrystallization is another observed
behavior in metals subjected to high temperature deformation [25].
LPBF-processed 316L frequently exhibits epitaxial grains, a departure
from conventional counterparts. It remains uncertain whether the
deformation behaviors observed in conventional 316L would manifest
in LPBF-processed 316L. Hence, further investigation is warranted to
understand the deformation behaviors across different temperature
regimes.

In the current work, the tensile properties of LPBF-processed 316L at
different temperatures were investigated. The testing temperatures
range from —196 °C to 800 °C. The microstructure evolution of
deformed 316L at different testing temperatures has been studied. It has
been revealed that at —196 °C, deformation-induced phase trans-
formation and TWIP have been observed; at 25 °C-125 °C, TWIP has
been observed; at 550 °C-600 °C, DSA has been observed; at
700 °C-800 °C, creep at grain boundaries have been observed; More-
over, dynamic recrystallization and was observed when tested at 800 °C.

2. Materials and experimental procedures
2.1. Powder feedstock and LPBF printing procedure

Commercial gas-atomized 316L powder with the chemical compo-
sition of Fe-16.8Cr-12.7Ni-2.5Mo-1.5Mn-0.7Si-0.011C-0.0740 (wt%)
was used as feedstock. The mean size of the 316L powder was 42.3 pm
measured using a laser scattering machine. The morphology and size
distribution of the 316L powder can be found in our previous work [9].

The LPBF machine ProX DMP 300 (3D systems, US) was used to
manufacture the 316L samples. The printing machine was integrated
with a continuous wave fibre laser (wavelength: 1.070 pm, maximum
power: 500 W, and beam diameter at the focal point: 75 pm). Ar gas was
used to fill the building chamber to limit the oxygen content to less than
300 ppm. The laser scanning direction was turned 90° to print the next
layer. The optimized printing parameters for LPBF of 316L are as fol-
lows: laser power 200 W, laser scanning speed 800 mm/s, layer thick-
ness 30 pm, and hatch spacing 70 pm.

2.2. Microstructure characterization

The microstructures were observed using optical microscope, scan-
ning electron microscope (SEM, JEOL 7600F), EBSD (Nordlys, Oxford
Instruments), and Transmission Electron Microscope (TEM, JEOL
2100F). X-ray diffraction (XRD) measurement was conducted using
Bruker D8 advance machine. The XRD data were analyzed using X pert
Highscore software which contains the Rietveld refinement package.

The LPBF-processed 316L was first ground with progressively finer
SiC papers (320-2000 grit). Then silicon oxide polishing suspension
(OPS) was used to polish the samples. A self-mixed etching solution (HF:
HNO3: HoO = 1: 6: 12) was used to etch the samples. The accelerating
voltage of 10 kV was used for the SEM observation. XRD was conducted
at 40 kV and 40 mA with a 0.6° divergence slit and a step size of 0.02°.
EBSD measurements were conducted at the accelerating voltage of 20
kV. The step size of 1.5 pm was used for the measurement of the overall
microstructure and a smaller step size of 0.6 pm and 0.1 pm was used for
detailed observation. The TEM sample was prepared using ion milling.
The accelerating voltage of 200 kV was used for the TEM observation.

2.3. Mechanical properties
Tensile tests were conducted at temperatures of —196 °C, 25 °C,

125 °C, 200 °C, 400 °C, 550 °C, 600 °C, 700 °C, and 800 °C. The tensile
test strain rate was 1072 s~!. The tensile machine used was an Instron
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5982 universal tensile testing machine. The gauge dimensions of the
tensile samples were 14 mm x 4 mm x 2 mm. An electrical discharge
machining was used to cut the tensile samples. The tensile strain was
recorded using an Instron AVE 2 optical extensometer. Three tensile
samples were tested for each condition.

3. Results
3.1. Microstructure LPBF-fabricated 316L

The optical image in Fig. 2(a) shows the melt pool morphology after
etching. Hierarchical melt pools can be clearly seen due to the track-by-
track and layer-by-layer manufacturing strategy. The melt pools exhibit
a semi-elliptical shape. Fig. 2(b) shows the EBSD orientation map of the
region b in Fig. 2(a). Fig. 2(c) shows the grain boundaries map obtained
using EBSD. The elongated grains cross several layers, which results
from the epitaxial growth mode. The direction of the grain growth fol-
lows the maximum thermal gradient which is the building direction.

Fig. 2(d) shows the microstructures of the region d in Fig. 2(a). The
epitaxial grains can be observed clearly using SEM, as shown in Fig. 2
(d). Submicronsized cellular structures were also observed within the
epitaxial grains, as shown in Fig. 2(e). These cellular structures are
dislocation cells under TEM, as shown in Fig. 2(f). The high density of
dislocations contributes about 300 MPa to the yield strength of LPBF-
processed 316L [11,12,26].

Fig. 3 shows the overall microstructures studied using EBSD. Fig. 3
(a) shows the orientation map. Fig. 3(b) shows the grain boundaries
map. Fig. 3(c) shows the Schmid factor distribution map. The average
Schmid factor was calculated as 0.43. A grain with a higher Schmid
factor indicates the grain is easier to reach the critical resolved shear
stress. Fig. 3(d) shows the grain boundary misorientation. Compared
with the forged 316L (Fig. 1), the main difference is the grain
morphology, grain boundaries distribution. LPBF-processed 316L con-
tains a high fraction of low angle grain boundaries (LAGBs, 2-15°), as
shown in Fig. 3(d). Although 60° grain boundary misorientation is
observed, it is not easy to differentiate the £3 twin boundary and the
normal 60° grain boundary in LPBF-fabricated 316L.

3.2. Tensile strength of LPBF-processed 316L at different temperatures

The tensile curves of LPBF-fabricated 316L at cryogenic temperature
(—196 °C), room temperature (25 °C), and high temperatures
(125-800 °C) are shown in Fig. 4. LPBF-fabricated 316L show a good
combination of high yield strength and high elongation at room tem-
perature. At room temperature, the yield strength is 609 MPa; and the
elongation is 62%.

While tested at —196 °C, the yield strength is 818 MPa which is
higher than that at room temperature. The UTS is 1349 MPa and the
elongation is 39%. When tested at high temperatures, the yield strength
decreases with the increase in testing temperatures. The detailed data of
the tensile properties at different testing temperatures are listed in
Table 1.

4. Discussion

4.1. Deformation induced martensitic transformation and twinning at
—196 °C

In the as-built 316L, only the austenitic phase was detected using
XRD, as shown in Fig. 5. Usually, only the austenitic phase is observed in
LPBF-processed 316L [12,27,28]. Some studies also observed the pres-
ence of a ferritic phase [29]. It mainly depends on the chemical
composition and cooling rate [15].

XRD measurement was also conducted for LPBF-processed 316L after
tensile test and fractured at —196 °C. Austenitic and martensitic phases
were observed, as shown in Fig. 5. The content is 46.1% for austenite
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Fig. 2. Microstructures of LPBF-processed 316L. (a) Optical microstructure, (b) EBSD orientation map, (c) grain boundary map, (d) SEM image showing the epitaxial
grain growth, (e) SEM image showing cellular structure, and (f) TEM image showing cellular structure.

Misorientation angle (°)

Fig. 3. EBSD study of LPBF-processed 316L. (a) EBSD orientation map, (c) grain boundary map, (c) Schmid factor map, and (d) grain boundary misorientation

distribution.

and 53.9% for martensite as analyzed using Highscore software after
Rietveld refinement. The martensitic phase was formed due to the
deformation induced phase transformation at cryogenic temperature.

The deformation induced martensitic phase transformation is stud-
ied using EBSD, as shown in Fig. 6. Fig. 6(a) shows the orientation map
and Fig. 6(b) shows the phase map. The retained austenitic phase pre-
sents in a strip-like morphology. Due to the severe deformation and high
residual stress in the sample fractured at —196 °C, the EBSD index rate is
low.

Fig. 7 shows the TEM bright field images of LPBF-processed 316L
after tensile test and fractured at —196 °C. The morphology of the
deformation induced martensitic phase is shown in Fig. 7(a). A couple of
parallel laths with a high density of dislocations were observed in the
martensite phase. These laths show a single-crystal diffraction, as shown
in the insert of Fig. 7(a) which is a selected area electron diffraction
(SAED) pattern with the zone axis of [111]. A similar phenomenon has
been observed in the quenching induced martensite [30]. It is known
that the deformation induced martensite transformation occurs under
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Fig. 4. (a) Tensile curves of LPBF-processed 316L tested at different temperatures, (b) close up of tensile curves at 550 °C and 650 °C showing the serration.

Table 1
Tensile properties of LPBF-processed 316L tested at different temperatures.

Yield strength (MPa) UTS (MPa) Elongation (%)
—196 °C 818+ 8 1349 £ 11 39+ 28
25°C 609 + 9 722 +11 62+ 3.1
125 °C 564 + 15 605 + 12 33+27
200 °C 480 +£ 5 568 + 10 29+0.3
400 °C 436 + 16 517 + 16 21 +£23
550 °C 397+ 5 488 + 4 21 +£09
600 °C 363 +£ 12 448 + 3 24 +47
700 °C 289 + 8 342+ 7 28 +£3.7
800 °C 230+ 9 236 + 8 29 + 2.6
. _ . °
* austenite AP ateL
& martensite s-built
£

Intensity (a.u.)

A A

30 40 50 60 70 80 90 100
Two theta (°)

Fig. 5. XRD patterns of as-built 316L and after fractured at —196 °C.

specific defect arrays on {111} planes, which is characterized by the a/
6(112) Shockley partial dislocation [31]. The deformation induced
martensite is generated by two intersecting shear systems. Huang et al.
[32] observed the deformation induced martensite nucleates at the
intersection of deformation twins for conventional 316L. Further study
needs to be conducted particularly into the mechanism of
deformation-induced martensite, with special emphasis on the effect of
cellular structure and epitaxial grain morphology of LPBF-processed
316L.

Fig. 7(b) shows another TEM bright field image of LPBF-processed
316L after fractured at —196 °C. The insert in Fig. 7(b) is the corre-
sponding SAED pattern of the deformation twinning. Twinning was not
observed using EBSD because of its small width. The SAED pattern in
Fig. 7(b) consists of diffraction patterns of the austenite matrix and the

twinned austenite. The two sets of diffraction patterns are symmetrical.
The twin interface is parallel to {111} planes which have the stacking
sequence of ...ABCABC .... The stacking sequence of the {111} planes on
the other side of the twin boundary is a mirror reflection, so that the
sequence across the boundary is ... ABCABACBA .... The central B layer
represents the boundary between the twin and the matrix.

Fig. 8 shows the progressively magnified SEM backscatter electron
(BSE) image of LPBF-processed 316L after fractured at —196 °C. The
strip-like morphology of the deformation induced martensite can be
seen clearly. The width of the martensite is nanosized. The high elon-
gation of LPBF-processed 316L tested at —196 °C is a combined result of
TRIP and TWIP.

4.2. Twinning induced plasticity at room temperature, 125 °C and 200 °C

EBSD studies in Fig. 8 show the microstructures of LPBF-processed
316L fractured at 25 °C, 125 °C and 200 °C. Fig. 8 shows the evolu-
tion of the deformation induced twinning.

Fig. 9(a, b, ¢) show the microstructures after fractured at 25 °C. Fig. 9
(a) is the orientation map. Fig. 9(b) shows the grain boundary misori-
entation distribution. About 13.2% of grain boundaries are X3 twin
boundaries. Fig. 9(c) shows the location of £3 twin boundaries. Fig. 9(d,
e, f) show the microstructures after fractured at 125 °C. Fig. 9(d) is the
orientation map. Fig. 9(e) shows the grain boundary misorientation
distribution. About 3.8% of grain boundaries are £3 twin boundaries.
Fig. 9(f) shows the location of £3 twin boundaries. Fig. 9(g, h, i) show
the microstructures after fractured at 200 °C. Fig. 9(g) is the orientation
map. Fig. 9(h) shows the grain boundary misorientation distribution.
About 0.6% of grain boundaries are £3 twin boundaries. Fig. 8(i) shows
the location of £3 twin boundaries.

With the increase of testing temperature, the content of X3 twin
boundaries decreases significantly. The high content of X3 twin
boundaries deformed at room temperature contributes to the high ten-
sile elongation.

It is noted that the multiple grains in Fig. 9 do not exhibit twinning.
The formation of deformation twinning is grain orientation dependent.
It has been reported that the deformation twinning occurs preferentially
in grains with a Copper orientation ({112}<111>) [33]. A grain with a
higher Schmid factor is also preferable for the formation of deformation
twin boundary. The value of Schmid factor equals cos ¢ cos A, where @ is
the angle between the direction of applied force and the normal direc-
tion of the slip plane, and A is the angle between the direction of applied
force and the slip direction. The resolved shear stress for the activation
of the twinning 7 = or cos @ cos A, where o7 is the critical stress for the
formation of deformation twinning boundary. Therefore, the formation
of deformation twinning is controlled by the grain orientation and
Schmid factor simultaneously.

The effect of twining on strengthening is complex. There would be
two opposite effects. First, the formation of deformation twin boundary
would refine the grains and thus cause a higher grain boundary
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Fig. 7. TEM bright field images showing the deformation induced martensitic phase and twinning of LPBF-processed 316L fractured at —196 °C (a) martensitic

phase, (b) deformation twinning. The inserts showing the corresponding SAEDs.

Fig. 8. SEM BSE images with different magnifications showing the microstructures of LPBF-processed 316L fractured at —196 °C.

strengthening. Second, during the tensile test, the stress concentration is
released. As reported by Abuzaid et al. [34], a clear stress drop can be
observed in the tensile curve of a single crystal FeCrCoMnNi high en-
tropy alloy when twinning occurs. LPBF-processed 316L usually has low
strain rate hardening since its tensile curves at room temperature are
nearly flat [23,35]. Compared with conventional 316L, deformation
twining starts to form at a lower strain for LPBF-processed one [36].
Therefore, it can be concluded that the release of stress concentration is
more extensive than grain boundary strengthening.

The content of X3 twin boundaries detected using EBSD does not
reflect the actual content that the samples possess after the tensile test
because nanosized twin boundaries are not detectable. SEM BSE images
in Fig. 10 show the nanosized deformation twin boundaries in LPBF-
processed 316L fractured at 25 °C. The nanosized twin boundaries
intertwin with the slip band, as shown in Fig. 10(b).

4.3. Dynamic strain aging at 550 °C and 600 °C

Fig. 11(a, b, c) show the microstructures observed using EBSD after
fractured at 400 °C. Fig. 11(a) is the orientation map. Fig. 11(b) shows
the grain boundary misorientation distribution. Fig. 11(c) shows the
band contrast map. The EBSD results of LPBF-processed 316L fractured
at 550 °C are shown in Fig. 11(d, e, f). The EBSD results for 600 °C are
similar to the ones for 500 °C and therefore they are not shown here.

SEM BSE images in Fig. 12 show the microstructures of LPBF-
processed 316L fractured at 550 °C. The cellular structure, which is
similar to the as-built 316L (Fig. 2(e)), still can be observed.

Interestingly, serrated tensile curves of LPBF-processed 316L were
observed when tested at 550 °C and 600 °C, as shown in Fig. 4(b). The
serrated flow behavior is named dynamic strain aging (DSA) or Portevin-
Le-Chatelier (PLC) effect. There are three main explanations for the
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Fig. 9. EBSD studies showing the evolution of deformation twinning of LPBF-processed 316L fractured at (a, b, ¢) 25 °C, (d, e, f) 125 °C, and (g, h, i) 200 °C. (a, d, g)
Orientation map, (b, e, h) grain boundary isorientation distribution, (c, f, i) band contrast map.

Fig. 10. SEM BSE images with different magnifications showing the deformation twinning in LPBF-processed 316L fractured at 25 °C.

serration behavior, i.e., (i) dynamic interaction between diffusing solute
atoms and dislocations; (ii) shearing of precipitates by dislocations; (iii)
large group of dislocations move together [37]. The most accepted
explanation for the DSA is the first one. It refers to the repeated pinning
and breaking of the pinning between diffusing solute atoms and dislo-
cations. The pinning results in the sudden hardening and the breaking of
the pinning results in the abrupt softening. There are three types of
serrations, type A, B, and C. According to the characteristics [38], the
serrations at 550 °C belong to type A and 600 °C is a type A + B.

The DSA phenomenon is associated with flow instability during
deformation under specific conditions, such as the presence of solutes,
medium strain rate and elevated temperatures. Serrated tensile curves
have been frequently observed in the tensile test of low carbon steels at
room temperature. It is believed to be the result of the pinning of the

moving dislocations with the interstitial atoms, such as carbon and ni-
trogen. At certain heat treatments, the DSA phenomenon disappeared,
especially after high temperature solution treatment [39,40]. Lee et al.
[41] studied the effect of strain rate on the DSA of a Fe12Mn0.6C steel.
They found that the DSA disappeared when the strain rate increased to
107! s71. The DSA phenomenon has also been frequently observed for
Aluminum alloys at room temperature [39]. Thus, DSA is an
energy-based phenomenon that depends on the activation barriers for
the interaction between the solutes and the dislocations.

4.4. Creep and dynamic recrystallization at 800 °C

An interesting phenomenon was observed for LPBF-processed 316L
after the tensile test at 800 °C was dynamic recrystallization. Fig. 13(a)
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Fig. 12. SEM BSE images with different magnifications showing the microstructures of LPBF-processed 316L fractured at 550 °C.

shows the EBSD orientation map of the fractured sample and a close up
is shown in Fig. 13(b). The refined grains due to the dynamic recrys-
tallization can be seen clearly. Fig. 13(c) shows the kernel average
misorientation (KAM) map and Fig. 13(d) shows the grain orientation
spread (GOS) map which are the same location as Fig. 13(b). The KAM
calculates the average misorientation angle between a point and its
neighbors, which is an indication of the dislocation density of geomet-
rically necessary dislocations (GNDs). The GOS is a primary strain
analysis tool to highlight grains experiencing significant deformation
and showcase their spatial distribution. The KAM map reveals the
recrystallized grains are surrounded by high amounts of misorientation
that act as the driving force. Since the recrystallized grains experience
low deformation, the grains are marked with blue color, as shown in
Fig. 13(d).

The recrystallized grains were observed using SEM BSE as well, as
shown in Fig. 13(c, d, e). The necklaces of new grains form along the
initial grain boundaries. The tensile deformation and the high temper-
ature environment offer the motivation for the formation of recrystal-
lized grains. There is no recrystallized grain observed when the testing
temperature is 700 °C and below.

316L tested at medium temperatures only shows a relatively small
elongation because the formation of deformation twinning is retarded.
Conventional 316L tested at 800 °C shows a superplasticity (112%)
[20]. The superplasticity is mainly due to the dynamic recrystallization
that happens during the tensile test at high temperatures. The formation

of recrystallized grains decreases the stress concentration and therefore,
the sample can endure more deformation. However, the superplasticity
was not observed in LPBF-processed 316L. Further analysis of the frac-
tured sample has been conducted to explore the cause.

Fig. 14(a) shows the optical image of a tensile sample after being
tested at 800 °C. Large cavities and cracks can be observed. Some of the
cracks were initiated from the sample surface. A close up of the micro-
structure observed using SEM is shown in Fig. 14(b). Besides the large
cavities and cracks, small slim cracks were also observed. The rectan-
gular area c is studied using EBSD and the result is shown in Fig. 14(c).
Two slim cracks are shown in Fig. 14(d and e). The location of the two
slim cracks is highlighted in Fig. 14(c). The EBSD orientation map
confirms that the cracks are along the high angle grain boundaries.

The intergranular cracks are a result of high temperature creep. High
temperature creep causes premature fracture and thus the superplasti-
city was not observed for LPBF-processed 316L at 800 °C. At present,
studies on the high temperature creep behavior of LPBF-processed 316L
are still limited [42-44]. During the tensile test at 800 °C, the loading
direction of the tensile specimens was perpendicular to the direction of
the columnar grain growth. In this loading direction, the diffusion path
is longer than that along the building direction, which indicates the
creep life is shorter than along the building direction. This could be the
reason for the observation of large cracks which is parallel to the
building direction, as shown in Fig. 14(a). Experimental results reported
by Williams et al. [42] proved the above analysis.
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Fig. 13. Dynamic recrystallization induced refined grains in LPBF-processed 316L fractured at 800 °C. (a) EBSD orientation map, (b) a close up of the orientation

map, (c) KAM map and (d) GOS map of (b), (e, f, g) SEM BSE images.

The cracks in creep consist of the following stages: (i) nucleation of
cavities; (ii) growth of cavities, (iii) interlinkage of cavities, and (iv)
crack propagation. The nucleation of cavities can be observed in Fig. 14
(d and e). The nucleation of cavities often happens at the grain bound-
aries which is because the accumulation of dislocations due to the slip
causes stress concentration at the grain boundaries. The nanoscale
ledges at the grain boundaries would be other sites for the nucleation of
cavities, especially for the observation of the straight slim cracks. The
triple junctions of the grain boundaries are also nucleation sites for creep
cavities due to stress concentration. The left-top side of the crack in
Fig. 14(e) is at the triple junction of the grain boundaries. The inter-
linkage of cavities can be seen in Fig. 14(d and e).

Fig. 15 summarizes the tensile deformation behaviors at different
temperatures. It has been discovered that at —196 °C, there have been
observations of deformation induced phase transformation and TWIP;
between 25 °C and 125 °C, TWIP has been noted; at temperatures
ranging from 550 °C to 600 °C, DSA has been observed; within the range
of 700 °C-800 °C, creep at grain boundaries has been detected.; Addi-
tionally, dynamic recrystallization has been observed during testing at
800 °C.

5. Conclusions

(1) LPBF-processed 316L shows a good combination of high strength
and ductility at room temperature. Deformation twinning was
observed in the fractured samples. The yield strength is 609 MPa;
the UTS is 722 MPa; the elongation is 62%;

(2) LPBF-processed 316L fractured at —196 °C shows an increased
strength with good ductility due to TRIP and TWIP effect. The

yield strength is 818 MPa; the UTS is 1349 MPa; the elongation is
39%;

(3) The formation of deformation twinning is significantly retarded
when the testing temperature reaches 200 °C. At 400 °C, the
elongation is decreased to 21%;

(4) At 550 °C and 600 °C, tensile curves with serrated flow were
observed which is associated with DSA.

(5) Further increasing the testing temperature to 800 °C, the yield
strength is decreased to 230 MPa and the UTS is decreased to 239
MPa with an elongation of 29%. Dynamic recrystallization was
observed. The small elongation obtained at 800 °C results from
the occurrence of high temperature creep.
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Fig. 14. Creep behavior of behaviour LPBF-processed 316L after fracture at 800 °C near the fracture point. (a) Optical image showing the creep cracks near the
fracture point, (b) SEM image showing the close up of the creep cracks, (c) EBSD orientation map showing the microstructures near the fracture point, (d, e) SEM

images showing the intergranular creep cracks. BD: building direction.

-196°C 25°C 125°C 200 °C 400 °C 550 °C 600 °C 700 °C 800 °C
TWIP TWIP TWIP  Slip Slip DSADSA Creep Creep
TRIP  Slip Slip Slip Slip Slip DRX
Slip F~— e Slip

Fig. 15. Illustration showing the tensile deformation behaviors at different
temperatures. Note: TWIP: twinning induced plasticity; TRIP: transformation
induced plasticity; DSA: dynamic strain aging; DRX: dynamic recrystallization.
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