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Abstract

The objective of this study is to understand the thermal stability of microstructure and its
effect on the creep behavior of additively-manufactured 316L stainless steel (AM 316L SS).
Creep specimens were fabricated from rods printed by a laser powder bed fusion process. Six
different heat treatments, namely 650°C/1h, 700°C/1h, 750°C/1h, 800°C/1h, 900°C/1h and
1050°C/1h were applied to the creep specimens. The heat-treated specimens were creep-tested
under the same condition, 550°C/275 MPa to evaluate the effect of post-build heat treatment on
the creep behavior of AM 316L SS. In the temperature range of 650-750°C, dislocation density
within cells, and cell size and wall thickness were affected by the heat treatment, while elemental
segregation at boundaries remained unchanged and Mn-enriched Si oxide particles remained
stable. In the temperature range of 750-900°C, concurrent changes were observed in dislocation
cell structures, elemental segregation and oxide particles. The 1050°C-heat treatment removed
cell structures and boundary solute segregations, leading to formation of equiaxed grains; Mn-
enriched Si oxide particles in the as-built specimen were replaced by more stable Mn-enriched
Cr oxides. The creep life of AM 316L SS increased after the heat treatment at 650°C and then
decreased with increasing temperature up to 900°C where cell/subgrain structures still existed.
The creep rate and creep elongation followed an opposite trend. The creep rate can be correlated
with the structural parameters of cell/subgrain size and cell wall/boundary thickness and can be
rationalized by different strengthening mechanisms of dislocation cells and subgrains. The heat
treatment affected strongly the primary and secondary creep but had a minimal effect on the
tertiary creep of AM 316L SS.
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1. Introduction

Type 316 austenitic stainless steel has been broadly used in various types of nuclear
reactors, including current nuclear power plants and next-generation advanced reactor concepts
[1]. Additive manufacturing as a disruptive manufacturing technology has opened up
unprecedented opportunities for designing components with controlled microstructure, enabling
smart designs of reactor components with complex geometries, design freedom and possibly
enhanced performance. Previous studies have shown that additively-manufactured 316L stainless
steel (AM 316L SS) has considerably high low-temperature tensile strength and good ductility
but somewhat inferior creep performance over conventionally-made wrought 316 SS [2-5]. The
high-temperature mechanical performance of AM 316L SS is of great importance to its
applications in advanced reactor concepts and therefore needs further investigations [6,7].



Laser powder bed fusion (LPBF), a metal additive manufacturing technology, uses laser
beams to melt and consolidate metal powder layer-by-layer to form parts. It can fabricate complex
components with high accuracy that is difficult to achieve by conventional manufacturing
techniques, e.g. casting and forging. This new manufacturing technology has seen broad
applications in a wide range of industries and is now routinely used to process austenitic stainless
steels [8-10]. The microstructure of LPBF-produced 316L SS is, however, much more complex
than that of conventionally-made 316 SS due to the high energy input and the rapid melting and
solidification process. Various types of defects can be produced during the printing process, such
as pores, cracks, and high residual stresses [10-14]. A highly non-equilibrium, heterogenous
microstructure spanning multiple length scales was observed in 316L SS produced by LPBF, e.g.
columnar grains within melt pools, subgranular cellular structures, high density dislocations within
cell walls, boundary elemental segregation, and oxide particles distributed both at boundaries and
in the matrix [3,15-18]. Post-build heat treatments are performed to relieve residual stresses and
to produce desired microstructure and improved mechanical properties [19-28].

A number of studies have been carried out to understand the fundamental strengthening
mechanisms and the roles of porosity, dislocation cell size, dislocation density, elemental
segregation, and particles in the strength of AM 316L SS [2,4,5,17,27,29-33]. The low-
temperature high strength and good ductility of AM 316L SS has been attributed to dislocation
cell structures formed during printing. Some studies suggest that the cell spacing is the key
microstructural parameter controlling the strength of the AM 316L SS [17, 27,30]. Our earlier
work has also shown that the creep rate of the AM 316L SS can be directly related to the
dislocation cell size in the alloy [5]. Thermal annealing at high temperature can cause thermal
instability of the microstructure of the as-built AM 316L SS. Several studies have shown that the
hardness and room-temperature yield stress drop continuously with increasing annealing
temperatures above 600°C, and this strength reduction has been primarily attributed to the
coarsening of cell structures [20-22, 27]. The variations of the as-built microstructure resulting
from the variations in processing conditions, feedstock, or even printer types also complicate the
understanding of the thermal stability of the microstructure of AM 316L SS. More importantly,
few studies have been carried out to understand the thermal stability of the microstructure and its
influence on the high-temperature mechanical properties of AM 316L SS.

The objective of this work is to investigate the effect of post-build heat treatments on
microstructure and creep behavior of 316L SS produced by the laser powder bed fusion (hereafter
referred to as “AM 316L SS” throughout the paper). Six different heat treatments, namely,
650°C/1h, 700°C/1h, 750°C/1h, 800°C/1h, 900°C/1h and 1050°C/1h were conducted on the as-
built AM 316L SS specimens. Creep tests of the heat-treated specimens were performed under the
same condition, 550°C/275 MPa to evaluate and understand the effect of post-build heat treatment
on the creep resistance of AM 316L SS. This investigation is important to the optimization of
process parameters and post-build heat treatment conditions to produce high-quality parts with
optimized microstructure and superior high-temperature properties.



2. Experimental

Creep specimens used in this study were ASTM-standard round bar specimens.
Specimens were fabricated from rods of Build 20190315 of AM 316L SS printed by an LPBF
process using a Concept Laser—M2 printer at Oak Ridge National Laboratory [34]. Praxair 316L
stainless steel powder and default printer settings were used for printing. The chemical
composition of 316L feedstock is given in Table 1.

Table 1: Composition of the Praxair 316L stainless steel powder (wt%).

Fe Cr Ni Mo Mn Si N Cu Co C P 0]
Bal. 17.07 | 12.08 | 2.41 1.19 0.46 0.01 |o0.01 0.1 0.006 | <0.005 | 0.05

Printed rods had a nominal diameter of 0.5 and a nominal length of 4.125”. They were
printed vertically, and the ID of the rod was printed at the top of the rod. Creep specimens had a
nominal gauge diameter of 0.25”, a nominal gauge length of 1.25”, and a total length of 3.60”.
One specimen per printed rod was machined. The axial direction of the specimen was along the
build direction. To keep track of the exact location and the build direction of the specimen, the
top of the upper grip section of the specimen was the top of the printed rod, and the upper grip
section was designed to be 0.08” longer than the lower grip section of the specimen. Details of
the specimen fabrication can be found in [5].

The Concept Laser — M2 printer uses two identical laser systems in different regions of
the powder bed to fabricate larger components. Rods used to fabricate creep specimens were
printed by laser 1, laser 2 or two lasers, as shown in Fig. 1. Specimens machined from rods printed
by laser 1 were assigned IDs of L1XX and are called “Laser 1 specimens”; specimens machined
from rods printed by laser 2 were assigned IDs of L2XX and are called “Laser 2 specimens”;
specimens machined from rods printed by both lasers were assigned IDs of SXX and are called
“2-Laser specimens”. This two-laser system enables a direct one-to-one batch variability within
a single build while holding all other variables constant.

Figure 1. Build 20190315 showing the orientation and locations of rods printed by Laser 1, Laser
2, or both lasers.



Post-build heat treatments were conducted on the as-built creep specimens at 650, 700,
750, 800, 900, and 1050°C, respectively, for one hour. The annealing time was kept constant to
investigate the effect of the heat treatment temperature. Each creep specimen was individually
encapsulated in a quart tube under vacuum. Heat treatments were conducted on the encapsulated
specimens in air furnaces.

All the heat-treated specimens were creep tested under the same condition, namely, 550°C
and 275 MPa. Creep tests were conducted according to ASTM Standard E139-11, “Standard Test
Methods for Conducting Creep, Creep-Rupture, and Stress-Rupture Tests on Metallic Materials.”
Tests were carried out on ATS Series 2300 Lever Arm Creep Testing Systems integrated with
WIinCCS Il computer control and data acquisition software package. Each creep load frame was
equipped with a three-zone split-tube furnace capable of operation up to 1100°C. Specimens were
soaked at the test temperature for 1 hour prior to loading to ensure a stable test temperature. The
temperature was monitored by 2 thermocouples with each spot-welded to the grip shoulder
section of the specimen. The temperature was maintained to a total variance of £1°C. Creep strain
was monitored by an averaging extensometer frame mounted on opposite sides of the specimen.
All the specimens were tested to rupture. Creep elongation was determined by measuring the
length of the ruptured specimen.

Microstructure of these specimens was examined after creep tests. Metallographic
specimens were taken from the grip end or the gauge section near the fraction surface of the creep-
tested specimen and were examined by optical microscopy. Disk specimens were taken from the
grip or gauge sections of creep-tested specimens in the transverse direction for transmission
electron microscopy (TEM). Disk specimens of 3 mm in diameter were electropolished to
perforation using an electrolyte of 95% methanol and 5% perchloric acid at ~-40°C. Due to the
presence of cracks and voids in the creep tested specimen, electropolished thin foil specimens were
further ion milled to obtain appreciable thin areas for TEM examination. TEM and EDS were
conducted on a FEI Talos F200X TEM at the Center for Nanoscale Materials (CNM), and a Hitachi
H9000 at the IVEM-Tandem Facility, Argonne National Laboratory.

3. Results
3.1. Creep Behavior of As-built AM 316L SS

Figure 2(a) shows the creep stress vs. rupture time data for the as-built AM 316L SS tested
at 575°C. The data of 550, 600, and 650°C were reported previously in [5]. The test conditions
were chosen to conduct short-term creep tests over a reasonably broad temperature and stress
conditions. The Larson-Miller plot given in Fig. 2(b) includes the data of 550, 600, 575, and
650°C of the as-built specimens, and the literature data for conventionally-made 316 SS (CM 316
SS) [35,36] for comparison. The Larson-Miller parameter, T(C+log10(ts)) was calculated using
C =17 for both AM 316L SS and CM 316 SS.

It was found that Laser 1 specimens, Laser 2 specimens, and 2-Laser specimens show
comparable creep behavior. The batch variability of these specimens is insignificant in these



short-term creep tests. The creep data of all the specimens can be described by a single Larson-
Miller plot. Relative to CM 316 SS, AM 316L SS has an inferior creep rupture strength.
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Figure 2. (a) Stress-rupture time plot, and (b) Larson-Miller plot for as-built AM 316L SS.

3.2. Creep Behavior of Heat-Treated AM 316L SS

Creep curves of the heat-treated specimens tested at 550°C and 275 MPa are shown in
Figs. 3(a) and (b) where the creep strain is plotted as a function of time and the creep strain rate
plotted as a function of creep strain, respectively. All the specimens exhibited predominantly
accelerated creep. There was a strong effect of the heat treatment on the primary and secondary
creep of the alloy, which can be seen in Fig. 3(c) where a magnified plot of Fig. 3(b) shows the
primary and second creep of the creep rate — creep strain curves. The creep rate of the as-built
specimen shows a short primary creep during which the creep rate continues to decrease with
increasing strain and reaches a minimum; the creep rate then starts to increase continuously with
increasing strain with almost no secondary creep. The creep rates of the 650°C- and 700°C-heat
treated specimens show similar behavior. As the heat treatment temperature increases above
700°C, the specimens begin to show classical creep behavior with evident secondary creep where
the creep rate remains a constant. When the heat treatment temperature increased to 900 and
1050°C, AM 316L SS deviated from classical creep behavior again where the primary creep
showed an increased creep rate, followed by secondary creep with a constant creep rate, and then
an accelerated creep until failure. 1t was found that the strain to the onset of tertiary creep (SCTC)
was <1% in the as-built specimen and the specimens heat treated at 650 and 700°C. The SCTC
increased significantly when the heat treatment temperature was above 700°C and when
secondary creep became increasingly more pronounced. The SCTC reached 9% in the 1050°C-
heat treated specimen.

A minimal effect of the heat treatment on tertiary creep was observed in AM 316L SS.
As seen in Fig. 3(d) where the tertiary creep is presented in the magnified plot of Fig. 3(b), the
as-built and the heat-treated specimens showed very similar behavior in the tertiary creep stage.
In fact, when the creep rate curves are shifted in the y-axis by a different increment of creep rate,



the portion of the tertiary creep of all the specimens can be described by a single curve, as seen
in the insert of Fig. 3(d).
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Figure 3. Creep curves of AM 316L SS heat treated at different temperatures (a) creep strain vs.
time, (b) creep strain rate vs. creep strain, (c) a magnified plot of (b) showing the primary and
secondary creep, and (d) a magnified plot of (b) showing the tertiary creep (inset showing curves
shifted in the y-axis).

The creep rupture time, creep elongation, and minimum/secondary creep rate are plotted
as a function of heat treatment temperature in Figs. 4(a), 4(b), and 4(c), respectively. The 650°C-
heat treated specimens have the longest creep lives among the as-built and heat-treated
specimens. Above 650°C the creep life decreased continuously with increasing heat treatment
temperature, and reaches the minimum at 900°C. The 1050°C heat treatment slightly restored the
creep life of AM 316L SS. On the other hand, the creep elongation was the lowest after the heat
treatment at 650°C and reached the maximum after the heat treatment temperature at 900°C,
showing the opposite trend to the creep rupture life. The minimum/secondary creep rate reached
the minimum after the heat treatment at 650°C and the maximum at 900°C, also showing the
opposite trend to the creep rupture life.



900 ——// T T T T
800 [~ | B
—~ o P
£ .o B
© 700 |:; ’ * <
E - .
= .
ﬂg .
2 600 |- * B
[=% A}
=) A}
A3
§ 500 |- u- l’ 4
3] u ..-m
400 S m ° |
300 II 1 1 1 1 1
0 600 700 800 900 1000 1100
Heat treatment temperature (°C)
60 '—'—// T T T T T
55 -
c |+ .. - S N
'g L] ‘\ * ..
© w
250 o . J
(=] A .
© “ "
o P,
3 |
O 45 L g
40 ,I 1 1 1 1 1
0 600 700 800 900 1000 1100
Heat treatment temperature (°C)
20 ——/f T T T T
.
— . .~
Q) . 'm
— .
o 15 | Lt 4
S w
x .
jo) .
© )
o 10 ] 4
[9) .
9_.) .
(8] 4
€ ,.
=)
E 5} . 4
£ .
s .. ’
| DR
0 II 1 1 1 1 1
0 600 700 800 900 1000 1100

Heat treatment temperature (°C)

(a)

(b)

(©)

Figure 4. Effect of heat treatments on (a) the creep rupture life, (b) the creep elongation, and (c)

minimum/secondary creep rate of AM 316L SS tested at 550°C and 275 MPa.

3.3.Microstructure of Heat-treated AM 316L SS

Figure 5 shows the optical images of the microstructure of AM 316L SS in the as-built

condition or after heat treatments at various temperatures. Microstructure of these specimens was
examined after creep tests at 550°C and 275 MPa. It should be noted that these specimens
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experienced an additional thermal exposure at 550°C during creep, and the thermal exposure
temperature and time for each specimen are given in the paratheses in Fig. 5. Previous studies have
shown that the microstructure of AM 316L SS is stable below 600°C [19-28].

The as-built specimen shows a layered structure separated by melt pool boundaries. Within
the melt pool, columnar grains grow in the build direction. The grain size in the cross section was
~20-30 um. Defects, e.g. lack of fusion, gas pores, were evident. After heat treatments at 650 and
750°C melt pool boundaries were still visible though they were much thinner. They were nearly
invisible after heat treatments at temperatures above 750°C. Ronneberg et al [23] pointed out that
melt pool boundaries are thin bands with slightly different composition from the melt pool interior.
The gradual removal of melt pool boundaries by heat treatment indicated an increasing influence
of atomic diffusion at high temperature which homogenizes the melt pool composition.

The heat treatment at 1050°C further homogenizes the microstructure of AM 316L SS. The
initial columnar grains started to lose their shapes, implying the occurrence of recrystallization.
Voisin et al [22] found that the overall grain structures of AM 316L SS remained stable up to 800-
1000°C and near defect-free grains formed at >1100°C. Deng et al [20] reported full
recrystallization of AM 316L SS after annealing at 1065°C and 1150°C. Our results are consistent
with these findings. It should be mentioned that that no evident effects of heat treatments on
porosity were observed in AM 316L SS.
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Fig. 5. Optical images showing the microstructure of heat-treated AM 316L SS in the build
direction. Metallographic specimen was taken from the grip section of the creep-tested specimen.
Thermal exposure condition during creep is given in the parathesis for each specimen.



The microstructure of the heat-treated specimens was also examined by TEM. Figure 6
shows TEM bright-field images of the specimens in the as-built condition or after heat treatment
at 650, 750, 800, 900 and 1050°C, respectively. The high-magnification images in Fig. 6 reveal
the details of dislocation substructures while the low-magnification images give an overview of
the substructures. Dislocation substructures were observed in all the specimens and there were
minimal misorientation differences between substructures in these specimens. “Dislocation cells”
and “subgrains” are traditionally used to describe the morphologies of dislocation substructures.
Dislocation cells often refer to dislocation substructures consisting of broad, diffused boundaries
containing dislocation tangles, while subgrains refer to substructures with narrow and well-defined
sub-boundaries. Sometimes these two terms are used interchangeably.

The as-built AM 316L SS showed dislocation cells resulting from the printing process.
Cell walls consisted of dislocation tangles and cell interior had a low density of dislocations. The
mean cell size in the as-built specimen was 530+£62 nm and the cell wall thickness was 96 nm.
Here the cell size is defined as the shortest width of a cell, and it was obtained by measuring the
distance between the middle-lines of the cell walls. After the heat treatment at 650°C, the mean
cell size was reduced to 393+33 nm while the cell wall thickness increased to ~110 nm. When the
heat treatment temperature increased to 750°C, the density of tangled dislocations within cell walls
was significantly reduced and the cell walls became much thinner. The mean cell size and cell wall
thickness were 337119 nm and 47 nm, respectively in the 750°C-heat treated specimen. As the
heat treatment increased to 800°C, cells coarsened and the mean cell size increased to 526+36 nm.
Cell walls became narrower and the overall dislocation density was lower. In the 900°C-heat
treated specimen tangled dislocations in cell walls were replaced by regular dislocation arrays,
forming sub-boundaries and few dislocations were observed within subgrains. The mean subgrain
sizes in the 900°C-heat treated specimens was 508+37 nm, similar to that of the 800°C-heat treated
specimen. Unlike the heat treatments at lower temperatures, the 1050°C heat treatment removed
cell structures in the as-built specimen. Dislocations remained inside the grains, pinned by second-
phase particles. Table 2 summarizes the measurements of cell/subgrain size and boundary
thickness. Deng et al [20] reported that the cellular structure in AM 316L SS remained stable at
600°C but coarsened slightly after annealing at 700°C. The coarsening of cell structures was
accompanied by a decrease in hardness in AM 316L SS. Voisin et al [22] found that dislocations
in cell walls started to disentangle at 800°C and cells disappeared at 1000°C. At 1200°C the
microstructure fully transformed into equiaxed, near defect-free grains. Our experiments
confirmed previous findings.

Figure 7 shows high-angle annular dark-field (HAADF) images and EDS elemental maps.
In the as-built specimens, particles were found mostly at cell boundaries. These particles were
oxides enriched in Si, Mn. The mean size of oxide particles was 259 nm. Elemental segregation
was observed at cell boundaries which were enriched in Cr and Mo and depleted of Fe. Minimal
changes occurred to the oxide particles and boundary segregation after heat treatments at 650 and
750°C. However, when the heat treatment temperature increased to 800°C, oxide particles
coarsened, Mo-rich precipitates formed, and boundary elemental segregation became less evident.
As the heat treatment temperature increased to 900°C, no boundary elemental segregation was
detected and oxide particles nearly dissolved. After the heat treatment at 1050°C, new oxide
particles formed and they were enriched in Cr and Mn, which have different chemistry from oxide
particles observed in the as-built specimen. The particle mean sizes were 87 nm in the 1050°C-
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Figure 6. TEM micrographs showing the microstructure of the AM 316L SS specimens in the as-
built condition or after heat treatments at 650, 750, 800, and 900°, and 1050C, respectively.
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Table 2. Cell/subgrain size and boundary thickness

Condition As-built  650°C 750°C 800°C 900°C 1050°C

Mean cellisubgrain  con o7 393433 337419 526436 508437 ]
size (nm)

Mean boundary

thickness (nm) % 110 47 ) ) )

As-built

650°C

750°C

800°C |

900°C

1050°C

(o]
—
2 pm

Figure 7. HAADF micrographs and EDS elemental maps of the AM 316L SS specimens in the
as-built condition or after heat treatments at 650, 750, 800, and 900°, and 1050C, respectively.

heat treated specimens, significantly larger than those in the as-built specimen. These findings are
generally consistent with the results reported in the literature [15,22]. However, Kong et al [25]
found that the (Mn,Si) nano-particles in the as-built AM 316L became smaller and the content of
Si and Mn became lower after heat treatment at 1050°C for 30 min. The differences in particle
evolution could be affected by the variations in the initial microstructure and chemistry resulting
from the printing process.
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3.4. Microstructure of AM 316L SS after Creep

Creep damage of the heat-treated specimens was characterized by optical microscopy
after creep. Metallographic specimens were taken in the gauge section in the longitudinal
direction. Figure 8 shows optical micrographs of the specimens heat treated at different
temperatures and in the as-built condition after creep. Grain boundary cracking was the dominant
failure mode in all the specimens. Cracks grew primarily along the grain boundaries
perpendicular to the loading direction. Grains were severely distorted under creep deformation.
The gauge sections of these specimens were also characterized by synchrotron X-ray tomography
at the Advanced Photon Source, and the results will be reported in a future publication.
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Figure 8. Optical micrographs of the gauge sections of the creep tested (550°C/275 MPa)
specimens in the as-built condition or heat treated at different temperatures.

Microstructure of the gauge sections of the creep-tested specimens was also examined by
TEM. Figure 9 shows TEM images of the as-built, 650°C-heat treated, and 1050°C-heat treated
AM 316 L SS specimens after creep tests at 550°C/275 MPa. It was found that the initial
dislocation cell structure in the as-built and 650°C-heat treated specimens disappeared after creep
and evolved into a uniformly-distributed high-density dislocation structure. The 1050°C-heat
treated specimen showed a similar dislocation structure with uniformly-distributed high-density
dislocations, though its initial microstructure before creep had no dislocation cells, unlike the as-
built and 650°C-heat treated specimens. It appeared that the dislocation structure after creep was
not sensitive to the initial microstructure of the specimen before creep. Rather it depends mainly
on the creep testing condition. Similar findings on wrought 316 SS have been reported in the
literature [37].
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Figure 9. TEM micrographs showing the microstructure after creep test at 550°C/275 MPa for
AMB316L SS (a) as-built, (b) heat-treated at 650°C/1h, and (c) heat treated at 1050°C/1h.

4. Discussion

3.1. Effect of Post-Build Heat Treatment on Creep Behavior of AM 316L SS

The post-build heat treatment has a strong effect on the creep properties of AM 316L SS,
as shown in the previous section. The creep rupture life increased after the heat treatment at
650°C, and then decreased with increasing heat treatment temperatures up to 900°C when
cell/subgrain structures still existed. The creep rate and creep ductility followed the opposite
trend. The effect of heat treatment was different in different stages of creep. The primary and
second creep of AM 316L SS was strongly affected by the heat treatment. The shapes of the creep
curves in the primary and second creep were sensitive to the heat treatment, as shown in Fig. 3.
Ancker et al [37] reported that the shape of the creep curve was a function of the initial quantity
of small-angle dislocation boundaries. The difference in the creep response of AM 316L SS in
primary and second creep may be largely associated with the changes of cells/subgrains during
the heat treatment.

On the contrary, the tertiary creep of AM 316L SS was insensitive to the heat treatment.
The portion of the tertiary creep of all the specimens can be described by a single curve after
shifting in the y-axis, as shown in Fig. 3d. The effect of heat treatments on tertiary creep can be
further understood by comparing the creep ductility and the strain to the onset of tertiary creep
(SOTC). Figure 10 plots the creep elongation and the SOTC as a function of heat treatment
temperature for AM 316L SS tested at 550°C and 275 MPa. It is noted that both the creep
elongation and the SOTC increase with increasing heat treatment temperature up to 900°C.
However, the difference between the creep elongation and the SOTC is less dependent on the
heat treatment temperature (shown in the shaded area of Fig. 10). It implies that the tertiary creep
strain is not heavily affected by the heat treatment, and the change in creep ductility after the heat
treatment is mainly a result of the changes in primary and secondary creep strains. In other words,
the heat treatment delays the onset of tertiary creep, except the 1050°C-heat treated specimen
where dislocation cell structures are completely destroyed. It is suggested that the shorter creep

13



lives after heat treatments at higher temperatures is a consequence of the higher creep rates
developed in the primary and secondary creep.
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Figure 10. The creep elongation and the strain to the onset of tertiary creep as a function of heat
treatment temperature for AM 316L SS tested at 550°C and 275 MPa.

3.2. Effect of Post-Build Heat Treatment on Microstructure of AM 316L SS

The LPBF process produces a highly non-equilibrium, heterogenous microstructure in AM
316L SS. As shown in Figs. 5-7, the as-built specimen has a hierarchical structure consisting of
columnar grains within melt pool boundaries, dislocation cell structures within grains, a low
density of dislocations within cells, solute segregation at boundaries, and oxide particles. This
highly non-equilibrium microstructure has an excessively high energy, and post-build heat
treatments can relieve the free energy through recovery, homogenization, and recrystallization
[20]. We have shown that microstructure of AM 316L SS was progressively transformed with
increasing heat treatment temperature. Because of a number of characteristic phenomena observed
in the range of the heat treatment temperature, it is convenient to divide the discussion on
microstructural evolution into various temperature regimes:

e 650-750°C

In this temperature range the characteristic changes were dislocation density within cells,
and cell size and wall thickness. Elemental segregation at boundaries (including both melt pool
boundaries and cell boundaries) remained unchanged and Mn-enriched Si oxide particles remained
stable.

The heat treatment at 650°C reduced the mean cell size. Fewer dislocations were observed
inside the cells after the heat treatment. Dislocations within the cell walls straightened. It is
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apparent that dislocation structures formed during printing continued to evolve to reduce the total
elastic energy of dislocations. Birnbaum et al [38] suggested that dislocation cell structures in AM
316L SS are formed due to the residual stress developed during solidification. Local stresses and
strains developed from thermal shrinkage can drive local quenched-in dislocations to continue to
evolve into low-energy cell boundaries to relieve local stored energy, resulting in smaller
dislocation cells during 650°C annealing. Holt [39] pointed out that the dislocation cell size, A is
inversely proportional to the square root of the dislocation density, p, i.e.,

A = Kp©0S 1)
where K is a constant. Holt suggested that a uniformly dense dislocation structure was unstable
and tended to cluster to form cell structures to reduce the elastic energy of dislocations by analogy
with spinodal decomposition. The cell size — dislocation density relationship was observed in
wrought 316 SS [40]. This relationship was recently verified by a thermodynamic analysis on the
formation energy of dislocation cells [41] and is applicable within a certain temperature regime
where dislocation mobility is high enough to allow forming a low-energy dislocation configuration
but low enough to limit considerable dislocation annihilation to form low-energy boundaries [42].

As the heat treatment temperature increases, dislocation mobility increases and dislocation
annihilation becomes more prominent. Dislocation tangles within cell walls increasingly merge
and cell boundaries sharpen. As observed in the 750°C-heat treated specimen, the width of the cell
wall was reduced by >50% compared to the 650°C-heat treated specimen, while the change in the
mean size of dislocation cells was less significant.

e 750-900°C

In this temperature range, concurrent changes were observed in dislocation cell structures,
elemental segregation and oxide particles. The enrichment of Cr and Mo at cell boundaries in the
as-built specimen has a trapping effect on dislocations and can stabilize cell boundaries [20, 22].
At high temperature the diffusivities of Cr and Mo increase. The Cr and Mo atoms start to diffuse
away from cell boundaries. While segregation of Cr and Mo was still detectable after the 800°C-
heat treatment, boundary elemental segregation was not observed after the heat treatment at 900°C.
Melt pool boundaries which have slightly different composition from the interior, also gradually
disappeared with increasing heat treatment temperatures. Voisin et al [22] studied Cr and Mo
elemental diffusion in AM 316L SS under annealing by CALPHAD simulation. They showed that
diffusion of Cr and Mo across the cell wall started at 650°C, and both elements were fully
homogenized with matrix below 900°C when the annealing time was held between 15 min to 2 h.
Our experimental results are consistent with their CALPHAD simulation results.

The Mn-enriched Si oxide particles in the as-built specimen started to transform in this
temperature range as well. They gradually dissolved and were replaced by new particles of Mn-
enriched Cr oxides at high heat treatment temperature. Chen et al [21] observed the dissolution of
silicates after annealing at 800°C for one hour in AM 316L SS and found that both the volume
fraction and the size of silicates were reduced. Yan et al [43] reported that the nanoscale Mn-
enriched silicon oxides in LPBF 316L SS are MnSiOs Rhodonite. MnSiOz Rhodonite particles
were replaced by MnCr204 Spinel particles after annealing at 1200°C for 1 h or longer. The phase
transition from Rhodonite to Spinel was explained by the metastable phase diagram of 316L SS
calculated by the Thermo-Calc software. A lower interfacial energy of the metastable Rhodonite
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phase promoted its formation during rapid solidification of the printing process. During post-build
annealing, Cr atoms diffuse to MnSiOz Rhodonite particles and form thermodynamically stable
MnCr204 Spinel particles.

Removal of solute segregations at cell boundaries increases dislocation mobility within cell
walls. High temperature also increases dislocation mobility. Sufficient three-dimensional
dislocation mobility (e.g. climb) is needed for dislocation reorganization or annihilation, forming
sharper low-energy boundaries. Dislocation cells coarsened during the heat treatment at 800°C.
The mean cell size increased to 526+36 nm and cell boundaries became thinner. Further increase
in heat treatment temperature to 900°C caused no significant change in cell size but resulted in
formation of well-organized subgrains. Similar development of dislocation cells and subgrains
were observed in tensile deformed regular 316 SS [40]. A concurrent increase in the regularity of
cell walls and cell size was observed in tensile-deformed 316SS at temperatures near 0.5Tm, and a
rapid increase in subgrain size occurred above ~0.5Tm when the recovery processes became
dominant.

e 900-1050°C

We have found that boundary solute segregations were completely removed after heat
treatment at 1050°C. The Cr element initially segregated at boundaries was captured by Mn-
enriched Si oxide particles, forming more stable Mn-enriched Cr oxides. Cell structure formed in
printing was completely removed. Columnar grains in the as-built specimen experienced
recrystallization and formed equiaxed grains. Dislocation segments remained in the matrix pinned
by oxide particles. A number of studies have shown that homogenization and recrystallization
occurred in AM 316L SS at temperatures >1000°C [19,20,22,27].

3.3. Effect of Post-Build Heat Treatment on Creep Deformation Mechanisms in AM
316L SS

As discussed in our previous paper [5], dislocation creep was the dominant creep
deformation mechanism in AM 316L SS under the creep condition of 550°C and 275 MPa. A cell
structure reduced the creep rate. Consistent with the findings by Sherby et al [49], the creep rate
of AM 316L SS was found to be proportional to the cube of the mean cell size, A, i.e. [5]:

. 3 n

5=4G) () @
where A” is the constant, D the diffusion coefficient, G the shear modulus, b the Burgers vector, ¢
the stress, and n the stress exponent. According to this relationship, the lowest creep rate of the
650°C-heat treated specimen can be attributed to its small dislocation cell size. However, Eq. (2)
cannot explain the higher creep rates of the specimens heat treated at higher temperatures. For
example, the 750°C-heat treated specimen had a similar cell size and narrower cell walls but a
higher creep rate than the 650°C-heat treated specimen. It appears that the creep rate of the heat-
treated AM 316L SS cannot be described by a single structural parameter. Ancker et al [37]
suggested that small-angle dislocation boundaries are effective barriers to plastic deformation, and
the effectiveness of these boundaries is dependent on their number, angle and nature. “Diffuse”
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small-angle boundaries cause significant hardening from high-density dislocations trapped within
the boundaries. A thermal treatment sharpens the boundaries and the metal becomes softer. To
account for the effects of both cell size and dislocation density within cell wall, we refer to the
composite model developed by Mughrabi et al [44-46]. This model considers two different kinds
of regions in the heterogenous cell structure to account for the long-range internal stress for crystals
containing dislocation wall or cell structures: the interior of the cell wall where the local dislocation
density is very high has a high “local” flow stress, and the region between them where the
dislocation density is very low has a low “local” flow stress. The local flow stresses are related to
the local dislocation densities, respectively. The overall flow stress, t is given by a rule of mixture,
ie.

T= fCaCGb\/E+ fwawGb,/py, 3)
where pc and pw are dislocation densities inside the cell and within the cell wall, respectively, fc
and fw are the area (volume) fraction of cells and walls (fc + fw = 1), respectively, and aw and oc
are the constants. The composite model describes the strengthening effect of a dislocation wall
with a non-negligible thickness from three types of dislocations: dislocations in the cell walls,
those in the cell interiors, and the interface dislocations that maintain compatibility. For a one-
dimensional dislocation wall structure, the flow stress for a heterogeneous dislocation distribution,

Thet IS given by [46]:

Thet = 206\/ fcwab\/; 4)
where p is the mean total dislocation density. Orlova [47] extended the composite model to high-
temperature creep, and proposed that the relationship of the subgrain/cell size, A and the total

dislocation density, p is dependent on the volume fraction of the sub-boundaries, fw:

A=C(f)p™*® (%)
Based on these theories, Eg. (2) can be modified to account for the effect of dislocation cell walls
on the creep rate:

£ wl A" (o n

>=4"() (3) ©)

where m is the constant. According to Eg. (6), the 750°C-heat treated specimen is expected to have
a higher creep rate than the 650°C-heat treated specimen because of its thinner cell wall (and
therefore a smaller volume fraction, fw) and the comparable cell size (1). A further increase of the
heat treatment temperature to 800°C resulted in significant cell coarsening and wall sharpening,
further increasing the creep rate. The heat treatment at 900°C leads to formation of subgrain
boundaries while subgrain size is relatively unchanged when compared with the cell size of the
800°C-heat treated specimen. To rationalize the high creep rate of the 900°C-heat treated specimen
different strengthening effects of dislocation cells and subgrains must be considered. Thompson
[48] discussed substructure strengthening mechanisms by considering cells produced at low
temperature and subgrains produced at higher temperatures. The shear flow stress, t is generalized
by:

T=1+kGbA? (7)
where A is the cell/subgrain size, to is the friction stress, k and p are the constants. The substructure
size dependence, p varies from 1 for dislocation cells to 0.5 for subgrains, and 0.5<p<1 for
intermediate cases. Dislocation cells behave like dislocation forests and are penetrable by gliding
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dislocations. Subgrain boundaries are regarded as impenetrable, and subgrains behave like grains
following a Hall-Petch relation. Similar strengthening effects of cells and subgrains can be applied
to Eq. (6). It is hypothesized that the substructure size dependence, m can vary from 3 suggested
by Sherby et al [49] for dislocation cells to a smaller value for subgrains. Subgrains formed in the
900°C-heat treated specimen are less effective in reducing the creep rate relative to dislocation
cells.

It is noted that the post-build heat treatment strongly affects the strain to the onset of tertiary
creep (SOTC). The SOTC indicates the length of the steady-state, i.e. the stability of the
substructure under creep. It is noted that the SOTC was <1% in the as-built, 650°C-and 700°C-
heat treated specimens and increased considerably after heat treatments at higher temperatures.
The low SOTC values implies that the cell structures produced during the AM process are unstable
under creep. The subgrain structure formed after the 900°C heat treatment is more stable but less
effective in reducing the creep rate. Presence of oxide particles enhances dislocation pinning in
AM 316L SS through the Orowan mechanism, and it was recently demonstrated by 3D dislocation
dynamics simulations [22]. Different chemical composition in cell walls provides a local solution
strengthening effect and also play a role in stabilizing cell structures [22]. Furthermore, a high-
density of stacking faults can impede cross slip, and an increase in Cr within cell walls can decrease
the stacking fault energy which affects creep resistance [50]. These structural features should be
considered in enhancing the creep resistance of AM 316L SS. Saeidi et al [32] have shown that
oxide nanoparticles can be introduced to 316L by laser melting and the oxide-dispersed-
strengthened (ODS) AM 316L SS has high yield and tensile strength. The lower creep rate of the
1050°C-heat treated specimen, though having no cell/subgrain structures may be attributed to
oxide particles pinning the dislocations in the matrix.

We have shown that there is a minimal effect of the heat treatment on tertiary creep of AM
316L SS. Tertiary creep can result from necking or from the development of intergranular cavities
and cracks. Tertiary creep of AM 316L SS is dominated by intergranular cavitation and cracking,
as shown in Fig. 8. The creep void growth rate was explained by the constrained cavity growth
model in our earlier work with a key assumption that the cavity nucleation time was minimal in
AM 316 L SS because of the existence of porosity, and it was the cavity growth time that controls
the creep life [5]. The Kkinetics of cavity growth at grain boundaries was suggested to be controlled
by coupled diffusion and power-law creep, i.e. voids grow by diffusion but at a rate limited by the
power-law creep of the surrounding material. The effect of heat treatment on the creep life of AM
316L SS can be rationalized by considering the effect of the heat treatment on the
minimum/secondary creep rate of AM 316L SS. Both this study and work by Ronneberg et al [23]
have shown that the heat treatments have an insignificant effect on porosity in the as-built
specimen, which justifies the insensitivity of the tertiary creep strain to the post-build heat
treatment. However, Tascioglu at al [23] reported that porosity decreased with increasing heat
treatment temperature. Future work is needed to clarify the effect of the heat treatment on porosity
in AM 316L SS.
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5. Conclusions

Creep specimens were fabricated from rods printed by an LPBF process. Different post-
build heat treatments were applied to the specimens, namely at 650, 700, 750, 800, 900, and
1050°C, respectively for one hour. Creep tests of the heat-treated specimens were performed
under the same test condition, 550°C and 275 MPa to evaluate and understand the effect of post-
build heat treatment on the creep behavior of AM 316L SS.

The creep life of AM 316L SS increased after the heat treatment at 650°C, and then
decreased with increasing heat treatment temperatures up to 900°C when cell/subgrain structures
still existed. The 1050°C heat treatment slightly restored the creep life where dislocation cell
structures were destroyed. The creep elongation and the minimum/secondary creep rate show the
opposite trend to the creep rupture life. The effect of heat treatment was different in different
stages of creep. The primary and second creep of AM 316L SS was strongly affected by the heat
treatment, while the tertiary creep of AM 316L SS was insensitive to the heat treatment.

In the temperature range of 650-750°C, dislocation density within cells, and cell size and
wall thickness were affected by the heat treatments, while elemental segregation at boundaries
remained unchanged and Mn-enriched silicon oxide particles remained stable. The mean cell size
was reduced and the cell wall thickness increased after the heat treatment at 650°C. When the
heat treatment temperature increased to 750°C, the mean cell size was relatively unchanged but
the cell walls became much thinner.

In the temperature range of 750-900°C, concurrent changes were observed in dislocation
cell structures, elemental segregation and oxide particle chemistry. Dislocation cells coarsened
during the heat treatment at 800°C. Further increase in heat treatment temperature to 900°C
caused no significant change in cell size but resulted in formation of well-organized subgrains.
While segregation of Cr and Mo was still detectable after the 800°C-heat treatment, boundary
elemental segregation was not observed after the heat treatment at 900°C. The Mn-enriched
silicon oxide particles in the as-built specimen gradually dissolved and were replaced by new
particles of Mn-enriched Cr oxides at high heat treatment temperature.

The 1050°C heat treatment completely removed cell structures and boundary solute
segregations in the as-built specimen. Mn-enriched silicon oxide particles were replaced by more
stable Mn-enriched Cr oxides. Columnar grains in the as-built specimen experienced
recrystallization and formed equiaxed grains.

The creep rates of the heat-treated specimens were correlated with structural parameters
of dislocation cell or subgrain size and cell wall thickness and rationalized by different
strengthening effects of dislocation cells and subgrains.
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