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Abstract

The microstructure and tensile properties of 316L stainless steel (SS) fabricated using the
laser powder directed energy deposition (LP-DED) after various heat treatment (HT) steps such as
stress-relief (SR), solution annealing (SA), and hot isostatic pressing (HIP) are characterized.
Microstructures before and after HTs are analyzed using both optical and scanning electron
microscopy (SEM). Both quasi-static uniaxial tensile and hardness tests are performed to measure
mechanical properties. The tensile results indicate that the non-heat treated (NHT) condition
possesses higher strengths but lower ductility as compared to the other HT conditions (i.e., SR,
SA, HIP, SR+SA, and SR+HIP). By employing the two-step HT conditions (i.e., SR+SA and
SR+HIP), no significant changes on tensile properties as compared to the individual single-step
HT conditions (i.e., SA or HIP) are observed. The findings suggest that two-step HTs are not
required for LP-DED 316L SS unless HIP is needed to minimize volumetric defect contents.

Keywords: 316L stainless steel; Laser powder directed energy deposition; Heat treatment;
Microstructure; Tensile properties

Introduction
LP-DED is an additive manufacturing (AM) method that uses injected metal powder flow
as feedstocks and the laser beam as an energy source to deposit the powder materials layer by layer
to obtain the near net-shaped components [1]. The LP-DED technique has some benefits compared
to other AM methods such as fabrication of relatively larger parts, repair capabilities of damaged
or faulty components, the ability to clad different materials on existing parts , and reduced material
waste [1][2].

Austenite SS such as 304L SS and 316L SS is commonly used SS in numerous industrial
applications due to their great corrosion resistance, oxidation resistance, and formability [3,4].
Recently, they have received a lot of attention from AM community. Many researchers have
investigated the effects of processing parameters including laser power, scan speed, and hatching
distance on microstructure and mechanical properties [5,6]. Even with optimized process
parameters, the AM 316L SS has shown anisotropic mechanical properties and corrosion
resistance which could be attributed to the characteristic thermal history experienced during AM
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fabrication processes which accordingly could affect the alloy’s microstructure [7]. One common
way used in the community to reduce the anisotropic properties in AM components is post-process
HT [8][9]. However, due to the AM’s unique thermal history, the standard HTs may or may not
achieve similar effects on microstructures and mechanical properties of the AM alloys as they do
on conventionally processed counterparts.

Two-step or multi-step HTs become common practices for AM components to resolve
anisotropic properties due to mainly rapid cooling in AM process. The SR is considered a first step
for the AM parts to remove the residual stresses induced during fabrication processes. SR is usually
conducted before removing the parts from the build plate. After SR, conventionally standardized
HTs such as annealing and aging for wrought materials are also utilized in AM materials to
homogenize and enhance microstructures and mechanical properties, respectively. Furthermore,
the HIP process is frequently used for AM materials since it has been proved to be beneficial effect
on closing up certain types of defects induced during AM fabrication processes [10].

This study examines the effect of such two-step HTs on 316L SS fabricated by LP-DED
technology. Three different two-step HTs such as SR at 899°C + standard SA, SR at 1010°C +
standard SA, and SR at 899°C + standard HIP were considered. All three two-step HTs were
further compared with single-step HTs (i.e., SR at 899°C, standard SA, or standard HIP). The
effects of HTs were studied on microstructure as well as on uniaxial tensile behaviors of the alloy.
This article is presented in the following sequences. First, the experimental procedures such as
materials preparation and testing are explained. Then, the experimental results are presented and
discussed; and finally, conclusions are drawn.

Experimental Procedure
The gas atomized virgin 316L SS powders used to fabricate specimens were provided by
the Carpenter Additive. Table 1 lists the chemical composition of the 316L SS powders along with
the nominal composition of the alloy according to ASTM A240/UNS standard [11]. LP-DED 316L
SS cylindrical rods (15.24 mm Dia. x 104.14 mm height) were fabricated vertically (i.e., parallel
to loading direction) using the following parameters: laser power of 1070 W, layer height of 381
pum, travel speed of 1016 mm/min, and powder feed rate of 15.20 g/min.

Table 1 The chemical composition of 316L SS powder used in this study along with the nominal
composition of the alloy according to ASTM standard A240/UNS [11].

Nominal Measured

(ASTM A240/UNS)

Min ‘ Max
Fe Balance 65.80
Cr 16.0 18.0 17.73
Ni 10.0 14.0 12.70
Mo | 2.00 3.00 241
Mn <2.00 0.58
Si <0.75 0.62
N <0.10 0.10
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C <0.030 0.02
<0.045 0.007
S <0.030 0.006

o

The cylindrical rods were heat treated using various HT schedules as listed in Table 2.
Different variables used for the HTs in this study such as temperatures and soaking times of SR
and HIP were designed according to the standard AMS 2759 [12] and ASTM F3301 [10]
procedures. In addition, extra coupons (15.24 mm Dia. x 3 mm thickness) were heat treated
separately for further investigation to examine the effects of holding temperatures ranging from
600°C to 1200°C on microstructures.

Table 2 Details of different heat treatment recipes.

Heat SR SA HIP
treatments
NHT - - -
HTOL 899°_C /2 h_ours/ i i
Air cooling
HTO2 i 1100°C/ 2 hours / )
Argon quenching
899°C /2 hours / 1100°C / 2 hours /
HTO03 . . . -
Air cooling Argon quenching
1010°C/ 2 hours / 1100°C / 2 hours /
HTO04 . . . -
Air cooling Argon quenching
HTO5 i i 1163°C / 3 hours / 193 MPa /
Argon quenching
899°C /2 hours / 1163°C / 3 hours / 103 MPa /
HTO6 . . - )
Air cooling Argon quenching

According to ASTM E3 [13], small coupons from specimens listed in Table 2 and extra
coupons were prepared for the standard metallographic characterization. Microstructures of all
HTs were analyzed by KEYENCE VHX-6000X optical microscope and Zeiss Crossheam 550
scanning electron microscope (SEM) equipped with electron backscatter diffraction (EBSD) and
elemental diffraction spectroscopy (EDS) detectors. The microstructural analysis was performed
on both normal and transverse planes (i.e., perpendicular and parallel to the build orientation,
respectively) for all HT coupons. For optical microscopy, heat treated small coupons were
chemically etched using HCL:HNO3:CH3COOH etchant to reveal microstructure and meltpool
[14]. EBSD scans were conducted using followed configurations: magnification of 50X, voltage
of 15 kV, current of 200 pA, and step size of 4um. The average grain sizes and annealing twins
were measured from the EBSD data. It should be noted that the average grain sizes were calculated
excluding the Y3 twin boundaries to avoid miscalculation of twins as grains.

Upon HTs, cylindrical rods were machined to the final geometry of tensile test specimens
specified the ASTM EB8 standard [15], as shown in Figure 1. Uniaxial tensile tests were conducted
on test specimens with HTs listed in the Table 2 using a strain rate of 0.001 mm/mm/s according
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to the ASTM ES8 standard procedure [15]. An extensometer was used during the initial stage of
tensile tests until a 0.045 mm/mm strain for accurate determination of yield strength. Upon
removal of the extensometer, the tests were resumed using the displacement-controlled mode. The
average values reported for the tensile properties, i.e., the average ultimate tensile strength (UTS),
yield strength (YS), and elongation to failure (EL), were calculated over two test data.

R?2.14 mm
S— :
’ 0635 mm ¢12 70mm| L +\ +
V”
- 101.48 mm “— ®12.70 mm

Figure 1 Geometry of tensile test specimens according to ASTM ES8 [15].

Results and Discussion

The microstructures of NHT and HT coupons were analyzed by optical microscopy and
are presented in Figure 2 and Figure 3, respectively. The melt pool boundaries and fine dendritic
microstructures, which are the characteristics of the AM materials [14], are visible in the normal
and transverse planes of NHT specimens. As shown, the melt pool boundaries and dendritic
microstructures have not been fully removed until 900 °C. The coupons heat treated by
temperatures above 1000 °C do not present melt pool boundaries and fine dendritic microstructures
anymore. It indicates that some recrystallization and grain growth has occurred.

The inverse pole figures (IPF) and grain boundaries obtained from EBSD analysis are
shown in Figure 4 for all HTs. As shown, increasing the temperature of the first step of HTs up to
1000°C does not show significant effects on average grain sizes. In addition, the number of
annealing twins that are calculated using the percentage of Y3 coincidence site lattice (CSL)
boundaries is not changed by HTs using temperatures below 1000°C. Similar observations were
reported from wrought 316L SS counterparts in the literature [16]. The average grain size and
annealing twin fraction are increased when the HT temperatures are higher than 1000°C. It again
suggests that recrystallization and grain growth have been caused.
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Figure 2 Optical micrographs of LP-DED 316L SS in NHT condition obtained on normal plane
in (@) and transverse plane in (b) (i.e., parallel and perpendicular to the build orientation,
respectively).
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Figure 3 Optical micrographs of LP-DED 316L SS heat treated by holding temperatures of (a)
600°C, (b) 700°C, (c) 800°C, (d) 900°C, (e) 1000°C, (f) 1100°C, and (g) 1200°C for 2 hours.
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Figure 4 Inverse pole figure (IPF) and grain boundaries of specimens after heat treated by different
temperatures: (a) NHT, (b) 600°C, (c) 700°C, (d) 800°C, (e) 900°C, (f) 1000°C, (g) 1100°C, and
(h) 1200°C

The tensile results, including the stress-displacement curves, and bar graphs of all
specimens are presented in Figure 5. Furthermore, the details of tensile properties such as the
ultimate tensile strength (UTS), yield strength (YS), and elongation to failure (EL) of each
condition are listed Table 3. As shown in Figure 5 and Table 3, the NHT specimen has shown
the highest UTS of 581.09 MPa and YS of 398.65 MPa and the relatively low EL of 81.25%.
Tensile properties LP-DED 316L SS fall the mechanical test requirements proposed by ASTM
A240 standard of the wrought 316L SS counterparts that are presented as dotted lines in Figure
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5(b) [11]. However, UTS and YS are lower than the laser beam powder bed fusion (L-PBF) 316L
SS (UTS of 612 MPa and YS of 490 MPa) regardless of HT conditions [8].

(a)
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500
400
=
& 300
%“ ——NHT(AB)
o ~—HTOI(SR)
n 200 HTO02(Sol)
—HTO3(SR+SA)
100 ——HTO4(SR+SA)
HTO5(HIP)
—HTO6(SR+HIP)
0
0 5 10 15 20 25 30
(b) Displacement (mm)

BUTS (MPa) BYS (MPa) WEL (%)

Yield and Ultimate Tensile Strength (MPa)
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Figure 5 Uniaxial tensile behavior of LP-DED 316L SS specimens in NHT and different HT
conditions: (a) stress-displacement curves and (b) bar chart of UTS, YS, and EL for each HT
condition. ASTM A240 mechanical test requirements are presented as dotted lines in (b).

Table 3 UTS, YS, and EL of specimens after each heat treatment.

Heat treatment UTS (MPa) YS (MPa) Elongation (%)
NHT (AB) 581.09 398.65 81.25
HTO1 (SR) 578.36 314.56 78.75
HTO2 (SA) 554.91 272.43 81.25

HTO3 (SR+SA) 553.85 274.53 90.00

HTO04 (SR+SA) 551.81 272.76 87.50
HTO05 (HIP) 554.18 249.86 86.25

HTO06 (SR+HIP) 557.48 254.52 91.25

As shown earlier, the SR at 899°C for 2h (HT01) does not have significant effects on the
microstructure of LP-DED 316L SS specimens as compared with NHT conditions. It could be
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attributed to the low temperature, which subsequently resulted in similar UTS and YS in SR
(HTO1) as compared to the NHT specimen. Except for the HTO1 specimens, all the other HTs have
shown similar UTS and YS, which were lower than those of the NHT specimen. As discussed
earlier in the previous section, this could be ascribed to the effect of HT temperature during the
first step on microstructure, resulting in better homogenization and removal of microsegregation
and dendritic microstructures which may have some strengthening effect [17].

As shown in Figure 5, the two-step HT conditions such as SR at 899°C/2h + SA (HT03),
SR at 1010°C/2h + SA (HT04), and SR at 899°C/2h + HIP (HT06) do not show significant changes
on tensile properties as compared to the single-step HT conditions (i.e., SA (HT02) and HIP
(HTO5)). It implies that standard SA without SR can bring reasonable microstructural
homogenizations resulting in insignificant effects on tensile properties. However, HIP is
commonly required to reduce volumetric defects of AM material [10]. Therefore, HIP is still
important for fatigue critical applications because the volumetric defects can be the major cause
of the early fatigue crack initiations resulting in short fatigue lives [18].

Conclusions
In this study, the effects of different heat treatment conditions on microstructure and
uniaxial tensile properties of LP-DED 316L SS were investigated. The following conclusions
could be drawn on the experimental observations:

e The melt pool boundaries and fine-scale cellular structures were not fully removed when
the holding temperature was below 1000 °C, due to the sluggish diffusion.

e Upon HT at higher temperatures than 1000°C, the average grain size and annealing twin
fraction increased, suggesting that some recrystallization/grain growth occurred.

e Tensile properties of LP-DED 316L SS in non-heat treated consistent with those of
mechanical test requirements dictated by the ASTM A240 standard; they showed slight
inferiority as compared to the L-PBF 316L SS.

e Tensile strengths of LP-DED 316L SS in NHT were the highest among all HT conditions
which were traded off with the relatively low elongation to failure.
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