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Abstract
In the present work, 316L stainless steel specimens are fabricated by selective laser melting (SLM) via optimized laser 
process parameters. The effects of two extrinsic factors, i.e., strain rate and annealing temperature, on the mechanical per-
formance of SLM-processed parts are studied. The two intrinsic factors, namely strain rate sensitivity m and work hardening 
exponent n, which control the tensile properties of the as-built samples, are quantified. Microstructure characterizations 
show that cellular structure and crystalline grain exhibit apparently different thermal stability at 873 K. Tensile testing 
reveals that the yield strength decreases from 584 ± 16 MPa to 323 ± 2 MPa, while the elongation to failure increases from 
(46 ± 1)% to (65 ± 2)% when annealing temperature varies from 298 K to 1328 K. The n value increases from 0.13 to 0.33 
with the increase in annealing temperature. Due to the presence of fine cellular structures and high relative density achieved 
in as-printed 316L samples, a strong dependence between tensile yield strength and strain rate is observed. In addition, the 
strain rate sensitivity of the SLM-produced 316L part (m = 0.017) is much larger than that of conventional coarse-grained 
part (m = 0.006), whereas the n value increases slightly from 0.097 to 0.14 with increasing strain rate.
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1 Introduction

Laser powder bed fusion, also known as selective laser melt-
ing, is one of the additive manufacturing (AM) methods that 
can produce complex part without part-specific tooling. This 
technology can result in a microstructure that spans nearly 
six orders of magnitude in length scales [1], thus distinct 
mechanical properties that are substantially different from 
those of manufactured by traditional methods could be 
attained.

The 316L austenitic stainless steel (316L SS), as an 
important engineering structural material, has been 
widely used in the aerospace, nuclear industries, and 
automotive industries attributed to its admirable physi-
cal and mechanical properties (i.e., superior tensile prop-
erty, excellent weldability, and high corrosion resistance) 
[2–4]. Thanks to these advantages, an increasing interest 
has been aroused for researchers who focused on laser 
metal additive manufacturing of 316L SS [5–9]. In fact, 
a large number of investigations have been carried out to 
understand the process parameters-microstructure-prop-
erty relationships for such an alloy produced by selective 
laser melting (SLM) [10–14]. Recently, several research 
groups have reported that high strength and high ductil-
ity SLM-processed 316L samples are achievable through 
manipulating laser process parameters [1, 13, 15–18]. 
Though different arguments have been reported to address 
the mechanism for high strength and high ductility attained 
in SLM-produced 316L sample, these studies do confirm 
that microstructural features including volume fraction of 
defects [17, 19], melt pool shape [8, 15], grain size [19], 
cellular structure size [1, 17], and nanoinclusions [20] 
have significant effects on the final mechanical property of 
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the part. To date, most of the studies mainly have focused 
on the effect of intrinsic microstructures (i.e., grain size 
[21], nanoinclusions [20], micro-texture [15], defects [13], 
and residual stresses [22]) on the mechanical properties of 
the SLM-produced parts. A few studies have investigated 
the effect of extrinsic factors, for example, strain rate [23, 
24] and annealing temperature [25–27], on the mechanical 
performance of AM-processed parts. A recent work car-
ried out by Ronneberg et al. [26] pointed out that a SLM-
manufactured part annealed at a certain temperature can 
eliminate some unique microstructures (i.e., melt pools, 
cellular structure, etc.) in the part, and thus the role of a 
certain microstructure on mechanical property could be 
revealed. More importantly, SLM-produced 316L samples 
may experience high impact and dynamic loading during 
its actual working applications, thus rate dependent defor-
mation behavior should also be unveiled for such an alloy.

In fact, recent studies on the effect of extrinsic factors 
on mechanical property of SLM-manufactured parts result 
in contradictory conclusions. For example, Chen et al. [25] 
reported that SLM-produced 316L samples annealed at 
400 °C can lead to a 10% increase in yield strength. The 
improvement in mechanical property is attributed to the 
precipitation of nanosized silicate particles [25]. However, 
such a phenomenon was not observed by other groups [27, 
28]. In addition, the effects of strain rate on mechanical 
property of AM-produced 316L samples were studied 
by Li et al. [23] and Khodabakhshi et al. [24]. The for-
mer concluded that a strong dependence between tensile 
strength and strain rate was observed whereas the latter 
reported the opposite. The 316L SS is a face-centered 
cubic (FCC) material. It is accepted that the flow stress of 
these conventionally manufactured FCC metals, for exam-
ple, the 304L SS [29], ultra-fine-grained/nanocrystalline 
copper [30, 31], and nanocrystalline 316 L SS [32], are 
strongly strain rate dependent, i.e., the flow stress usually 
increases as the strain rate is increased. The above contra-
dictory results strongly suggest that a thorough investiga-
tion is needed for SLM-produced 316L parts in order to 
better understand the mechanical response with extrinsic 
factors.

In this study, the microstructure evolutions at different 
annealing temperatures are systematically characterized on 
different planes (i.e., parallel to the build direction and per-
pendicular to the build direction). The mechanical properties 
and work hardening ability of the SLM-produced samples 
at various annealing temperatures are analyzed. In addition, 
the effect of strain rate on work hardening ability is quanti-
fied. The strain rate sensitivity is calculated and compared 
with the reported values in the literature. Moreover, some 
clarifications regarding to the contradictory conclusions in 
literature are also reported in the study based on our experi-
mental results.

2  Experimental

2.1  Sample Preparation and Heat Treatment

Gas-atomized 316L SS powder (Avimetal Powder Metal-
lurgy Technology Co., Ltd, China) with spherical mor-
phology and a particle size ranging from 15 μm to 53 μm 
was used in this study (Fig. 1a). The chemical composition 
of the as-used powder is listed in Table 1. Fabrication 
of the 316L samples were carried out using an EP-M250 
machine equipped with a continuous wavelength fiber laser 
generator with a maximum power of 400 W and typically 
80 μm spot diameter. Cuboid-shaped specimens (10 mm 
(length) × 10 mm (width) × 8 mm (height)) and rectangular 
bars (45 mm (length) × 10 mm (width) × 10 mm (height)) 
were fabricated on a 40 mm thick substrate in protection 
atmosphere of oxygen content below 1000 ppm (Fig. 1e). 
The optimized laser process parameters used to fabricate 
316L samples were laser power 206 W, scanning speed 
900  mm/s, hatch spacing 90  μm, and layer thickness 
30 μm, respectively [13]. A “zigzag” scanning strategy 
was used with 67° rotation of the laser scanning direction 
between successive layers (Fig. 1d). The SLM-produced 
parts were removed from the baseplate by wire cutting 
after completion of the building process. 

Heat treatments were performed using a chamber fur-
nace with the samples placed into a tube filled with argon 
gas (Fig. 1b). Samples were subjected to various levels 
of annealing temperatures with a heating rate between 20 
°C/min and 30 °C/min (Fig. 1c). Different heat treatments 
are used to tailor the microstructure of the parts and are 
depicted in Table 2. The holding temperatures were 873 K, 
1123 K, and 1328 K, respectively (see Table 2).

2.2  Microstructure Characterizations

As-built and heat-treated samples were ground and pol-
ished to observe the microstructure on different planes 
(i.e., top view and side view, Fig. 1e). An acidic water 
solution containing 2% HF and 8%  HNO3 was used to etch 
the polished surface. An optical microscope (OM, 55XA) 
and a scanning electron microscope (SEM, FEI Sirion 400 
NC) were used to examine microstructure features of the 
samples at low and high magnification, respectively. The 
grain size and misorientation angle distribution of the 
pars were determined by electron backscattered diffrac-
tion (EBSD, EOL JSM-7900F, Japan). All observations 
were carried out at the position near the middle of the 
polished surface for a better comparison purpose (Fig. 1e). 
The specimens were tilted to 70° in the SEM chamber, and 
an accelerating voltage of 20 kV was used. The scanning 
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step was set as 1 μm during the experiment. Data analy-
sis was performed with the TSL-OIM analysis software. 
After tensile test, the fracture morphologies of the SLM-
produced specimens were observed by SEM.

2.3  Hardness and Tensile Tests

Vickers microhardness (HV) tests with a 1 kg load and 15 s 
dwelling time were conducted on metallographic parts using 
the “Everone MH-6” microhardness tester. A total of seven 

Fig. 1  a Morphology of the gas-atomized powders, b image of the SLM-produced 316L samples under argon protection, c a sketch of the heat 
treatment process, d laser scanning strategy, and e sketch of the as-fabricated specimens which the tensile specimen extraction scheme and the 
position selected for microstructure observation are clearly shown

Table 1  Chemical composition 
of as-used 316L SS powder 
(wt.%)

Fe Cr Ni Mo Mn Si C P S

Bal 18.84 10.68 2.26 1.05 0.91  ≤ 0.03  ≤ 0.04  ≤ 0.01

Table 2  Heat treatments applied to the 316L SS samples

Samples Heat treatment conditions

As-built –
(Heat treatment 1) HT1 873 K + 2 h, furnace cooling
(Heat treatment 2) HT2 1123 K + 2 h, furnace cooling
(Heat treatment 3) HT3 1328 K + 2 h, furnace cooling
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microhardness measurements were taken for each SLM-
processed sample.

The as-built rectangular bars were machined to standard 
dogbone samples with a diameter of 3 mm and gauge length 
of 15 mm according to ISO 6892–1: 2009. Uniaxial tensile 
tests were performed at room temperature on an Electronic 
Universal Testing Machine (CMT5105S, China) at the strain 
rate of 2.2 ×  10–3  s−1 for as-built and annealed samples. The 
reported mechanical properties were the average results of 
five tests with the same process parameters. Different strain 
rate tests (i.e., 5.6 ×  10–5  s−1, 2.2 ×  10–3  s−1, 2.2 ×  10–2  s−1, 
and 2.2 ×  10–1  s−1) were conducted to calculate the m value 
and n value of as-built sample. The n values of the as-built 
parts subjected to different annealing temperatures were also 
obtained by tensile tests at a strain rate of 2.2 ×  10–3  s−1.

3  Results and Discussion

3.1  Effect of Annealing Temperature 
on Microstructure of a SLM‑Processed Part

3.1.1  Melt Pool and Cell Structure Evolution

Previous study reported that the as-built part presents hierar-
chical structures in macro, micro, and nanoscales [2]. These 
length scales include melt pools, columnar grains, low-angle 
grain boundaries (LAGBs), cellular network structures, and 
oxide nanoinclusions, respectively [1, 2, 23]. Figure 2a–f 
shows the macroscale structures for SLM-manufactured 
parts subjected to different annealing temperatures on top 
surface and side surface. The microstructure including melt 
pool morphology and cellular structure of the as-built part 
was presented elsewhere [13] and hence was not provided 
in this study. It is observed that the melt pool traces on both 
planes (side plane and top plane) are still visible when sam-
ples are treated at 873 K (Fig. 2e and f). The high magni-
fied SEM images reveal the presence of cellular structures 
with cell sizes ranging between 0.4 µm and 0.5 µm (Fig. 3). 
The melt pool morphology and cell structure size are basi-
cally consistent with that of the as-built part [13]. This result 
suggests that heat treatment temperature below 873 K does 
not significantly change the microstructure of the SLM-pro-
duced part. The role of heat treatment at temperature around 
873 K is mainly to reduce the microscale residual stress of 
the part [33].

After annealing at 1123 K, the melt pool traces and cellu-
lar structures are almost dissolved while irregular grains are 
observed (Fig. 2c and d and Fig. 3). The grains on the two 
planes show an apparently different morphology: the crys-
talline grains on top surface include small and large equi-
axed grains, and some elongated grains are also observed 
(Fig.  2c), whereas the grains on side plane are almost 

elongated strips in shape and grow along the build direction 
(Fig. 2d). SEM observations reveal that a large number of 
white particles were mainly located at the grain boundaries 
on the two observed planes in the sample (Fig. 3). Com-
parison of concentration of these white particles with the 
matrix can be depicted from energy-dispersive X-ray spec-
troscopy (EDS) analysis results shown in Fig. 4. It can be 
found that these particles contain mostly Si, Mo, and Cr. 
Previous studies reported that Si has a higher chemical affin-
ity with oxygen at high temperature than the rest of the ele-
ments in the 316L SS and tends to preferentially react with 
the residual oxygen in the chamber [20, 34]. The observed 
white particles are therefore most likely to be particles con-
taining Si, Mo, and Cr. The precipitated particles have been 
widely reported in as-built 316L SS [2] and its annealed 
samples [25, 28], which is in accord with the results shown 
in this study. Note that the deformation resistance of a SLM-
produced part can be improved due to these white particle 
precipitates along grain boundaries at this annealing tem-
perature (i.e., precipitation strengthening). Although the 
substructure of the part at annealing temperature of 1123 K 
is nearly dissolved compared with the as-built sample, the 
reduction of the tensile property and microhardness is little 
(see Sect. 3.2 in the following), suggesting that the precipi-
tated white particles play an important role in mechanical 
response of the part.

At 1328  K, no melt pools and substructures can be 
observed. The grain size of the material is obviously coars-
ened compared with that of other heat-treated samples. 
There is no apparent difference in grain morphology on the 
two observed planes (Fig. 2a and b, Fig. 3). In addition, only 
a few white particles can be observed compared with that of 
samples annealed at 1123 K. The precipitates are believed 
to become larger while their number decreases when anneal-
ing temperature increases [28]. The change in white particle 
content was reported to be associated with dissolution of 
the particles [25], and our result indicates that these white 
particles are gradually dissolved at elevated temperature over 
than 1123 K.

3.1.2  Grain Size and LAGBs Evolution

Although the changes in microstructure of the material 
under different annealing temperatures can be observed 
from the OM and SEM images, quantitatively analysis of 
the grain size evolution of the samples in these images is 
difficult. Figure 5a–d depicts the grain maps of the as-built 
and annealed parts. The microstructure of the as-built 316L 
sample is a checkerboard-like structure on the top surface 
but is a columnar grain structure on the side plane (Fig. 5a). 
The columnar grains grow along the build direction and 
cross several melt pools of different layers, showing an obvi-
ous epitaxial grain growth characteristic. The microstructure 
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appearance is typical in SLM-produced material because 
SLM is decorated with rapid melting and solidification far 
from equilibrium conditions [17]. Such a microstructure fea-
ture has also been widely reported in the literature [11, 25, 
35] which is consistent with the observation in this study. 
The corresponding grain size distributions on the top surface 
in the images are presented in Fig. 5e–h. It can be observed 
that the grains in all of the heat-treated samples are roughly 
equiaxed from the top view, however, the grains are elon-
gated and the direction of elongated grain is paralleling to 
build direction when annealing temperature is below 1123 K 
from the side view (Fig. 5a–c). As annealing temperature 

reaches 1328 K, there are no evident differences between 
the two planes in terms of grain morphology and grain size 
(Fig. 5d and Fig. 6a). The result suggests that anisotropic 
yield behavior might be weak when SLM-produced parts 
are heat-treated at temperature above 1328 K.

At 873 K, there are many small grains (< 10 μm) agglom-
erate around the large grains (Fig. 5a). As annealing tem-
perature increases to 1123 K, the percentage of small grains 
slightly decreases while the maximum grain size shows an 
apparently increasing trend (the grain size can be as high as 
76.6 μm, see Fig. 5g). The large number of white particles 
precipitated along grain boundaries can act as nucleation 

Fig. 2  Optical microstructures of heat-treated samples at temperatures of 1328 K, 1123 K, and 873 K, respectively. a, c, e Top view; b, d, f side 
view
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sites during heat treatment (Fig. 3), whereas the holding 
temperature and holding time are not sufficient high enough 
to make those newly formed small grains grow large enough, 
hence grain size decreases as compared with that of as-built 
part. The percentage of small grains show a sharp decreasing 
trend whereas the maximum grain size continues to increase 
when annealing temperature is 1328 K, leading to an average 
grain size up to 36.56 ± 21.12 μm (Fig. 5d, h, and Fig. 6a). 
To better understand the effect of annealing temperature on 
grain size of SLM-produced parts, we compared our experi-
mental results with previous studies. From the results listed 
in Table 3, it is observed that the effect of annealing tem-
perature on grain size is quite divergent in the literature. A 
closer look at the heat-treated conditions, it is found that 
both the annealing temperature and holding time play an 
important role in grain size evolution. Overall, the grain size 
remains nearly unchanged if both low annealing temperature 
(≤ 650 °C) and holding time (≤ 2 h) is used [15, 28, 36]. 
The grain size will show an apparently increasing trend if 
holding time is significantly increased [27]. However, grain 
size refinement of the as-built parts may also occur under 
some certain heat-treated conditions [25, 37]. The average 
grain size for as-built sample is larger than those of annealed 

samples (see Fig. 6a). If the classical Hall–Petch relation 
is used to predict the yield strength of SLM-manufactured 
part, a higher grain size should result in lower yield strength. 
However, the mechanical properties of the SLM-produced 
parts annealed at 873 K are basically the same as that of 
the as-built state sample (see Fig. 8c–d), which otherwise 
suggests that the mechanical property of a SLM-processed 
part is mainly controlled by its subgrain structures instead 
of grain size determined by HAGBs [1].

The band contrast maps for SLM-manufactured parts 
annealed at different temperatures are displayed in Fig. 7. 
In this study, low-angle grain boundaries (LAGBs) are 
defined as 2°-10°, whereas misorientation angle exceeds 
10° is considered as high-angle grain boundaries 
(HAGBs) [1]. It shows that the fraction of LAGBs shows 
a decreasing trend as the annealing temperature increases 
(from 76%–78% in the as-printed sample to 11%–26% in 
sample annealed at 1328 K, see Fig. 6b and Fig. 7e–h). 
This means that the LAGBs are unstable during heat 
treatment process. Compared with the as-built samples, 
it is observed that the cellular structure size remains sta-
ble, while the grain size/morphology and the fraction of 
LAGBs start to change at 873 K, suggesting that these 

Fig. 3  SEM images of SLM-processed samples heat-treated at various temperatures



779Effect of Annealing Temperature and Strain Rate on Mechanical Property of a Selective Laser…

1 3

structures have apparently different thermal stability at 
annealing temperature of 873 K (see Figs. 2, 3, 5, and 6). 
In addition, we notice that SLM-produced parts annealed 
at 1328 K can lead to a significant increasement of Ʃ3 
twin boundaries (Ʃ3, at 60°, the percentage is 26%–47% 
of the total boundaries, Fig. 7h), suggesting the forma-
tion of annealing twins [16]. The result indicates that a 
partial recrystallization occurs at annealing temperature 
of 1328 K. The formation of annealing twins can enhance 
the work hardening ability of the SLM-processed part 
during plastic deformation (see next section, Fig. 9), 
hence the onset of plastic instability is delayed [16]. On 
the one hand, the twin boundaries can act as obstacles to 
dislocation movement [16]. On the other hand, gliding of 
dislocations along twin boundaries is feasible due to the 
presence of coherent Ʃ3 structure [38]. As a result, a bet-
ter ductility is achieved for samples annealed at 1328 K 
(see Fig. 8a–c). 

3.2  Effect of Annealing Temperature on Mechanical 
Property and Work Hardening Behavior 
of a SLM‑Produced Sample

The representative tensile engineering and true stress–strain 
curves of the SLM-produced parts at different annealing 
temperatures are displayed in Fig. 8a and Fig. 8b, respec-
tively. The corresponding tensile properties of the parts are 
shown in Fig. 8c. It shows that yield strength (YS), ultimate 
tensile strength (UTS), and elongation to failure (εf) remain 
nearly unchanged for samples annealed at a temperature up 
to 873 K. When annealing temperature is over than 873 K, 
the YS value decreases continuously while the εf value 
increases, resulting in the so-called strength-ductility trade 
off behavior. Note that the reduction in YS value is small 
(from 584 MPa at as-built state to 513 MPa) when anneal-
ing temperature increases to 1123 K, whereas it shows an 
apparently decreasing trend (from 584 MPa to 323 MPa) 

Fig. 4  EDS analysis result of the white particles
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when samples are treated at 1328 K. To better understand the 
mechanical response versus annealing temperature, we com-
pared our results to those reported in the literature (Fig. 8e). 

Though different YS values for as-produced 316L samples 
were reported by many other research groups (450 MPa to 
650 MPa), the YS value shows a similar evolution trend with 

Fig. 5  Grains maps of as-built and annealed 316L SS samples. The grain maps on the side surfaces are similar to each other; hence only one 
map paralleling to build direction is presented in these figures. The grain size distribution is obtained from the top surface in the image. a As-
built, b 873 K, c 1123 K, d 1328 K. e, f, g, h Corresponding grain size distributions for as-built, 873 K, 1123 K, and 1328 K sample, respec-
tively

Fig. 6  Summary of average grain size and fraction of LAGBs as a function of annealing temperature. a Average grain size, b fraction of LAGBs
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annealing temperature. Overall, the tensile yield strength 
of a SLM-produced sample remains nearly unchanged for 
samples annealed up to 873 K, which is in accord with the 
stability of cellular structures observed in this study (Fig. 3). 
However, compared with the variation of its corresponding 
YS values with annealing temperature, the change in UTS 
value is little (see Fig. 8f). The microhardness results on top 
surface and side surface of the parts are presented in Fig. 8d. 
There is only a little difference between the two observed 
planes for microhardness at various annealing temperatures. 
The microhardness of the as-built sample is ~ 256  HV1, 
which is typical of hardness achieved by SLM (Fig. 8g). 
Note that the hardness of as-printed sample is rather diverse. 
This is mainly because the adopted laser process parameters 
are different in the literature, resulting in different micro-
structures and porosity contents in the sample [5, 39]. Also, 
it shows a similar trend to that of yield strength as a func-
tion of annealing temperature when annealing temperature is 
over than 1123 K (decrease from 258  HV1 at as-built state to 
199  HV1 at 1328 K). Despite of the large variation of hard-
ness values reported in the literature at a certain annealing 
temperature, it shows a decreasing trend with the increase 
of annealing temperature (Fig. 8g).

To understand the work hardening behaviors of the as-built 
parts and the annealed samples, the normalized work harden-
ing rate curves (normalized by a shear modulus of 74 GPa 
for 316L SS [15]) as a function of true strain are presented in 
Fig. 9a. The normalized work hardening rate is calculated as 
θ = (dσ/dε)/G, where σ, ε, and G are the true stress, true strain, 
and shear modulus, respectively. It is observed that the work 
hardening behaviors of the as-built samples and the annealed 
samples are all characterized with three distinct stages. Stage 
I: The θ value decreases sharply at the initial stage of material 
deformation; Stage II: The reduction in θ value slows down 
and keeps this stage for a wide range; Stage III: The θ value 
decreases again rapidly due to plastic instability of the mate-
rial occurs. Though the hierarchical microstructure of the 
SLM-produced sample is nearly unchanged after annealing at 
873 K, the work hardening rate in 873 K sample is relatively 
larger than that of as-built sample before the onset of necking 
happens. The similar result is also observed by Chen et al. 
[22] who reported that samples annealed at 500 °C leads to an 
increased strain hardening rate in annealed samples than as-
printed samples. The behavior could be attributed to the relax-
ation of printing-induced non-equilibrium microstructures and 
associated microscale residual stresses in as-built samples [22, 
33]. However, compared with work hardening rate curves of 
the samples annealed at a higher temperature (i.e., 1123 K and 
1328 K), the 873 K sample shows a relatively little difference 
with as-built sample. This is because cellular structures remain 
stable at 873 K (Fig. 3). Previous studies have shown that these 
cellular walls are decorated with a high density of disloca-
tions [1, 17, 28], hence the dislocation nucleation rate is lower Ta
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due to the loose dislocations will initially move in the micro-
structure before nucleation becomes energetically favorable at 
higher stress levels [28]. However, the work hardening ability 
of the material is significantly improved after the annealing 
temperature exceeds 1123 K. This is evidenced by a higher 
work hardening rate in the early stage of deformation and a 
longer period of work hardening (Fig. 9a). Compared with the 
annealed samples, the work hardening rate of the as-built part 
is relatively poor (Fig. 9a). Nevertheless, considering the nor-
malized work hardening regimes fall within 0.01–0.03, which 
is consistent with the reported values for the high strength 
and high ductility SLM-processed 316L parts [15, 16]. Com-
pared the mechanical property of 1328 K annealed sample 
with the reported wrought 316L SS, it is observed that SLM-
produced samples annealed at 1328 K have a combination of 
both excellent yield strength and good ductility which is com-
parable or better than its corresponding wrought counterpart 
(see Fig. 8h).

In general, increasing the ductility of a part can be achieved 
by delaying the onset of necking. According to Hart [48], 
plastic instability takes place when the following criterion is 
satisfied:

(1)d�∕d� + m ⋅ � ≤ �.

The work hardening exponent can be obtained by the 
following Ludwik–Hollomon equation:

Therefore, the n value can be obtained by logarithmic 
plots of σ versus ε when strain rate is constant.

The strain rate sensitivity can be calculated as

where �̇� is the strain rate. Hence, the m value can be deter-
mined by logarithmic plots of σ versus �̇� . From the above 
equations, it is evident that both the strain hardening (dσ/dε) 
and strain rate hardening (m·σ) play an important role in the 
delay of necking. The work hardening exponent n and strain 
rate sensitivity m of the SLM-produced part are quantified 
in the study.

Figure 9b shows the logarithmic plots of true stress 
versus true strain for the SLM-manufactured parts at vari-
ous annealing temperatures. It is observed that the n value 
increases from 0.13 to 0.33 as the annealing temperature 
increases from 298  K (room temperature) to 1328  K. 
The n value at 1328 K is almost three times larger than 
that of the as-built part. Also, the n value for the 873 K 

(2)n =
� ln �

� ln �
,

(3)m =
(

𝜕 ln 𝜎

𝜕 ln �̇�

)

,

Fig. 7  Band contrast maps of as-built and annealed 316L SS samples. The misorientation angle distribution is obtained from the top surface in 
the image. A misorientation angle between 2° and 5° is colored in red, 5°–15° is colored in green, whereas 15°–180° is colored in blue. a As-
built, b 873 K, c 1123 K, d 1328 K. e, f, g h Corresponding misorientation angle distributions for as-built, 873 K, 1123 K, and 1328 K sample, 
respectively
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annealed sample is 0.16, which is very close to that of 
the as-built sample (the value is 0.13). The result sug-
gests that although the work hardening behavior is altered 
for SLM-produced samples heat-treated at 873 K (see 
Fig. 9a), the work hardening ability of the SLM-produced 
316L SS is nearly unchanged, which otherwise indicates 
that the presence of cellular structure at 873 K sample 
is of great importance to mechanical performance of the 
part. It should be emphasized that the calculated n val-
ues for samples annealed at different temperatures are 
determined by considering the entire plastic deformation 
process. As shown in Fig. 9b, the slope of the tangent 

line, which indicates the n value of the sample, increases 
with true strain at the initial stage of deformation, but it 
will be stabilized as the deformation continues. Hence, 
the calculated n value can be regarded as an average value 
for the annealed sample during the entire plastic deforma-
tion. This result also indicates that a shift of deformation 
mechanism occurs during the plastic deformation. Accord-
ing to the in situ synchrotron X-ray diffraction experiments 
carried out by Wang et al. [1], dislocation slip is the domi-
nant deformation mechanism when the applied strain is 
relatively low (i.e., 3%), whereas twinning becomes an 
important mechanism as the deformation continues. The 

Fig. 8  Effect of annealing temperature on the mechanical property of SLM-processed parts. a and b Representative engineering tensile stress–
strain curves and the corresponding true stress-true strain curves at various annealing temperatures. c and d Summary of tensile properties and 
microhardness of SLM-produced parts as a function of annealing temperature, respectively. e Variation of yield strength with annealing tempera-
ture including our work and data reported in the literature. The blue dashed lines indicate the general variation trend. f Ultimate tensile strength 
as a function of annealing temperature based on reported values in the literature. g Hardness as a function of annealing temperature for our work 
and researches reported in the literature. h Comparison between the obtained mechanical properties in this study and wrought 316L (including 
cold finished and solution treated) reported in the literature. The red dashed lines indicate the general trend of mechanical response for samples 
annealed at different temperatures. The above data are collected from references [2, 7, 19, 22, 25, 26, 28, 35–37, 39–47]
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intersections for twin–twin and twin–cellular walls can 
provide a unique three dimensional network for progres-
sive and steady work hardening in SLM-produced 316L 
sample [1]. Hence, the n value remains stable after the 
deformation twinning is dominated at a high strain level 
(see Fig. 9b).

The fracture surface morphologies of the annealed sam-
ples after tensile test are shown in Fig. 10. Compared with 
the fracture morphology of as-built sample [13], samples 
annealed at different temperatures still appear ductile frac-
ture with many submicron sized dimples (Fig. 10b, d, and 
f), suggesting that all of the samples (as-built and annealed 
parts) have good plasticity. The SLM-produced part 
annealed at 873 K still has a certain proportion of small 
pores (Fig. 10e, f), whereas the pores tend to disappear as 
annealing temperature increases (Fig. 10a–d). In addition, 
it is observed that both the density and depth of the dim-
ples increase as annealing temperature increases especially 
at 1328 K (Fig. 10b). Such dense and deep ductile dimples 
can increase the area of fracture surface and absorb more 
deformation energy during the tensile deformation process. 
Hence, the ductility is improved as annealing temperature 
increases. The observations are consistent with the results 
of the tensile test (Fig. 8a).

3.3  Effect of Strain Rate on Mechanical Property, 
Work Hardening Exponent, and Strain Rate 
Sensitivity of a SLM‑Produced Part

Tensile tests are conducted at several strain rates to eluci-
date the rate-controlling deformation mechanism of a SLM-
produced part. The representative engineering stress–strain 
curves of SLM-produced parts at different strain rates are 
shown in Fig. 11a. The YS value and UTS value increase 
monotonously from (614 ± 6) MPa and (753 ± 4) MPa to 

(702 ± 4) MPa and (794 ± 3) MPa, respectively, while the 
elongation to failure drops from (49 ± 2)% to (34 ± 2)% when 
strain rate increases from 5.6 ×  10–5  s−1 s to 2.2 ×  10–1  s−1. 
The yield strength and ultimate tensile strength of SLM-
produced 316L samples increase with increasing strain rate, 
yielding a significant rate-strengthening effect (Fig. 11a, b). 
The result is consistent with the study of Li et al. [23] but 
contradicts the result of Khodabakhshi et al. [24]. In the 
study of Khodabakhshi et al. [24], the 316L samples were 
prepared by laser metal deposition (LMD). They concluded 
that the strain rate had no obvious effect on LMD-manu-
factured 316L SS samples. The above contradictory results 
may stem from the following two reasons: (1) the cooling 
rate in the melt pool for SLM-produced sample is about two 
orders of magnitude larger than that of LMD-deposited sam-
ple [49], resulting in a distinct microstructure difference for 
samples manufactured by the above two fabrication meth-
ods. We compared the microstructure features between the 
works carried out by Khodabakhshi et al. [24] and ours. 
The cell size in the study of Khodabakhshi et al. [24] is 
about 10 μm–15 μm, which is much larger than the cell size 
of the SLM-produced sample in this study (the cell size 
is ~ 0.43 μm). Also, an aspect ratio of ~ 40 was reported in 
the study of Khodabakhshi et al. [24], where the grain width 
and grain length are ∼13.4 μm and 500 μm, respectively. 
The aspect ratio of grain size is much higher than that of this 
study (~ 2.7). Therefore, the relatively larger grain size and 
substructure size might be responsible for a lack of strain-
rate dependency for the LMD-produced samples; (2) As 
shown in Fig. 11a, b, the elongation to failure decreases with 
increased strain rate (from 49% to 34%). In fact, the built-in 
flaws have a great effect on elongation to failure for SLM-
processed parts under uniaxial tensile test [13, 23]. Hence, it 
can be concluded that the internal defects in additive manu-
factured parts are very sensitive to strain rate. The 316L 

Fig. 9  Effect of annealing temperatures on strain hardening behavior of SLM-produced parts. a Normalized work hardening rate curves as a 
function of annealing temperature, b logarithmic plots of true stress versus true strain for the SLMed parts at various annealing temperatures
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sample fabricated by LMD has pores with a length scale over 
than 200 μm, and a long crack with a characteristic length up 
to ~ 1 mm is also observed based on the macro-OM images 
provided by Khodabakhshi et al. [24]. However, the relative 
density of SLM-processed sample in this study is measured 
to be (99.8 ± 0.03)% (Fig. 12). It is observed that most of the 
defects are spherical in shape and randomly located in the 
sample. The maximum defect size is ~ 30.12 μm in arbitrary 
four regions. The formation of these defects is likely due 
to the entrapment of the shielding gas [39] or transfer of 
as-used powder pore sources to the part [50]. Tensile test 
at a high strain rate promotes the SLM-processed part to 
fail prematurely, resulting in an underestimated value for 
elongation to failure. Therefore, the process-induced larger 
pores and cracks may also be one of the possible reasons 
for LMD-processed sample lack of strain-rate dependency. 

The work hardening exponent and strain rate sen-
sitivity of SLM-produced 316L parts are calculated 
according to Eqs. (2 and 3), and the results are shown in 
Fig. 11c, d. It can be observed that the n value decreases 
slightly from 0.14 to 0.097 as the strain rate increases 
from 5.6 ×  10–5  s−1 to 2.2 ×  10–1  s−1, suggesting that the 
effect of strain rate on the work hardening ability of a 
SLM-manufactured part is weak. We further calculated 
the m value of the SLM-manufactured part according to 
Eq. (3), and the result is 0.017 (Fig. 11d). The estimated 
m value in this study is three to four times larger than the 
coarse-grained 316L sample (the m value is 0.0061 [24]) 
and is comparable to those of nanostructured metals (the 
m value of nanocrystalline copper and nanocrystalline 
nickel is ~ 0.03) [31]. In addition, the calculated m value 
in this study is not much different from that of Li et al. 

Fig. 10  Fracture surfaces of SLMed 316L SS at different annealing temperatures
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who reported that the m value for SLM-produced high 
strength and high ductility 316L sample is 0.022 [23]. 
This higher m value is the intrinsic reason for SLM-pro-
duced 316L SS sample with high ductility.

Figure 13 displays the fractographic features of SLM-
produced parts at different strain rates. At macro-level, 
one can observe that all samples show a “cup-shaped” 
feature with a certain necking, indicating a typical ductile 
fracture characteristic. In addition, a few small pores are 
also observed in all of the tested samples (Fig. 13a, c, e, 
g). At micro-level, it is observed that at the same mag-
nification, the fractured surfaces of the samples tested at 
different strain rates are still occupied by a large num-
ber of submicron sized dimples. However, the depth and 
density of the dimples decrease with the increased strain 
rate, indicating that the ductility of the SLM-produced 
sample decreases with the increase of strain rate. This is 
completely in agreement with the tensile test result shown 
in Fig. 11a, b.

4  Conclusions

In summary, the effects of annealing temperature and 
strain rate on the resultant mechanical properties of SLM-
processed parts are investigated in this research. The two 
intrinsic factors which control the tensile properties of as-
built part, namely work hardening exponent n and strain 
rate sensitivity m, are quantified. The main conclusions 
can be drawn as follows:

(1) The cellular structure and crystalline grain show appar-
ently different thermal stability during the heat treat-
ment process. SLM-produced samples annealed at 
873 K lead to a decrease in grain size whereas the cell 
structure size remains stable. The cellular structures 
and a large fraction of LAGBs contribute to the high 
strength and high ductility of the as-built parts com-
pared with the annealed specimens.

Fig. 11  a Representative engineering tensile stress–strain curves at different strain rates. b Summary of tensile properties of SLM-produced part 
at different strain rates. c Logarithmic plots of true stress versus true strain for the SLMed material at different strain rates. d Logarithmic plots 
of tensile strength versus strain rate for the SLMed material
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(2) The SLM-produced parts annealed at 873  K lead 
to a mechanical performance as that of the as-built 
part whereas heat treatment at temperature over than 
1123 K results in the classical strength-ductility trade-
off behavior. The presence of fine cellular structures 
and fewer built-in flaws in as-printed 316L SS sample 
are responsible for the strong dependence between ten-
sile strength and strain rate.

(3) The work hardening exponent increases from 0.13 
to 0.33 when annealing temperature increases from 
298 K to 1328 K. However, the effect of strain rate 
on n value is not noticeable (from 0.14 to 0.097 as 

strain rate increases). A relatively higher strain rate 
sensitivity (m ~ 0.017) is observed for SLM-produced 
part compared to that of coarse-grained counterparts 
(m ~ 0.0061).

(4) Ductile fracture is the main failure mode for samples 
annealed at different temperatures and tensile tested at 
different strain rates. The fracture surfaces are always 
decorated with a large number of submicron sized dim-
ples, which helps to increase fracture surface area and 
absorb more deformation energy during tensile test, 
thus improving the ductility of the sample.

Fig. 12  Optical micrographs of polished sections showing porosity in as-built sample
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