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A B S T R A C T   

In this work, the effectiveness of residual stress relief annealing on a laser powder bed fusion (L-PBF) manu-
factured austenitic stainless steel, alloy 21-6-9 was investigated. Residual stress levels were gauged using 
geometrical distortion and relaxation testing results. In the investigated temperature interval (600–850 ◦C), 
shape stability was reached after subjecting the as-built material to an annealing temperature of 850 ◦C for 1 h. 
Microstructural characterization and tensile testing were also performed for each annealing temperature to 
evaluate the alloy’s thermal stability and the resulting tensile properties. In the as-built state, a yield strength 
(YS) of 640 MPa, ultimate tensile strength (UTS) of 810 MPa and 4D elongation of 47% were measured. 
Annealing at 850 ◦C for 1 h had little measurable effect on ductility (48% 4D elongation) while still having a 
softening effect (UTS = 775 MPa, YS = 540 MPa). From the microstructural characterization, cell-like features 
were observed sporadically in the annealed condition and appeared stable up until 800 ◦C after which gradual 
dissolution began, with the last remnants disappearing after subjecting the material to 900 ◦C for 1 h.   

1. Introduction 

In industries (e.g., energy and aerospace) where the material is 
subjected to harsh operating conditions (high/cryogenic temperatures, 
hydrogen environment) austenitic stainless steel is often utilized [1,2]. 
The face centered cubic crystal structure enables the retention of 
toughness at temperatures below that of both ferritic and martensitic 
stainless steels [3], and is also less susceptible to hydrogen embrittle-
ment [4]. With regard to high temperature (600–1000 ◦C) applications, 
austenitic stainless steels are considered relatively stable with respect to 
precipitation of detrimental secondary phases [5]. What is generally 
considered the trade-off or limitation with the employment of austenitic 
stainless steels is the low strength, especially yield strength (YS) [6]. The 
alloy studied in this research, 21-6-9, is nitrogen strengthened austenitic 
stainless steel (0.15 < N < 0.40 wt%) and has a nominal composition of 
21 wt% Cr, 6 wt% Ni, 9 wt% Mn, and Fe balance. The Ni content is lower 
than in the common 300-series of austenitic stainless steel alloys since Ni 
reduces the solubility of N in the alloy [7]. Austenite stability is instead 
reached by the addition of Mn (which also increases N solubility) and N, 
since they are both γ stabilizing alloying elements [8]. The strength-
ening effect of N is apparent when comparing the strength of nitrogen 

lean and nitrogen alloyed austenitic stainless steel [9], which enables 
usage in more mechanically demanding components. 

Additive manufacturing (AM) has in the past decade emerged as a 
promising manufacturing technology for metal alloys [10], enabling 
near net manufacturing, rapid prototyping and creating complex ge-
ometries [11]. One of the more researched AM processes is laser powder 
bed fusion (L-PBF), where a 3D-model is created via computer aided 
design. The model is then prepared (sliced into “2D” layers with suitable 
height) in a data preparation software and imported to the 
manufacturing unit. The part is realized by bottom-up, layer-wise fusion 
of the individual powder layers onto a substrate by laser scanning [12]. 
The L-PBF process is carried out inside a build chamber using an inert 
gas environment (e.g., argon, nitrogen gas). There are multiple benefits 
associated with L-PBF processing for space applications, weight reduc-
tion by re-design and part consolidating, as well as the ability to 
manufacture highly complex components [13]. Previous, extensive 
research on another austenitic stainless steel alloy (AISI 316L) has 
shown that the unique thermal history of material built using L-PBF 
creates a non-equilibrium microstructure with characteristic cellular 
features that strengthens it [14]. 

The residual stress generated in L-PBF built material is substantial 
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[15], and can exceed the yield stress of the material and thus cause part 
deformation, even prior to substrate removal [16]. If the residual stress 
introduced during L-PBF is that high, it needs to be alleviated by altering 
the process parameters (e.g., scan speed, laser power, substrate heating), 
which has been proven to be quite effective [17,18]. Common analysis 
techniques used to investigate residual stress in metals are generally 
divided into either destructive (e.g., hole drilling), or non-destructive (e. 
g., X-ray diffraction) methods [19]. While being effective tools for 
evaluating residual stresses, they may be unsuitable for industrial 
implementation in the early prototyping stages of L-PBF manufacturing 
on both a cost and time basis. Especially if the main point of interest is 
ensuring shape stability of the built component, where only the 
macroscopic (long range) contribution of residual stresses on part 
deformation is to be evaluated. 

A qualitative, deformation-based method will be used to evaluate the 
effectiveness of different annealing temperatures on residual stress re-
lief. This “keyhole”-method is explained in further detail in Ref. [20] and 
works by wire electric discharge machining (w-EDM) a slot into a closed 
geometry (keyhole) to allow for deformation induced relaxation of the 
residual stress state. Other researchers’ previous work on a similar type 
of geometry, where the bridge curvature method (BCM) was introduced 
to gauge residual stress based on deformation, showed the effectiveness 
of ranking residual stress by the magnitude of distortion [21]. Although 
these measurements are not quantitative, they can be useful for finding 
the required temperature for effective residual stress removal and where 
shape stability (⁓ 0 measured distortion) can be obtained. This is vital 
for L-PBF manufacturing of complex and open structures, where fine 
tolerances are required. Previous work using this type of geometry has 
involved the use of non-contact profilometry distortion measurements, 
but lateral distortion measurements are used in this study. Relaxation 
testing will be performed at select temperatures for a more in-depth 
evaluation. The distortion measurements, coupled with microstruc-
tural characterization, tensile- and relaxation testing, will then be used 
to assess the implications of exposing the as-built L-PBF 21-6-9 material 
to different annealing temperatures. 

In a previous publication, a process parameter study was conducted 
on L-PBF manufactured 21-6-9 and tensile testing was carried out on 
built material (with optimized process parameters) [22]. As a continu-
ation, the relationship between residual stress induced distortion, me-
chanical properties and microstructure when subjecting the material to 
different annealing heat treatment temperatures will be studied. 
Annealing temperatures that might be suitable from a stress relief 
perspective, could have adverse effects on strength properties, while not 
having a significant benefit with regard to ductility [23]. Based on 
wrought 21-6-9 mechanical properties, successful L-PBF manufacturing 
of the investigated alloy 21-6-9 could make it a strong contender for 
certain rocket nozzle components. Especially in sections where the 
material is exposed to a hydrogen environment at both cryogenic and 
elevated temperatures. Therefore, developing effective stress relief 
annealing routes with respect to dimensional stability while assessing 
the resulting tensile properties can serve as guidance for the space 
industry. 

2. Materials and methods 

2.1. Manufacturing process and powder 

The 21-6-9 stainless steel material was manufactured with an SLM 

Solutions 125 machine at RISE Research Institutes of Sweden AB, 
Gothenburg, using Sandvik 21-6-9 Aerospace powder with the nominal 
chemical composition shown in Table 1. The powder was manufactured 
by Sandvik Additive Manufacturing using vacuum induction melting 
inert gas atomization. The powder has been passed through a 63 μm 
sieve and has the following size distribution (obtained by laser diffrac-
tion): 21.2 μm (Dv10), 34.8 μm (Dv50) and 55.8 μm (Dv90). The powder 
characterization conforms to ASTM standard B214 [24] and B822 [25], 
respectively. The resulting chemical composition agrees with UNS: 
S21900 and AMS5561 standard [26]. 

An argon atmosphere was used during the build and the process 
parameters utilized were 180 W power, 900 mm/s scan speed, 30 μm 
layer thickness, and 0.14 mm hatch distance. The build strategy was 
stripes, with 67◦ alteration between each deposited layer. The build 
plate was 316 stainless steel. Twenty (20) vertical tensile- and relaxation 
testing blanks were manufactured. Ten (10) of the samples were with the 
dimensions 15 × 15 × 100 mm3 and the remaining ten (10) had the 
dimensions 16 × 16 × 100 mm3. An overview of all the samples on the 
build plate is shown in Fig. 1. The keyhole samples were manufactured 
on the same build plate, also visible in the image. The dimensions of the 
keyhole structures are provided in Fig. 2. 

2.2. Distortion based residual stress measurements 

After manufacturing the keyholes, they were removed from the build 
plate using w-EDM and then subjected to different annealing heat 
treatments. For the as-built condition, and after heat treatment, the 
samples were first measured in the “closed” condition, after which, a 
subsequent measurement was done after w-EDM. The lateral length 
difference (Δw) was calculated from the initial (wi), and final width 
(wf). An overview of the procedure is given by Fig. 3. The effectiveness 
of stress relief annealing on as-built L-PBF 21-6-9 was ranked by 

Table 1 
Overview of compositional requirement as per AMS5561, powder and as-built composition for alloy 21-6-9.  

Alloying element C Si Mn P S Cr Ni Mo Cu N 

Wt% (as per AMS5561) ≤0.04 ≤1.00 8.00–10.00 ≤0.030 ≤0.030 19.00–21.00 5.50–7.50 ≤0.75 ≤0.75 0.15–0.40 
Wt% (powder) 0.04 0.4 9.3 0.01 0.01 20.4 6.6 0.01 0.01 0.3 
Wt% (as-built) 0.048 0.36 8.74 0.009 0.005 20.21 6.46 <0.01 0.017 0.274  

Fig. 1. On the build plate (125 × 125 mm2) 20 vertical samples were manu-
factured along with 6 keyhole samples. 
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magnitude of lateral distortion measured using a Mitutoyo Digimatic 
micrometer. The resolution and accuracy of the micrometer used is 1 μm 
and ±1 μm, respectively. When the residual stress induced distortion 
can no longer be measured or be assumed to lie within the margin of 
error, shape stability is considered obtained. 

All stress relief annealing heat treatments were 1 h long, and the 
annealing temperatures that the individual keyhole geometries were 
subjected to can be found in Table 2. The three initial annealing tem-
peratures investigated were 600, 700 and 800 ◦C, after measuring their 
respective deformation, the annealing matrix was expanded to include 
temperatures 750 and 850 ◦C. This was done in order to find the lowest 
temperature where measurable deformation was approximately zero. 
Stress relief annealing heat treatments of both stabilized and unstabi-
lized austenitic stainless steel grades can be performed at lower tem-
peratures than those chosen for this work, as low as 480 ◦C, to remove 
peak stresses [27]. However, studies have shown that annealing at these 
lower temperatures is not as effective in minimizing residual stresses 

when comparing to our chosen temperature range [28]. Thus, the 
investigated stress relief annealing temperatures were purposely kept 
high to ensure that stress relief corresponding to approximately zero 
deformation could be achieved. In addition to the temperatures included 
in Table 2, a test piece (⁓ 10 × 10 × 6 mm3) was subjected to annealing 
at 900 ◦C for 1 h to evaluate both its microstructure and microhardness. 
For each heat treatment temperature, a pair of keyhole and tensile 
specimen blank was used. K-type thermocouples were spot welded onto 
the tensile specimen blanks to enable temperature monitoring during 
heat treatment. The blanks were used to monitor the temperature as the 
material exposed to the thermal input from spot welding was to be later 
removed during specimen machining. This would not have been the case 
if the thermocouples were welded onto the keyhole-geometries as they 
are net shape. The 1 h at temperature was counted from when the 
temperature had stabilized at, or near the target temperature (~10 ◦C) 
which took approximately 10 min after furnace insertion. 

2.3. Relaxation testing 

To serve as a complement to the distortion-based measurements, 
stress relaxation testing was performed. The relaxation testing results 
were used to evaluate how the stress required to maintain a constant 1% 
strain decreased over time by the conversion of elastic strain to plastic 
strain for a given temperature. For the relaxation specimens the 16 × 16 
× 100 mm3 samples were used. Three relaxation specimens were 
machined according to requirements set by NADCAP AC7101/7 Rev C at 
Metcut Research Inc. The nominal gauge length and gauge diameter 
were 19.05 mm and 6.35 mm, respectively. The relaxation testing was 
performed at University West, Trollhättan with an Instron 8802 servo- 
hydraulic machine, in accordance with ASTM standard E328 [29]. 
Three different temperatures, 600, 700 and 800 ◦C, were investigated. 
The test duration was 12 h for relaxation temperatures 600 and 700 ◦C 
whereas relaxation at 800 ◦C was ended after 4 h. Prior to applying load, 
the specimens were mounted and soaked at their respective temperature 
until the temperature had stabilized. The specimens were exposed to air 

Fig. 2. Technical drawing (measurements in mm) of keyhole geometry used for 
residual stress measurements, 6 mm thickness. 

Fig. 3. Illustrative image of the keyhole geometry prior to, and after opening via w-EDM. The evaluated quantity, Δw, is obtained by subtracting the initial width wi 
from the final width wf. 

Table 2 
Overview of the thermal history of the investigated keyhole geometries, soak 
time was 1 h for all heat treatments.  

Thermal 
history 

As- 
built 

600 ◦C 
1 h 

700 ◦C 
1 h 

750 ◦C 
1 h 

800 ◦C 
1 h 

850 ◦C 
1 h  
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during the entirety of testing. The testing was strain controlled; strain 
rate was held constant at 0.5%/s until the target strain of 1% was ach-
ieved. The initial sampling rate was set to 10 Hz, which was reduced to 
0.1 Hz after 2 min. 

2.4. Mechanical testing 

Tensile- and microhardness testing was carried out on material 
subjected to the annealing heat treatments shown in Table 2. One 
additional annealing temperature, 900 ◦C, was investigated using a 
tensile blank and a ⁓10 × 10 × 6 mm3 test piece to see its effect on the 
mechanical properties. The tensile testing specimens were machined by 
Metcut Research Inc, conforming to demands stated by NADCAP 
AC7101/7 Rev C. The nominal gauge length and gauge diameter were 
34.29 mm and 6.35 mm diameter, respectively. The tensile testing was 
done at room temperature and carried out according to the ASTM E8/ 
E8M standard [30]. The initial strain rate was set to 0.5%/min (up to 
yield) after which stroke control with a rate of 5%/min was switched to. 
Vickers microhardness testing was done on all keyhole samples using a 
Duramin 40 (Struers, Denmark) microhardness tester. The indents were 
made in the same location for all keyhole geometries, which corresponds 
to material subjected to annealing temperatures ≤850 ◦C (see Table 2). 
A 10 × 10 × 6 mm3 sample was used for microhardness testing of the 
900 ◦C 1 h annealed condition. A map of 4 × 4 indents in the bulk of the 
material was used to calculate average microhardness values and stan-
dard deviation. The load was set to 100 g and the dwell time to 10 s. 
Independent t-testing was carried out to see if there was any significant 
different of HV0.1 averages found for heat treated material when 
compared to the as-built condition, using a significance level (α) = 0.05. 

2.5. Microstructural characterization 

To enable optical and electron microscopy, the investigated samples 
were ground (silicon carbide papers), polished (liquid diamond sus-
pension, colloidal silica) and swab etched using oxalic acid (10%, 3 V, 
40 s). Optical micrographs were acquired using an Eclipse MA200 
(Nikon, Japan) microscope and collected at varying magnifications 
(25–1000 × ) to survey the microstructural features at different length 
scales. X-ray diffraction (XRD) was used for phase analysis of the as-built 
material using a PANanalytical Empyrean X-ray diffractometer using a 
θ-θ goniometer and a copper radiation source (λ = 1.54 Å). For electron 
backscatter diffraction (EBSD), a JSM-IT300 (JEOL, Japan) scanning 
electron microscope was used (LUMIA, Luleå Material Imaging and 
Analysis). EBSD analysis was done to investigate texture and grain size 
in the as-built material. Inverse pole figure (IPF) mapping was done 
using a step size of 1.8 μm and post processing (noise reduction) was 
carried out using the software AZtecCrystal (Oxford Instruments). Dur-
ing post processing, wild spikes and dead pixels (three nearest neigh-
bors) were converted. The as-built specimen used for the XRD analysis 
was a 16 × 16 × 3 mm3 section machined away from left over material 
after relaxation specimen machining. The surface was ground and pol-
ished up to 1 μm diamond suspension to ensure surface flatness. XRD 
data was collected in the 2θ range 35–55◦ range with an angular step 
size of 0.002◦ for a duration of approximately 2 h. The narrow 2θ range 
and step size was set to increase the likelihood of detecting the (110) 
reflection of delta ferrite, if present. The XRD data was analyzed using 
the software Highscore plus (Malvern Panalytical) using PDF database 
ICDD PDF-4. Both optical micrographs and EBSD results were used to 
measure the grain average minor axis lengths for select samples to 
evaluate any coarsening behavior. The AztecCrystal software was used 
to find the grain average minor axis length (via ellipse fitting) from an 
IPF map of the as-built microstructure. For the heat treated specimen, 
grains were manually measured in the ImageJ software to obtain the 
grain average minor axis length. For the manual grain measurement, an 
11 × 8 line grid was added onto a low magnification micrograph of the 
etched microstructure, and the coincident grain at each grid intersection 

was used. This approach was chosen in order to minimize grain selection 
partiality. Approximately 90 grains were measured for both the manual 
and automated ellipse fitting measurement. Independent t-testing was 
performed to see if there was a significant difference (α = 0.05) between 
the measured grain minor axis lengths in the as-built and heat treated 
condition. 

3. Results 

3.1. Residual stress measurement 

An overview of the measured lateral distortion measured over the 
investigated annealing temperature interval can be found in Fig. 4. The 
measured lateral distortion post w-EDM on the as-built keyhole geom-
etry was 0.205 mm. Annealing at 600 ◦C reduced the resulting distortion 
to 0.121 mm (59% of as-built) and the subsequent annealing tempera-
ture (700 ◦C) further alleviated the residual stress state to 0.042 mm 
(20% of as-built). The reduction of distortion that occurred at this 
temperature jump (600 ◦C → 700 ◦C) corresponds to the largest mag-
nitudinal drop in the investigated annealing temperature interval. After 
annealing at 700 ◦C, the lateral distortion subsided further (Δw = 0.042 
mm) and with each succeeding annealing heat treatment (Δw = 0.014 
mm and 0.004 mm after 750 ◦C and 800 ◦C, respectively), reaching Δw 
= 0 at 850 ◦C. 

The results from relaxation testing at 600, 700, and 800 ◦C are 
provided in Fig. 5. The relaxation testing at 600 ◦C showed that peak 
stress reached 400 MPa, which decreased to 207 MPa after 1 h. Over the 
investigated time interval, a minimum stress of 164 MPa was found after 
~11 h. During relaxation testing at 700 ◦C, the maximum stress of 308 
MPa was reduced to 95 MPa after 1 h and the minimum stress registered 
was 54 MPa (time ~11 h). The obtained relaxation curve for 800 ◦C 
showed that reaching the target strain of 1% yielded a maximum stress 
of 243 MPa, which was reduced to 34 MPa after 1 h. The minimum stress 
registered over the entire time interval was 24 MPa and occurred after 3 
h and 45 min. 

To investigate if there was any trend between results from relaxation 
testing and deformation measurements, the coincident data with respect 
to temperature and time was plotted, see Fig. 6. Three data points were 
constructed: remaining stress after relaxation for 1 h at: 600, 700, and 
800 ◦C, with the measured deformation of the corresponding keyhole for 
each temperature. Linear fitting was performed where the R2 (goodness 
of fit) was found to be 0.999 between the two variables over the interval. 

3.2. Mechanical testing 

The strength and ductility data generated from tensile testing is 
shown in Fig. 7 and compiled in Table 3. The as-built material exhibited 
an ultimate tensile strength (UTS) of 810 MPa, yield strength of 640 MPa 
and a 4D elongation of 47%. Post annealing at 600 ◦C for 1 h, any 
softening behavior is not obvious based on the measured tensile prop-
erties with both strength and ductility values being effectively equal. 
The measured UTS was higher for the material tested post annealing at 
600 ◦C than for the as-built material, 820 MPa and 810 MPa, respec-
tively. The UTS was not drastically affected by the increasing heat 
treatment temperatures, and the minimum (770 MPa) was found for the 
highest annealing temperature, 900 ◦C. However, the softening effect 
was more evident when looking at the evolution of YS over the tem-
perature interval and annealing at 900 ◦C resulted in a YS reduction of 
105 MPa compared to the as-built specimen. Ductility measurements 
(4D elongation) showed little fluctuation up until 800 ◦C without any 
discernible trend, while succeeding temperatures yielded an increas-
ingly ductile response during testing. The maximum 4D elongation 
(53%) was found for the specimen subjected to stress relief annealing at 
900 ◦C for 1 h. Average microhardness values and their respective 
standard deviation are also included in Table 3. 
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3.3. Microstructural characterization 

Phase analysis of as-built L-PBF 21-6-9 using XRD, revealed an 
apparent single phase austenitic material. The peaks that were identified 
from the XRD analysis in the range 35◦ < 2θ < 55◦ correspond to the 
(111) and (200) family of planes of the face centered cubic (FCC) crystal 
structure found in the γ-phase. The diffraction pattern is provided in 
Fig. 8. 

In Fig. 9, both low and high magnification optical micrographs of the 
as-built L-PBF 21-6-9 microstructure are provided. The presence of some 
degree of porosity was noticeable during OM for all investigated samples 
and was investigated in a previous paper [22]. Melt pool boundaries are 
visible on the etched surface. 

The effect of different stress relief heat treatment temperatures on 
the microstructure is illustrated in Fig. 10. Based on OM results, some 
grains appear to have an equiaxial morphology, whereas the majority is 
of a columnar, or elongated nature, with a preferential growth in the 
build direction. A cell-like microstructural feature was observed for the 
samples heat treated in the temperature range 600–850 ◦C. This feature 
was not observed for the as-built material (Fig. 9) and appeared to have 

dissolved after heat treating at 900 ◦C. The cell-like feature remained 
visible throughout the annealing temperature interval of 600 ◦C ≤ T ≤
850 ◦C. However, it was found to gradually disappear, becoming more 
sporadic and less distinct for 850 ◦C. Melt pool boundaries became 
decreasingly pronounced for annealing temperatures exceeding 800 ◦C 
and were completely absent after heat treating at 900 ◦C. It was inves-
tigated whether or not grain coarsening had occurred from the as-built 
state after subjecting the material to annealing at 850◦. The average 
minor axis length was found to be 17.6 ± 9.1 μm for the as-built ma-
terial, and 24.2 ± 11.5 μm for the material heat treated at 850 ◦C. The 
difference in measured average minor axis length was found to be sta-
tistically significant (α = 0.05). It was found that the etchant used (10% 
oxalic acid) had a quite severe effect on grain boundaries, which resulted 
in palpable pitting in these interfaces. When looking at the degree of 
pitting for the different annealing temperatures, 700 ◦C, 750 ◦C and 
800 ◦C (corresponding to Fig. 10b–d, respectively) have been affected 
the most. 

For the as-built material, EBSD mapping at 180 × magnification was 
performed, results are provided in Fig. 11. A slight texture was discov-
ered from IPF mapping, where grain orientation in the <101> family of 

Fig. 4. Magnitude of measured lateral distortion (Δw) over the investigated annealing heat treatment temperature interval.  

Fig. 5. Relaxation testing curves for L-PBF 21-6-9 performed at 600, 700 and 800 ◦C.  
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directions was preferred parallel to the build direction. The weight of the 
texture component corresponds to approximately 2 multiples of random 
distribution (MRD). 

4. Discussion 

The lateral distortion measurements, provided in Fig. 4, show a clear 

distinction between the keyhole-geometries subjected to different stress 
relief heat treatments until reaching an annealing temperature of 
800 ◦C. Looking at the heat-treated samples, the magnitude of measur-
able deformation continuously decreased with each increasingly high 
annealing temperature. At higher temperatures, >800 ◦C, where most of 
the residual stresses are relieved, the resulting lateral deformation be-
comes increasingly small and approaches the measurement method’s 

Fig. 6. Linear fit for data points of remaining stress after 1 h relaxation at 600 ◦C, 700 ◦C and 800 ◦C, with the corresponding keyhole deformation measurement after 
each respective annealing temperature. 

Fig. 7. Yield strength, ultimate tensile strength and 4D elongation data obtained through tensile testing.  

Table 3 
Summary of mechanical properties obtained from tensile and microhardness testing. The standard deviation obtained from microhardness testing is presented with 
each corresponding microhardness average in the last column.  

ID Heat Treatment Young’s Modulus (GPa) UTS (MPa) YS (MPa) 4D Elongation (%) Reduction of Area (%) Average HV0.1 

T40-B1 As-Built 194 810 640 47 54 285 ± 11 
T40-B2 600 ◦C 1 h 212 820 630 45 53 284 ± 8 
T40-B3 700 ◦C 1 h 207 800 590 46 48 282 ± 9 
T40-B5 750 ◦C 1 h 227 785 565 47 47 275 ± 10 
T40-B4 800 ◦C 1 h 207 785 555 45 44 266 ± 9 
T40-B6 850 ◦C 1 h 185 775 540 48 47 269 ± 10 
T40-B7 900 ◦C 1 h 184 770 535 53 52 275 ± 7  
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accuracy limit (±1 μm). It was therefore good that microstructural 
characterization was performed in tandem, since it was clear that the 
microstructure had become more homogeneous post annealing at 
850 ◦C. This could be used as an indicator that the measured difference 
in deformation is not necessarily negligible as the temperature increase 
corresponds to a decrease in the material’s defect density. While another 
alloy, 316L is also an austenitic stainless steel, and is heavily researched 
for L-PBF manufacturing. Previous work on 316L has been able to show 
a connection between the residual stress state and the process induced 
sub-grain features [31]. These sub-grain features also began to vanish at 
the annealing temperature 850 ◦C, required to reach a measured 
deformation of zero. 

In previous work employing the keyhole-geometry for residual stress 
evaluation, the micrometer measurements were in good agreement with 
those collected using a non-contact (optical profilometer) route [20]. 
Due to the robustness and ease of data acquirement, the micrometer was 
employed in this work. To gather more information about how the 
magnitude of deformation relates to the overall residual stress state, 
relaxation testing (Fig. 5) was performed. Relaxation tests were carried 
out at three temperatures, 600 ◦C, 700 ◦C, and 800 ◦C, to compare to the 
results from lateral deformation measurements. The relaxation testing at 
600 ◦C showed that after 1 h, the remaining stress was 207 MPa. The 
corresponding keyhole measurement produced a magnitude of defor-
mation that was 59% of that found for the as-built measurement: 0.205 
mm (Δwas-built) → 0.121 mm (Δw600 ◦C). The remaining stress after 1 h 
during relaxation testing at 700 ◦C was 95 MPa, whereas the measured 
deformation for the corresponding keyhole was 0.042 mm (Δw700 ◦C). 
Looking at the relaxation testing results for 800 ◦C, after 1 h, 34 MPa 
stress was required to maintain 1% strain. The keyhole measurement 
performed post 800 ◦C annealing yielded a magnitude of deformation 
equaling 2%, 0.205 mm (Δwas-built) → 0.004 mm (Δw800 ◦C), of that 
measured for the as-built sample. Relaxation testing was performed to 

be complementary and act as a validation tool for the keyhole method. 
Therefore, linear fitting was performed for data pairs at the coincident 
temperatures (1 h into relaxation) which yielded a goodness of fit, R2 =
0.999, see Fig. 6. Due to that only three data points were available for 
linear fitting, care should be taken when interpreting these results. 
Conversely, the relaxation data does provide some insight into that the 
reduction of measured lateral deformation is in agreement with 
decreased magnitude of remaining stress for the given temperatures. 
While it would have preferred to include results from relaxation testing 
at 850 ◦C, hardware limitations made it impossible. It is plausible that 
the residual stresses are >0 after stress relief annealing at 850 ◦C for 1 h, 
since heavily cold rolled (70% reduction) 316L subjected to 2 h 
annealing at 850 ◦C does not eliminate the residual stresses completely 
[32]. The investigated alloy is austenitic and these alloys tend to have a 
relatively low stacking fault energy (SFE), which makes recovery slower 
than for their high SFE counterparts. It is caused by the difficulty of 
dislocations to climb and cross slip associated with low SFE alloys, 
which as a consequence makes recovery prior to recrystallization more 
limited [32]. 

For the XRD phase analysis, the main objective was to observe if 
there was any measurable presence of delta ferrite in the material. This 
has been reported by previous authors working on another L-PBF 
manufactured austenitic stainless steel alloy, 316L [33]. The most pro-
nounced delta ferrite peak found by other researchers corresponds to the 
(110) family of planes and lies just past the (111) of the austenite phase 
[33–35]. Thus, the 2θ interval investigated was purposely kept small to 
ensure thorough data sampling over the range. While its presence could 
not be confirmed, see Fig. 8, delta ferrite is not necessarily absent. The 
resolution limit of the analysis technique does not allow for the detec-
tion of crystallite sizes below a certain length scale, especially if there 
are only trace amounts. Another consideration regarding the XRD results 
is that the employed Cu-Kα radiation is not ideal for phase identification 
in iron containing materials, due to the relatively high background (as 
compared to a Co-source) [36]. 

During microstructural characterization of the L-PBF built 21-6-9, 
there were considerable difficulties finding a suitable etching route. 
Electrolytic etching using 10% oxalic acid was mainly used but was 
found to cause pitting at the grain boundaries, for all investigated 
samples. The pitting was most severe after annealing at 700, 750 and 
800 ◦C, as illustrated in Fig. 10b)-d). One plausible explanation to this 
behavior could be the precipitation of M23C6 carbides the grain 
boundaries. This is in good agreement with time-temperature curves for 
M23C6 precipitation, where the most rapid precipitation occurs at 750 ◦C 
and tapers off at temperatures above 800 ◦C and below 700 ◦C [37]. 
When present, M23C6 carbides in the grain boundaries are known to 
sensitize stainless steels by the local chromium depletion associated with 
its precipitation [38]. The chromium depletion then causes these regions 
to be susceptible to pitting corrosion. Different voltages (3–6 V) and 
times were tested but none alleviated this effect. Non-electrolytic 

Fig. 8. XRD diffraction pattern for as-built L-PBF 21-6-9, showing only the 
diffraction peaks associated with γ-phase in this range. 

Fig. 9. Optical micrographs of etched microstructure for as-built 21-6-9 captured showing a) spherical gas pores (black circles) and high aspect ratio lack of fusion 
defects indicated by black arrows, and b) high angle grain boundaries outlined by black dashed lines and melt pool boundaries outlined by white dashed lines. 
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etching was performed (Vilella’s reagent) but resulted in poor micro-
structural contrast and was thus rejected. The morphology of the grains 
was mostly elongated with the major axis close to parallel relative to the 
build direction, although some areas with equiaxed grains were found 
throughout the samples. This type of morphology is often reported for 
L-PBF manufactured 316L [39–41]. Due to limited grain contrast being 
achieved by etching the as-built material, the micrographs of the as-built 
microstructure collected from optical microscopy were not suitable for 
measuring the average grain minor axis length. Therefore, IPF mapping 

was performed to be able to get reliable length measurements of the 
grains in the as-built material. EBSD analysis further confirmed the 
morphology observed via OM, and a slight texture component was also 
discovered. The <110> family of directions was preferably oriented 
parallel to the build direction, with an MRD of ~2. This texture was also 
found in earlier research when performing the process parameter study 
for the alloy although a larger MRD was registered in that study, 3.64 
[22]. It is not uncommon to have a texture in L-PBF built material, as the 
process is known to introduce large thermal gradients perpendicular to 

Fig. 10. Microstructure of L-PBF 21-6-9, captured by OM after annealing at a) 600 ◦C, b) 700 ◦C, c) 750 ◦C, d) 800 ◦C, e) 850 ◦C and f) 900 ◦C.  

Fig. 11. IPF map of as-built L-PBF 21-6-9 revealing grain boundaries and their orientation relative to the Y-axis (parallel to build direction). The IPF color key is 
provided in the upper right corner. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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the build direction [42,43]. Optical microscopy (Fig. 10) revealed 
microstructural features on the etched material that had a resemblance 
to the cellular sub-grain features found for other L-PBF manufactured 
alloys [44]. Their existence in L-PBF 316L has been attributed to the 
high G/R ratio (G = liquid temperature gradient, R = solidification rate) 
which favors cellular dendrite growth [31,45]. The relatively slow 
diffusion of the heavy alloying element Mo has also been theorized to 
cause the cellular sub-grain formation [46], where both Cr and Mo 
segregate at the cell walls [47]. However, the alloy at hand, 21-6-9 does 
not contain Mo, see Table 1, and the features observed in Fig. 10a)-e) are 
considerably more faint, scattered and discontinuous when compared to 
those seen for L-PBF 316L. Fig. 10a) shows what appears to be an 
orientation dependency of these features with respect to the high angle 
grain they exist within. The feature morphology changes quite distinctly 
at large angle grain boundaries, in agreement with what is commonly 
reported regarding the cellular/columnar features seen in other L-PBF 
built material [48]. While a deeper study of these observable micro-
structural features would be highly interesting, it could not be included 
within the scope of the current study. 

Looking at the tensile properties over the investigated temperature 
interval, all tested specimens exhibited similar ductility when 
comparing both 4D elongation and reduction of area (RA). While the 
variance is unknown due to the nature of the testing, where only one 
tensile specimen could be used for each test condition, ductility im-
provements stemming from annealing appears absent. Similar negligible 
ductility changes after annealing have been reported for other L-PBF 
built austenitic stainless steels, where the only noticeable effect on 
tensile properties is loss of strength [23,49]. The UTS for the tested 
specimens over the investigated annealing temperature range shows a 
minor decrease when comparing the two extremes: 810 MPa (UTSAs--

built) → 770 MPa (UTS900◦C). YS is the mechanical property that has the 
clearest change, with a reduction from 640 MPa for the as-built spec-
imen to 535 MPa for the specimen annealing at 900 ◦C. However, YS for 
the as-built, 600 ◦C 1 h and 700 ◦C 1 h condition specimens does not 
indicate any drastic changes in strength (640, 630 and 590 MPa, 
respectively). The apparently low softening effect of stress relief 
annealing temperatures ≤750 ◦C was also reflected in the microhardness 
measurements, see Table 3. There was not a significant difference be-
tween the average HV0.1 for the as-built material compared to the av-
erages of material annealed at temperatures 600 ◦C and 700 ◦C. For 
material annealed at temperatures ≥750 ◦C, HV0.1 averages were found 
to be significantly different from that of the as-built material. The 
average microhardness value found for the 900 ◦C 1 h condition, 275 ±
7 HV0.1, was higher than what was seen for both the 800 ◦C and 850 ◦C 
condition, in conflict with the tensile results. A plausible explanation for 
this is that the indents were collected on a test piece, as opposed to a 
keyhole geometry, and a location closer to the build plate. Microhard-
ness gradients have been seen with respect to position along the build 
axis for AM material, with the softer being nearer the top [50]. The 
larger reduction of YS over UTS for a range of annealing temperatures is 
not uncommon [51,52]. This is likely attributed to that grain coarsening 
decreases strength, while an increased ductility will allow for more 
strain hardening, thus negating much of the negative effect on UTS. 
However, the tensile results in this work did not indicate higher 
ductility, and the measured difference of average minor axis length was 
small. Another plausible explanation for the behavior is that the already 
pre-stressed material (as-built state) will be more effective at hindering 
dislocation motion while dislocation nucleation is energetically unfa-
vorable. High dislocation densities are commonly found in L-PBF man-
ufactured alloys, a by-product believed to be caused by thermal 
contraction during solidification [53]. This would then increase the 
stress required to initiate plastic deformation (yield point). Similarly, 
the lower UTS/YS stress ratio could be explained by dislocation motion 
being energetically favorable over dislocation generation at lower stress 
levels leading to lower work hardening effect [54]. 

5. Conclusions 

In this work, L-PBF manufactured 21-6-9 material was subjected to 
stress relief annealing in the temperature range 600–900 ◦C for 1 h. 
Microstructural characterization and mechanical testing were per-
formed to gauge the softening behavior of the material. The 
deformation-based keyhole measurements were compared to relaxation 
testing data in the temperature range 600–800 ◦C.  

• Measurements on the keyhole-geometry found that the required 
annealing temperature to reach zero measurable deformation was 
850 ◦C.  

• The remaining stress after 1 h relaxation testing was plotted against 
the corresponding deformation measurements at 600, 700 and 
800 ◦C and linear fitting revealed a goodness of fit = 0.999.  

• Tensile testing found that ductility and UTS were largely unaffected 
when comparing the specimens with different thermal histories. 

• Measured YS decreased in small increments from the as-built con-
dition for each subsequent, higher annealing temperature.  

• No significant difference (α = 0.05) was found for the collected 
average microhardness values when comparing the as-built, 600 ◦C 
1 h and 700 ◦C 1 h material conditions.  

• For the as-built specimen, the 4D elongation of the tested specimen 
was measured to 47% whereas YS and UTS were 640 MPa and 810 
MPa, respectively.  

• The specimen subjected to the annealing temperature required to 
reach zero deformation exhibited a YS: 540 MPa, UTS: 775 MPa and 
a 4D elongation: 48%.  

• Microstructural characterization showed a mainly columnar grain 
morphology. IPF mapping found a preferred <110> texture with 
respect to the build direction (MRD ~2) for the as-built material.  

• While apparent sub-grain features were observed sporadically 
through light optical microscopy of the samples up until annealing at 
850 ◦C, they were not thoroughly characterized in this work.  

• A slight grain coarsening was identified when comparing the average 
minor axis length of grains for the as-built and 850 ◦C sample: 17.6 
± 9.1 μm → 24.2 ± 11.5 μm. 
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