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A B S T R A C T

The laser powder bed fusion (LPBF) process often introduces lattice defects, such as vacancies and dislocations, 
within the fabricated materials because of large thermal gradients and rapid cooling rates. In this study, lattice 
defects in LPBF-fabricated 316L stainless steel (SS) were quantitatively evaluated using positron annihilation 
spectroscopy, a sensitive technique for detecting and characterizing vacancies and dislocations. The number of 
lattice defects increased with the LPBF scan speed. Vacancy concentrations and dislocation densities were 
determined using component analysis of the positron lifetime spectra. The measured vacancy concentration was 
comparable to the thermal equilibrium concentration of vacancies at the melting point. Additionally, both va
cancy concentration and dislocation density increased with scan speed. The increase in dislocation density in the 
fabricated 316L SS with increasing scan speed of the LPBF process was confirmed using transmission electron 
microscopy. This study enables the detection and identification of defects in 316L SS under various temperature 
conditions, offering insights into the performance of 316L SS across a wider range of operating temperatures.

1. Introduction

Laser powder bed fusion (LPBF) is widely considered a promising 
additive manufacturing technique. It is characterized by the melting of 
powder layers, followed by rapid solidification at high cooling rates of 
105–107 K/s. Therefore, quenched-in vacancies are expected to be 
introduced during the process owing to these high cooling rates [1,2]. 
Positron lifetime spectroscopy is an effective technique for the quanti
tative evaluation of vacancy-type defects. In a perfect crystal, the posi
tron wave function is delocalized in the interstitial regions due to 
repulsion from the ion cores. When vacancy-type defects, such as 
monovacancies, vacancy clusters or dislocations, are present, the posi
tron wave function becomes localized at these sites where the local 
electron density is lower than in the interstitial regions. This localization 
leads to an increase in positron lifetime relative to the bulk value, as the 
positron lifetime is inversely proportional to the electron density at the 
annihilation site [3]. Furthermore, because different vacancy-type de
fects exhibit characteristic positron lifetimes, quantitative defect anal
ysis can be achieved through component analysis of the measured 

lifetime spectra [4,5]. In our previous study, positron lifetime mea
surement was performed to identify the lattice defects in an 
LPBF-fabricated β-type Ti–15Mo–5Zr–3Al [6]; however, vacancy-type 
defects were not observed in the as-fabricated samples. Furthermore, 
the results of first-principles calculations performed on Ti–Mo binary 
alloys suggested that stabilization of the body-centered structure by Mo 
atoms is not sufficient to introduce quenched-in vacancies during the 
LPBF process [6]. In contrast, Xunxiang et al. [7] reported on the pres
ence of dislocations and monovacancies, detected using positron life
time measurements, in an LPBF-fabricated 316L stainless steel (SS). 
However, the number of detected lattice defects was not quantified 
because the lifetime components of the lattice defects were not 
decomposed into dislocations and monovacancies.

316L SS is a widely used structural material, and the lattice defects 
introduced in LPBF-fabricated 316L SS during LPBF processing have 
been extensively studied [8–19]. Dislocations introduced in 
LPBF-fabricated 316L SS are considered a major contributor to its su
perior tensile properties compared with conventionally manufactured 
counterparts [8–13,19]. Kernel average misorientation analyses have 
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shown that dislocation strengthening accounts for the largest proportion 
of the yield-strength enhancement in LPBF-produced alloys [19]. The 
thermal stability of the dislocation cell structures has been examined 
through heat treatments of as-fabricated samples [11–13,17]. A reduc
tion in tensile yield stress has been reported when annealing above 973 
K, primarily due to the corresponding decrease in dislocation density 
[11]. Experimental investigations of dislocation evolution and its in
fluence on hardness during annealing indicate that the hardness of 
LPBF-fabricated 316L SS is governed predominantly by geometrically 
necessary dislocations [12]. Compared with conventionally deformed 
316L samples, LPBF-fabricated 316L SS exhibits a lower recovery rate 
during annealing and requires a higher apparent activation energy for 
recovery, attributed to the pinning effect associated with 
solute-segregation networks [17]. Transmission electron microscopy 
(TEM) studies have revealed dislocation cell structures enriched with 
segregated Cr and Mo in LPBF-fabricated 316L SS [8,9], with quantita
tive analyses indicating segregation levels of approximately 1–2 wt% 
[14]. Thermal stress analyses have further suggested that the formation 
of dislocation structures originates from the thermal distortions imposed 
during LPBF processing [10]. Additionally, nanoscale modulated struc
tures arising from elastic strain within dislocation cells have been 
documented [15]. In contrast to the extensive research on dislocation 
formation and evolution, the introduction of vacancies in 
LPBF-manufactured 316L SS has remained comparatively understudied, 
despite their significant implications for solute diffusion, precipitation 
kinetics, and creep deformation.

In this study, to quantitatively evaluate the quenched-in vacancies 
and dislocations in LPBF-fabricated 316L SS, positron lifetime mea
surements were performed on as-fabricated and isochronally annealed 
samples. Additionally, the effect of scan speed on the vacancy concen
tration and dislocation density in 316L SS was examined.

2. Experimental method

Rectangular samples with bottom dimensions of 10 mm × 10 mm 
were fabricated using an LPBF apparatus (EOS M290, EOS, Germany) 
with a bidirectional Yb fiber laser scan along the x-axis. The nominal 
composition of the 316L SS powder was 18Cr–14Ni-2.5Mo-0.03C (wt. 
%).

To evaluate the influence of fabrication parameters on the positron 
lifetime, the scan speed of the LPBF process was varied in the range 
400–1400 mm/s, while the laser power was kept constant at 250 W. 
Details of the LPBF process are described in an earlier study [20]. The 
recovery of lattice defects was observed by isochronally annealing the 
as-fabricated samples for 1 h at temperatures in the range 373–873 K, 
with the temperature increased in steps of 25 K. The bulk positron 
lifetime of the fabricated 316L SS was determined using solution-treated 
samples prepared by air cooling after holding the as-fabricated samples 
at 1423 K for 3 h.

Positron lifetime measurements were performed using a digital 
oscilloscope (Lecroy WaveRunner 62-Xi), with a time resolution of 
187.8 ps and photomultiplier tubes equipped with BaF2 scintillators. The 
positron lifetime spectra were obtained at a coincidence count rate of 45 
counts per second and a total coincidence count of 3 × 106. The resulting 
positron lifetime spectra were analyzed using the Resolution [21] and 
Positronfit Extended [22] programs. The positron annihilation lifetime 
spectrum of each sample was decomposed into one to three components, 
as necessary. The mean positron annihilation lifetime was calculated 
using a two-state trapping model [23], using a defect-free defect 
component. Plan-view TEM specimens were fabricated by lapping and 
polishing the samples along the YZ-plane (the build direction was 
defined as the Z-axis) using a focused ion beam (FIB) instrument 
(ThermoFischer Scientific Scios2 DualBeam) equipped with Ga ions. 
Microstructures of the fabricated TEM specimens were characterized 
using scanning transmission electron microscopy (STEM) on a JEOL 
JEM-ARM200F TEM operated at 200 kV. The thicknesses of the TEM 

specimens required for dislocation density evaluation were measured by 
electron energy-loss spectroscopy (EELS) with a Gatan ContiniumK3 
post-column energy filter.

3. Results and discussion

The positron lifetimes of the as-fabricated samples increase with scan 
speed and are more than 50 ps longer than that of the bulk positron 
lifetime (104 ps) (Fig. 1). The lifetimes of the positrons trapped at lattice 
defects, such as vacancies and dislocations, are longer than those of the 
positrons present in the bulk because the lifetime of a positron before it 
annihilates with an electron is inversely proportional to the electron 
density at the site of annihilation. As shown later, the positrons trapped 
at vacancies and dislocations in the LPBF-fabricated 316L SS exhibit 
lifetimes of approximately 180 and 145 ps, respectively. The results of 
positron lifetime measurements indicate that vacancy-type defects are 
introduced during fabrication of the 316L SS and that the concentration 
of the introduced defects increases with scan speed of the LPBF process.

Next, a two-component analysis was performed using a trapping 
model with a fixed bulk positron lifetime of 104 ps. Fig. 2 shows that the 
relative intensity of the defect component increases with scan speed. The 
positron lifetime of the defect component averages out to 181.1 ps, 
which is consistent with the previously reported positron lifetime of 
vacancies in 316L SS (180 ps) [24]. Previous studies have also reported 
the presence of dislocation cells in LPBF-fabricated 316L stainless steel 
[8–19]. When different types of lattice defects are present in a material, 
identifying the recovery temperature of different lattice defects can lead 
to a more accurate analysis.

To understand the temperature-dependent recovery of lattice de
fects, the as-fabricated samples were isochronally annealed for 1 h, and 
positron lifetime measurements were performed after each annealing 
step. Fig. 3 shows that the positron lifetimes decrease with increasing 
annealing temperature. Notably, the positron lifetimes remain approx
imately 20 ps longer than that of the bulk positron lifetime (104 ps) at 
573 K, which is the vacancy recovery temperature of 316L SS [24]. To 
identify the existing lattice defects after recovery of the vacancies at 573 
K, a two-component analysis was performed on the positron lifetime 
spectra at 573 K. The average positron lifetime of the defect components 
at the recovery temperature was found to be 144.8 ps. The positron 
lifetime of the dislocations in the fabricated 316L SS was determined by 
performing positron lifetime measurements and component analyses on 
1.1 % cold-rolled commercial samples of 316L SS; the average positron 
lifetime of the defect components was found to be 145.7 ps. Therefore, 

Fig. 1. Results of one-component analysis of the positron lifetime spectra of 
LPBF-fabricated 316L SS as a function of scan speed of the LPBF process. The 
dashed line represents the experimentally obtained bulk positron lifetime.
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the observed positron lifetime of 144.8 ps after recovery of the vacancies 
in the 316L SS can be attributed to dislocations. Fig. 4 shows the results 
of three-component positron lifetime analysis on the 316L SS, fabricated 
at a scan speed of 400 mm/s, with the data plotted against annealing 
temperature. The results of three-component positron lifetime analysis 
were obtained by fixing the positron lifetimes of the vacancies and 
dislocations at 181.1 ps and 144.8 ps, respectively. The relative intensity 

of the vacancy component Iv sharply decreases above 423 K and even
tually reduces to zero at 523 K (Fig. 4). The relative intensity of the 
dislocation component Id increases up to 523 K, whereas that of the 
vacancy component decreases to zero at 523 K. The increase in the 
relative intensity of the dislocation component Id up to 523 K does not 
indicate an increase in the dislocation density but is due to a decrease in 
the relative intensity of the vacancy component Iv as the vacancy con
centration decreases.

The specific trapping rates of monovacancies and dislocations in 
pure iron are approximately 1.0 × 1015 s − 1 [25] and 5.1 × 10− 5 m2 s− 1 

[26], respectively. The vacancy concentrations and dislocation densities 
were calculated using the specific trapping rates of defects in iron. The 
results of one-component analysis in Fig. 1 show that the defect con
centration in the LPBF-fabricated 316L SS increases with the scan speed 
of the LPBF process. The vacancy concentration in the as-fabricated 
316L SS samples increases from 9.1 ppm to 23.9 ppm as the scan 
speed of the LPBF process increases from 400 mm/s to 1400 mm/s 
(Fig. 5(a)). Vacancy concentration in 316L SS at its melting point of 
1673 K was estimated to be 14.1 ppm using an experimental vacancy 
formation energy of 1.61 eV [27]. The obtained results indicate that 
vacancies with concentrations comparable to those observed at the 
melting point are inherently present in LPBF-fabricated 316L SS. The 
vacancy concentration begins to steeply decrease at 423 K, reaching zero 
at 523 or 548 K. An increase in the dislocation density occurs up to 523 K 
or 548 K because the positrons trapped at vacancies began to be trapped 
at dislocations with decreasing vacancy concentration (Fig. 5(b)). 
Therefore, the dislocation density in the as-fabricated samples was ob
tained from the 316L SS samples immediately after the vacancies were 
recovered by annealing at 523 K or 548 K. In Fig. 6, both vacancy 
concentration and dislocation density can be observed to increase with 
increasing scan speed of the LPBF process. The increase in vacancy 
concentration can be attributed to the cooling rate, which increases as 
the scan speed of the LPBF process is increased [28,29].

The dislocation densities measured using the line-interception 
method on bright-field (BF) STEM images are presented in Fig. 7(a)– 
(c). The 316L SS samples fabricated at scan speeds of 400, 1000, and 
1400 mm/s exhibit dislocation densities of 1.55 × 1014, 1.84 × 1014, and 
3.36 × 1014 m− 2, respectively. These STEM results confirm that dislo
cation density increases with scan speed, consistent with previous 
measurements obtained under similar processing conditions (500–1300 
mm/s, 240 W laser power) [16]. A prior study also reported that higher 
scan speeds promote greater dislocation content in LPBF-fabricated pure 

Fig. 2. Positron lifetimes and relative intensities derived using two-component 
analysis of the positron lifetime spectra of LPBF-fabricated 316L SS as a func
tion of scan speed. The dashed line represents the experimentally obtained bulk 
positron lifetime.

Fig. 3. Results of one-component analysis of the positron lifetime spectra of 
annealed 316L SS samples fabricated using different scan speeds of the LPBF 
process as a function of annealing temperature.

Fig. 4. Relative intensities derived using three-component analysis of the 
positron lifetime spectra of 316L SS fabricated at a scan speed of 400 mm/s as a 
function of annealing temperature.
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molybdenum [30]. Earlier thermal stress analysis suggests that 

dislocations in additively manufactured materials primarily originate 
from deformation driven by thermal expansion and shrinkage under 
constrained conditions [10]. The present results further indicate that 
thermal distortions during LPBF increase with increasing scan speed, 
thereby contributing to the observed trend in dislocation density. 
Although the optimal levels of dislocations and vacancies in 
LPBF-fabricated 316L SS depend on the specific application and required 
properties, the findings of this study show that both features can be 
tailored through process parameters. Higher scan speeds lead to in
creases in both dislocation density and vacancy concentration. 
Conversely, if a reduced vacancy concentration is desired, post-build 
annealing at approximately 548 K can effectively decrease vacancy 
concentration while maintaining dislocation density.

Previous studies have extensively investigated the creep behavior of 
LPBF-fabricated 316L SS [31–36] because of its potential applications in 
high-temperature environments, such as those in power plants, nuclear 
reactors, and chemical processing industries. Different experimental 
results have been reported regarding the effect of dislocation cells on the 
creep behavior of LPBF-fabricated 316L SS. Li et al. reported that 
LPBF-fabricated 316L SS has a relatively shorter creep life than that of 
conventional 316 SS owing to the instability of the dislocation cell 
structure [32]. Pan et al. reported that LPBF-fabricated 316L SS exhibits 

Fig. 5. (A) Vacancy concentration and (b) dislocation density in LPBF-fabricated 316L SS as a function of annealing temperature.

Fig. 6. Vacancy concentration and dislocation density in LPBF-fabricated 316L 
SS as a function of scan speed of the LPBF process.

Fig. 7. BF-STEM images showing dislocation densities, obtained using the line-interception method, in 316L SS fabricated at a scan speed of (a) 400, (b) 1000, and 
(c) 1400 mm/s.
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an extraordinary creep resistance, which is attributable to the hindered 
movement of the deformation-induced dislocations caused by stable 
dislocation cells [36]. The results of these studies suggest that the sta
bility of dislocation cells in 316L SS depends on the parameters of the 
LPBF fabrication process.

Li et al. investigated the effect of heat treatment in the temperature 
range 923–1323 K on the creep behavior of LPBF-fabricated 316L SS and 
found that the creep life of 316L SS increases after heat treatment at 923 
K and decreases with increasing heat treatment temperature [34]. 
Furthermore, Li et al. observed a decrease in the mean dislocation cell 
size and an increase in the dislocation cell wall thickness after heat 
treatment at 923 K and reported that these changes in the dislocation 
cell structure were associated with the increase in the creep life. Since 
quench-in vacancies are expected to be recovered by heat treatment at 
923 K, the reduction of quench-in vacancies may contribute to the 
increased creep life of LPBF processed 316L SS. The results of molecular 
dynamics simulations on the creep in nanocrystalline 316L SS suggest 
that diffusion becomes the dominant mechanism during creep defor
mation of nanocrystalline 316L SS at relatively higher temperatures 
[37]. As previously discussed, vacancies at concentrations comparable 
to those at the melting point are inherently incorporated in 
LPBF-fabricated 316L SS. These quenched-in vacancies may contribute 
to accelerated creep deformation. On the other hand, for 
precipitation-hardening alloys, the quenched-in vacancies introduced in 
LPBF-fabricated samples may contribute to precipitation hardening by 
direct annealing without a prior solution treatment [38–42].

4. Conclusions

In this study, lattice defects in LPBF-fabricated 316L SS were char
acterized using positron lifetime measurements, revealing the presence 
of both monovacancies and dislocations in the as-fabricated condition. 
The vacancy concentration was found to be comparable to the thermal 
equilibrium vacancy concentration at the melting point. Increasing the 
scan speed during LPBF resulted in higher vacancy concentrations and 
dislocation densities, a trend further confirmed through TEM analysis. 
Post-processing experiments showed that quenched-in monovacancies 
were fully annealed out at 548 K, whereas dislocations persisted even 
after annealing above 800 K. These findings highlight the importance of 
understanding defect behavior over a range of temperatures to ensure 
that LPBF-fabricated 316L ss components achieve the required perfor
mance in high-temperature service environments.
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