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Abstract
At present, in the directed energy deposition (DED) of metals, the heat transfer of the melt pool and microstructural 
evolution are not fully understood. This study investigates the thermal effect on the microstructure and the mechanical 
properties of DED AISI 316L, using in situ optical monitoring. Five thin-wall samples were tested to determine the 
effect on microstructural evolution and mechanical properties with variable laser powers and scanning speeds. A 
comprehensive optical monitoring system with a CMOS (coaxial complementary metal oxide semiconductor) visual 
module and an infrared camera was adopted in analyzing the temperature gradient and the solidification rate. The 
emissivity of the melt pool was calibrated, using the melt pool length, extracted from the coaxial visual image. The 
results showed that microstructures mainly consist of the coarse columnar grain and the equiaxed grain at the top layer 
of AISI 316L samples. The direction of epitaxial growth of columnar grains is affected by the compromise between 
directional heat flux and crystallographic direction. High numerical temperature gradient and high solidification rate 
are beneficial to obtaining fine grain size and high yield stress. A modified microstructure map for DED AISI316L 
was established, which correlates the solidification parameters with a solidification microstructure. This research 
study, combining temperature distribution, solidification parameter, microstructure, and tensile property, provides 
an experimental identification of solidification parameters and the model on the solidification theory for precision 
control of DED process.

Keywords  Directed energy deposition · Thermal monitoring · AISI 316L · Microstructure

1  Introduction

Directed energy deposition (DED) is a layer-by-layer additive 
manufacturing technology that generates a molten pool by a 
laser beam and relies on carrier gas to transport the powder 
to the molten pool to melt and solidify in the molten pool [1]. 

DED is not only applied to coatings, but also widely used in 
large-scale structure manufacturing. At the same time, due to 
the ability of DED to manufacture complex geometric parts 
with near net shape, and the possibility of producing integral 
metal and functionally graded parts, it has a unique position 
in the additive manufacturing process [2, 3]. In addition, 
DED has a wide range of applications in biomedicine and 
aerospace [4, 5]. However, the influence of DED process 
settings (mainly the laser power, scanning speed, and 
hatching space of the process) on the microstructure and 
mechanical properties of the deposited material and the 
underlying thermal transfer mechanism are still not fully 
understood. The study of in situ thermal monitoring and the 
microstructural evolution is one of the research concerns in 
the realm of metal additive manufacturing.

Many studies have explored various devices and meas-
uring techniques to in situ monitor the thermal behaviors 
of the melt pool during AM processes. Chen et al. [6] 
developed a coaxial visual sensing system based on laser 
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direct metal deposition and investigated the evolution of 
the molten pool during single-trace-single-layer and sin-
gle-trace-multi-layers experiments. Zheng et al. [7] found 
that the microstructure evolution is complex due to the 
presence of high thermal gradients and dynamic flows in a 
fast-moving melt pool with associated rapid solidification 
and layer-by-layer deposition. Hu et al. [8] analyzed the 
microstructure of CoCrMo alloy prepared by laser melting 
deposition (LMD) under different powers. It was found 
that with the increase of laser power, the sizes of equiaxed 
grain and columnar grain in different regions increase, 
but the increasing trend is relatively gentle. Hooper [9] 
developed a coaxial image system to monitor the melt pool 
dynamics and a temperature range between 1000 and 4000 
K was measured. Nedjed et al. [10] found that the cooling 
rate has an effect on the microstructure. Farshidianfar et al. 
[11] used a closed-loop control system based on infrared 
thermal imager to control the microstructure by adjusting 
the travel speed and controlling the cooling rate in real 
time. Criales et al. [12] developed a paraxial IR thermal 
monitor system for the laser powder bed fusion process. 
This system was applied to measure the melt pool tem-
perature and powder spattering. Misra et al. [13] used the 
thermal characteristics captured by the infrared pyrometer 
to analyze various thermal characteristics and found out 
their relationship with the evolved microstructure, degree 
of substrate dilution, deposit dimensions, phase forma-
tion, and microhardness. Kriczky et al. [14] extracted the 
temperature gradient, melt pool size, and the temperature 
from the coaxial thermal image, and compared these ther-
mal characteristics with those in the different areas of the 
parts. The recent developments of in situ thermal monitor-
ing mainly focused on IR monitoring techniques due to the 
harsh experimental conditions. Emissivity is a key variable 
for obtaining accurate temperature signals, so it is crucial 
for studying the internal stress and microstructure forma-
tion of additive manufacturing parts [15]. Farshidianfar 
et al. [16] in their research set this variable constant by 
ignoring its influence on cooling rate. Marshall et al. [17] 
conducted high-temperature calibration using temperature 
signals from a dual-wavelength pyrometer. Doubenskaia 
et al. [18] determined the emissivity by distinguishing 
the solid–liquid phase transition at known temperatures. 
Devesse et al. [19] calibrated the emissivity of the melt 
pool using a hyperspectral line camera and temperature 
was deduced from the spectra at a different wavelength. 
Emissivity is a dynamic variable, varying with the unsta-
ble melt pool surface and the melt pool temperature. Fur-
thermore, model-based calibration of emissivity demands 
accurate mathematical models and mass data, which makes 
the calibration process time-consuming for in situ moni-
toring and control. Therefore, considering the dynamics 

of melt pool with different process settings, a careful and 
effective calibration of emissivity is necessary.

Many studies have reported the progress on the DED pro-
cess parameters optimization, microstructure, and mechani-
cal properties of laser-based additive manufacturing of AISI 
316L. Yang et al. [20] investigated the effects of the pulsed 
laser and continuous laser on the corrosion resistance and 
microstructure of the sample, with lower pulse frequen-
cies contributing to the formation of finer equiaxial den-
drites. Saboori et al. [21] carried out a comparative study 
on the microstructure and mechanical properties of DED 
of AISI 316L. The results show that the lower cooling rate 
and undercooling in DED process is more suitable for large 
grain size and growth of columnar grain. Akbari et al. [22] 
reported that the shorter the time interval between layers of 
thin-walled alloys of AISI316L parts, the slower the cooling 
rate and the coarser the grain size. The microstructure of as-
deposited AISI 316L consists of austenitic and delta ferrite 
in the inter-dendrite spaces [23]. Roehling et al. [24] studied 
the laser intensity profile ellipticity for microstructure varia-
tion and found that the microstructure can be controlled by a 
designed-varying laser intensity profile. Terrassa et al. [25] 
improved the compressive yield stress and density of DED 
AISI 316L parts by hatch rotation angle. Preferred grain 
orientation and grain elongation increase are achieved due 
to the consistent direction of heat flow by parallel-hatching 
scanning pattern. Generally, the various solidification struc-
ture, grain size, and microstructure texture result in different 
and anisotropic mechanical properties [26].

Understanding the thermal behaviors and solidification 
is significant to achieving the expected microstructure and 
mechanical properties. The solidification microstructure 
was mainly characterized by the grain size, microstructure 
morphology (planar, cellular, columnar dendritic and 
equiaxed dendritic), and the solidification texture. Theory 
on solidification has provided solidification parameters for 
analyzing and controlling these resultant microstructure 
characteristics [27, 28]. Kurz and Fisher [29] derived the 
primary dendrite arm spacing (PDAS) as the function of 
temperature gradient and solidification rate based on the 
Müller-Krumbhaar stability criterion. Huang et  al. [30] 
developed a rapid prediction model of thermal characteristics 
and solidification parameters for DED AISI 316L and Inconel 
625. The calculated thermal characteristics were used to predict 
PDAS and second dendrite arm spacing at different process 
parameters. Raghavan et al. [31] proposed a localized scanning 
strategy to control the grain size of Inconel 625 and the 
predicted PDAS agrees well with experimental results. Bertoli 
et al. [32] predicted the temperature gradient, solidification 
rate, and cooling rate based on Rosenthal’s solution. Gäumann 
et al. [33] proposed a microstructure selection map to predict 
columnar to equiaxed transition (CET) in the deposition 
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process based on Hunt’s model. This model was obtained 
also by considering the local temperature gradient and 
solidification rate. Ren et al. [34] modified microstructure 
selection map, considering the cooling rate and microstructure 
characterization for laser solid forming of Ti-6Al4V. Akbari 
et al. [22] extracted the cooling rate from the coaxial visual 
image of the melt pool and correlated the cooling rate to the 
tensile properties of AISI 316LSi components. Yin et al. [35] 
studied the heat flux orientation and grain texture during the 
SLM process, using a numerical model. The maximum heat 
flow direction turned to the building direction at a high laser 
power and high scanning speed.

Overall, the thermal behaviors of the melt pool can be 
monitored using IR techniques, which can be applied to 
explain the microstructural evolution guided by solidifica-
tion theory. The microstructures are mainly determined by 
solidification parameters: undercooling, temperature gradi-
ent, and solidification rate. However, there is a gap between 
the fundamental solidification theories and the monitoring 
that these solidification parameters estimated by time-expen-
sive numerical methods are not practical for real-time analy-
sis of the microstructure and properties in the online DED 
process. An experimentally decided microstructure map 
with measured temperature gradient and solidification rate, 
which can provide with controllable process signals for con-
trol of solidification microstructures in a DED process has 
not been widely reported. Therefore, it is a crucial study to 
determine these solidification parameters through a collec-
tion of laboratory experimental data, and the aim is to reveal 
the valuable relationships of solidification parameters, the 
microstructure, and mechanical properties in DED process.

In this study, a comprehensive optical monitoring system, 
with a coaxial CMOS module and an IR camera, was set up 
to monitor the thermal behavior during the DED process of 
AISI 316L. The high-temperature emissivity was calibrated 
using the melt pool length in visual images. Five thin-wall 
samples were fabricated by DED to analyze the solidification 

microstructure and the mechanical properties of the samples. 
The solidification parameters extracted from temperature 
distribution were used in in situ analysis of microstructure 
and the sample mechanical properties.

In the rest of this paper, “Sect. 2” introduces the design of 
experiments, characterization methods of deposition mate-
rial, and “Sect. 3” is about emissivity calibration and the 
extraction of solidification parameters. “Sects. 4” and “5” 
discuss the results and the framework linking the param-
eters, microstructure, and properties. And the paper ends in 
“Sect. 6” of the conclusions.

2 � Experimental design

2.1 � DED process and the monitoring system

Five thin-wall samples (70 mm × 70 mm) of AISI 316L 
stainless steel were fabricated using directed energy depo-
sition system as shown in Fig. 1. The DED system consists 
of a diode laser generator (LDF 4000–100 VGP, Laser-
line GmbH), a six-axis robot (KR30HA, KUKA Roboter 
GmbH), a laser head (YC52, Precitec KG), and a metal 
powder feeder (RC-PF-01B-2, Raycham Ltd). The initial 
defocusing distance of 14 mm (negative defocusing) was 
chosen to enhance the stability of the deposition process and 
a laser beam diameter of around 2 mm was generated at this 
distance. A liquid melt pool was produced and AISI 316L 
powder was injected into the melt pool by the carrier gas. 
Argon (purity 99.999%) was used for both carrier gas and 
shielding gas. Commercial AISI 316L powder (Höganäs) 
with a diameter of 45–150 μm was deposited on AISI 316L 
substrate. The chemical composition of the AISI 316L pow-
der is shown in Table 1. The laser head stays at the begin-
ning and the end of each path to prevent the edge collapse. 
The interval time between each layer is 10 s. Laser power 
and scanning speed are two main parameter settings of the 

Fig. 1   Schematic of experimental setups (a) and the monitoring conditions (b)
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process, influencing the microstructure and mechanical 
properties of deposited AISI 316L in DED. The main param-
eters studied in this paper are listed in Table 2. The variation 
of Z-step was decided to avoid geometry collapse based on 
the height of the deposition layer in the single-track study.

A medium-wave infrared camera (FLIR Systems, Inc) 
with the spatial resolution of 640 × 512 and a temperature 
range of 500–2000°C was used to paraxial monitor the tem-
perature distribution of the melt pool and the thin-wall sam-
ples. A CMOS module (MQ013MG-ON, XIMEA) with the 
acquisition resolution of 1.3 Mptx and maximum acquisition 
rate of 172 fps is integrated into the DED system for in situ 
melt pool image acquisition and extraction of the melt pool 
length.

In the design of experiment, five single-path, thin-wall 
samples were designed and fabricated for both paraxial 
thermal monitoring of DED process and the sample tensile 
test. Process parameters (laser power, scanning speed, and 
Z-step) are pre-decided in preliminary experiments for pos-
sessing stable geometry and mechanical properties. A single 
parameter (laser power or scanning speed) was varied to 
analyze the influence factor on thermal behaviors of the melt 
pool and resultant properties of the deposition layers. Laser 
power was selected in different levels for samples 1, 2, and 
3, while scanning speed was different for samples 2, 4, and 
5. The thermal camera was operating with the focus plane 
coinciding with the sample to capture the whole temperature 
distribution and calculate key solidification parameters of 
the samples. Visual melt pool geometry was extracted from 
images captured by coaxial CMOS module to calibrate the 
emissivity of IR camera.

2.2 � Characterization

Microstructure analysis was carried out using an optical 
microscope (NIKON MA 100) and the electron back scat-
tered diffraction (EBSD) technique in a field emission scan-
ning electron microscopy (Zeiss SUPRA 55). An ultra-depth 

of field microscopic system (KEYENCE VHX 600E) is used 
to characterize the morphology transition in the top layer 
of samples. The samples were cut from the area near the 
tensile fracture and the top layer of the thin-wall samples, 
using wire-electrode-cutting machining. All five samples 
were grounded on abrasive paper and polished with the dia-
mond compound before they were etched with aqua regia. 
The primary arm spacing �1 was measured on the transverse 
surface of the samples in accordance with the standard GB/T 
14999.7–2010. Average �1 was estimated by calculating the 
number of grains in the area of the field in view.

The samples for tensile test were cut from thin-wall sam-
ples using wire-electrode cutting and machined into samples 
with a gauge length of 31 mm, gauge width of 10 mm, and 
the thickness of 2 mm in accordance with GB/T228.1–2010. 
Tensile tests were performed to evaluate the tensile proper-
ties of samples at room temperature with the loading speed 
of 5 mm/s. The Vickers microhardness testers (MVC-1000B) 
were used to measure the Vickers microhardness in accord-
ance with GB/T 4340.1–2009. The Vickers microhardness 
value of each sample was obtained by an averaging value of 
six spots with a sampling interval of 0.4 mm.

3 � Calibration and extraction of solidification 
parameters

3.1 � Calibration of emissivity

Emissivity is the main variable that influences the accuracy 
of IR measure. In this study, the emissivity was calibrated 
based on the visual melt pool length. The dimensions of 
each pixel in the visual image and IR image were first recon-
structed. The threshold segmentation was applied to extract 
the melt pool from the visual image. An enclosing rectangle 
was employed to acquire the melt pool length as shown in 
Fig. 2. According to the boundary extraction algorithm, the 
outer rectangle of the molten pool is made, and the length 

Table 1   Chemical compositions 
of AISI 316L powder (wt.%)

Elements C Mn N Mo Cr Si Fe

wt.% 0.022 1.6 12.5 2.5 17.0 0.7 Bal

Table 2   Parameters and 
emissivity used in DED of five 
thin-wall samples

Sample Laser power (W) Scanning speed 
(mm/s)

Z-step (mm) Powder feeding 
rate (g/min)

Emissivity

1 1000 6 0.4 9.15 0.62
2 1400 6 0.4 9.15 0.67
3 1800 6 0.4 9.15 0.73
4 1400 4 0.5 9.15 0.73
5 1400 8 0.3 9.15 0.64
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of the rectangle is measured to get the length of the molten 
pool. According to the melting point of the material, the 
range of the molten pool in the infrared thermal imager is 
extracted and the length of the molten pool is calculated. 
The emissivity ε of the infrared thermal imager is adjusted 
so that the length of the molten pool is equal to the length of 
the molten pool extracted from the visual image. Different 
emissivity was determined for the five samples to ensure the 
precision in data monitoring and acquisition. The estimated 
emissivity for all samples is listed in Table 2. Higher emis-
sivity was used for the case of larger heat input with a higher 
temperature. The results that show elevated emissivity at a 
higher temperature for AISI 316L were observed as well by 
the study of the reference [36].

3.2 � Extraction algorithm for solidification 
parameters

Guided by metal solidification theory, grain size, growth 
orientation, and grain structure are mainly controlled by 
two solidification parameters: temperature gradient G and 
solidification rate R. Temperature gradient G is defined as 

the tangent of the temperature distribution with respect to 
distance. The numerical temperature gradient is given by 
Eq. (1):

According to Fourier’s law, the heat flux can be expressed 
as following:

Solidification rate is defined as the moving speed of the 
solidification interface at the tail of the melt pool. It is dif-
ficult to capture a stable and consistent solidification inter-
face because of the evolution of the melt pool during the 
deposition process.

Simplification of the solidification rate is given by 
Blecher et al. [37]:

where V is the welding speed, � is the angle between G and 
x direction, � can be given as follows:

The program framework in Matlab for instantaneous Gt 
and Rt of DED process is illustrated in Fig. 3. The online 
temperature data was imported into the G-R program rou-
tine. A subroutine was developed to judge if a liquid melt 
pool was created and the scanning direction of the laser 
head. Then, the melting point of AISI 316L was used to 
extract the melt pool elements from the temperature matrix 
of the thin wall. The temperature gradient G, solidification 
rate R, and � at time t can be then calculated accordingly.

4 � Results

The DED AISI 316L thin-wall sample 1 of 70 × 70 mm is 
shown in Fig. 4a. The temperature distribution of sample 1 is 
shown in Fig. 4b. The sample was locally heated and melted 
by high-power laser irradiation and a new layer was deposited 
on the previous layers as the laser head scanned along the 
path. Maximum temperature can be found in the deposition 
area and the temperature decreased rapidly along the building 
direction due to the heat sink effect. The floating area is the 
captured laser head moving above the thin-wall sample. The 
corresponding temperature distribution of the deposition area 
in Fig. 4b is shown in Fig. 4c. This temperature distribution 
well corresponds to the theoretic distribution generated by a 
moving Gaussian model in the vertical plane. The melting 
point isotherm of 1670 K is highlighted in white to reveal 
the liquid melt pool generated by laser irradiation [38]. 

(1)G = ∇T(x, z) =
𝜕T

𝜕x
i⃗ +

𝜕T

𝜕z
j⃗ ≈ Gx⃗i + Gz⃗j

(2)JT = −k∇T(x, z)

(3)R = Vcos�

(4)cos� = −
�T

�x
∕‖∇T(x, z)‖

Fig. 2   Emissivity calibration based on the visual melt pool length
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Fig. 3   An algorithm framework 
for extraction of solidification 
parameters of G

t
 , R

t
 , and �

t

Fig. 4   AISI 316L sample (a), 
temperature distribution (b), 
and identification of melt pool 
(c)
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316L powder was heated by laser irradiation in the laser-
powder interaction zone above the melt pool. The dynamic 
solid–liquid interface consists of the consecutive melting 
interface and solidification interface. The interface can be 
distinguished based on the temperature gradient direction. 
Three zones of temperature distribution can be depicted as 
follows. (A) The heating area of material is characterized by a 
rapid temperature increase to the maximum temperature of the 
melt pool and the solid–liquid phase transition at the melting 
interface. (B) The rapid cooling area of the liquid phase is 
characterized by a temperature decrease in the melt pool and 
the liquid–solid phase transition in the solidification interface. 
(C) The cooling area of solid deposition layer. In zone C, the 
solid metal experiences temperature decreases due to the heat 
sink effect of deposition layers.

4.1 � Thermal transfer and solidification parameters 
analysis

4.1.1 � Temperature gradient of the melt pool

The temperature gradient of the melt pool has a significant 
influence on the liquid convection, solidification mode, and 
grain size. The temperature gradient vector field of the melt 

pool depicted on the temperature grayscale map at the begin-
ning, middle, and end of one path of the 20th layer of sample 
2 is illustrated in Fig. 5a, b, and c, and the corresponding 
geometries of the thin-walls were shown in Fig. 5d, e, and f. 
The melt pool turned stable as the laser scanned to the mid-
dle of the layer as shown in Fig. 5b. The stability of the melt 
pool means the temperature distribution and geometry of 
the melt pool are similar to the theoretical model generated 
by moving a Gaussian heat source under similar heat input 
and heat dissipation conditions. The melt pool collapse was 
captured at two edges of a layer. At the beginning of a layer 
(Fig. 5a), an unstable melt pool with a deep and short tail 
was generated by laser irradiating for 0.5 s. The lower height 
of the edge and the stay time of 0.5 s of laser make the liquid 
melt pool lack of support of solid metal. Under the influence 
of gravity, the tail of melt pool collapses at the edge so the 
local geometry of deposition layer becomes wide and low.

High numerical temperature gradient at the tail of the 
melt pool was caused by the air dissipation with the gradient 
direction nearly horizontally pointing to the center. The head 
of the melt pool was prolonged as the laser head started to 
move. Similar edge collapse to the head of melt pool col-
lapse at the edge was shown at the end of the deposition 
layer in Fig. 5c. The melt pool collapse and its influence on 

Fig. 5   Numerical temperature 
gradient of the melt pool at the 
beginning, middle, and end of 
one layer
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IR temperature signal due to heat accumulation and edge 
geometry (Fig. 5d and f) were also reported by the reference 
[39]. Comparing to the complex heat transfer at the edge, 
temperature gradient direction in the stable state pointed 
upward rather than the center due to rapid heat conduction 
downward to the substrate. Different heat dissipation along 
the deposition layer changed the shape of the melt pool and 
direction of temperature gradient.

4.1.2 � The effect of process parameters on solidification 
parameters

The effect of laser power and scanning speed on the numeri-
cal temperature gradient of the melt pool is shown in Fig. 6. 
The estimation of temperature gradient at the solid–liquid 
interface is in the order of 105 K/m. The temperature gradient 
evidently decreased as the laser power increase from 1000 to 
1800 W at a constant scanning speed (samples 1, 2, and 3). 
With the scanning speed increasing from 4 to 8 mm/s, the 
temperature gradient showed a distribution pattern gener-
ated by moving the Gaussian heat source, but the melt pool 
shrink by comparing samples 4, 2, and 5. The numerical 
temperature gradient in the melt pool center was less than 
4 × 10

4 K/m and the maximum temperature gradient lied in 
the solid–liquid interface because of the high heat conduc-
tion from the melt pool to the as-deposited layers.

The solidification (the nucleation and growth of grains) 
is largely governed by the numerical temperature gradient G 

and solidification rate R at the solidification interface. The 
effect of laser power on temperature gradient G and solidi-
fication rate R along the solidification interface is shown in 
Fig. 7. The numerical temperature gradient decreased from 
about 105 K/m to 5×104 K/m when the laser power increase 
from 1000 to 1800 W (Fig. 7a). To reduce contingency of 
monitoring results that are influenced by melt pool move-
ment, the mean and standard deviation of temperature gra-
dient at the solidification interface at different times were 
calculated to show the overall trend of a layer.

The solidification rate showed a similar trend at different 
laser power. Solidification rate at the bottom of the melt pool 
was relatively small and increased along the solidification 
interface due to the enhanced heat dissipation to the environ-
ment and solidified metal (Fig. 7b). The solidification rate 
difference in the melt pool was also studied in the reference 
[40], in which it was calculated by a numerical model.

The effect of scanning speed on temperature gradient G 
and solidification rate R is shown in Fig. 8. The decreas-
ing magnitude of temperature gradient along the solidifica-
tion interface is more significant at high scanning speed but 
the mean temperature gradient showed only a little change 
(Fig. 8a). The solidification rate increased with the scanning 
speed since the liquid melt pool moved faster with the laser 
(Fig. 8b). In the previous studies, the influence of scanning 
speed on the cooling rate and the microstructural evolution 
was reported in detail, but the role of laser power in solidifi-
cation parameters of the melt pool was not fully understood 

Fig. 6   Effect of laser power and scanning speed on numerical temperature gradient
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[16]. Considering the joint effect of laser power and scan-
ning speed, the temperature gradient in the solidification 
interface was largely influenced by laser power from this 
study (Figs. 7a and 8a above) and the cooling rate is mainly 
regulated by scanning speed [41].

4.2 � Microstructure

The microstructure of DED AISI 316L in sample 2 is shown 
in Fig. 9. The microstructure consists of coarse columnar 
grains in the central region and equiaxed grain at the top of 
the sample (Fig. 9a). Continuous epitaxial growth of colum-
nar grains along build direction is the dominating growth 
mechanism, noting that most of the columnar grains grew 
following the orientation of columnar grains in the previous 
layer (Fig. 9b). EBSD also illustrates that coarse columnar 
grains exist in two consecutive layers and grows aligning 
with the building direction (BD). CET occurred at the top 
of the sample (Fig. 9c). In fact, the melt pool of each layer 

has a similar heat transfer and solidification condition, so it 
is reasonable to believe that the growth of columnar grains 
was stopped by the equiaxed grains in each layer. During the 
deposition process, a new layer was deposited on previous 
deposition layers, so the upper part of the deposition layer 
experienced the processes of re-melting and re-solidifica-
tion. The remelting band is illustrated in Fig. 9b. The grains 
grow continuously from the existing columnar grains with-
out requiring nucleation of new grains [26].

The transversal surfaces of the cellular-substructure 
inside the coarse columnar grains of five samples were 
compared in Fig. 10. Colonies of this cellular substructure 
belong to the same coarse columnar grains, which share the 
same crystallographic direction and similar size. Quanti-
tative characterization of the primary arm spacing �1 was 
conducted following GB/T 14999.7–2010. The basic idea 
of this estimation method is counting the grain number in 
the field of view (FOV) and then calculating �1 [42]. The 
results of �1 are summarized in Table 3. The results show 

Fig. 7   Effect of laser power on numerical temperature gradient and solidification rate at the solidification interface

Fig. 8   Effect of scanning speed on numerical temperature gradient and solidification rate
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Fig. 9   Microstructures at the top layers (a), continuous growth of columnar grains (monitoring plane) (b), and EBSD texture plot (c)

Fig. 10   Comparison of cross-section columnar grains of DED AISI 316L samples



The International Journal of Advanced Manufacturing Technology	

that �1 increased from 5.237 to 10.299 μm with the increase 
of laser power. Comparing the results of samples 4, 2, and 
5, �1 decreased from 8.463 to 6.786 μm with the increase of 
scanning speed.

The decrease of �1 mainly attributes to the increase of the 
effective energy input (P/V).

4.3 � Mechanical properties

To evaluate the effect of grain size on mechanical proper-
ties, the tensile mechanical properties and microhardness 
were studied. The yield stress (σ0.2) and elongation of five 
DED AISI 316L samples are shown in Fig. 11a. The σ0.2 
decreased from 327.58 to 292.16 MPa with the increase of 
laser power in samples 1, 2, and 3.

Considering samples 4, 2, and 5, the high scanning speed 
is beneficial for improving the yield stress. The maximum 
yield stress reached 342.25 MPa in sample 5. The elonga-
tion shows an opposite trend of σ0.2 in the DED AISI 316L 
samples. The fracture morphology of sample 2 is shown 
in Fig. 11b. The fracture surface with dimples of different 
sizes and shapes shows that ductile fracture was the fracture 
mechanism of samples when they were subjected to axial 
tensile stress.

The Vickers hardness of five DED AISI 316L samples is 
compared in Fig. 12.

Microhardness of sample 1 is 289.93 HV, which is larger 
than those of other samples. Vickers hardness decreased to 
154.32 HV as the laser power increase to 1800 W in sample 
3. Comparing samples 4, 2, and 5, the increase of scanning 
speed resulted in the hardness increase of DED AISI 316L 
sample. This increase in Vickers hardness mainly attributed 
to fine-grain strengthening for the samples.

5 � Discussions

5.1 � In situanalysis of continuous epitaxial columnar 
growth

In this study, the zip-zap scanning pattern was used in the 
deposition but little columnar grains that seriously deviated 
from building direction have been found. The main growth 
mechanism is continuous epitaxial growth aligned with 
the orientation of columnar grains in as-deposited layers 
(Fig. 9a). For in situ distinguishing the continuous epitaxial 

Table 3   Estimation of average �1 (primary dendrite arm spacing) of 
in the middle of AISI 316L samples

Sample Area of FOV ( mm2) Grain number in 
FOV

λ1(μm)

1 0.003072 146 5.237
2 0.0192 417 7.746
3 0.0192 112 10.299
4 0.0192 320 8.643
5 0.0192 180 6.786

Fig. 11   Tensile mechanical 
properties of DED AISI 316L 
samples (a) and fracture mor-
phology (b)

Fig. 12   Microhardness of DED AISI 316L samples
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columnar growth, two solidification problems should be con-
sidered: (a) the continuous columnar morphology of grain 
and (b) the similar growth orientation of columnar grains. 
The equiaxed grains were melted during depositing the next 
layer and new columnar grains grew at the solidification 
interface.

The growth orientation of columnar grains is mainly 
influenced by directional heat flux and crystallographic 
direction. Austenite stainless steels are face-centered 
cubic structure and easy-growth direction is the direction 
of < 100 > . Under the influence of high numerical tempera-
ture gradient, the easy-growth direction of columnar grains 
grows aligning with the maximum orientation of heat flux. 
The main orientation of heat flux is between ± 30° with 
respect to building direction for consecutive two deposition 
layers in a bidirectional scanning pattern under similar heat 
conditions, which agrees well with the growth orientation of 
columnar grains as shown in Fig. 13. The crystallographic 
direction of < 100 > that aligns closely with the maximum 
heat flow direction at the solid–liquid interface achieved 
preferred growth during the solidification. The continu-
ous epitaxial columnar growth and the growth direction of 
columnar grains can be in situ predicted through monitoring 
of the heat flux direction.

5.2 � Prediction of columnar to equiaxed transition

Results (Fig. 9b) show that CET occurred at the upper part of 
the deposition layer in DED of AISI 316L. The CET occurs 
when nucleation of sufficiently numerous equiaxed grains 
takes place in the constitutionally undercooled liquid adja-
cent to the columnar dendrite front [33], and this process is 

controlled by the temperature gradient G, solidification rate R, 
and undercooling. A modified microstructure map based on 
the Gäumann model [33] was developed by integrating meas-
ured solidification parameters to predict the CET of DED AISI 
316L. The AISI 316L is simplified as Fe-17Cr-12Ni ternary 
alloy and each component is considered independently for lin-
ear superposition of each component. The constitutional tip 
undercooling ΔTc can be expressed as follows:

where mNi and mCr are the liquidus slopes of the solute ele-
ments Ni and Cr, C0,Ni and C0,Cr are the nominal concentra-
tions of the elements Ni and Cr in the alloy, and C∗

l,Ni
 and 

C∗
l,Cr

 are the concentrations of the liquid tip elements Ni and 
Cr.

The constitutional tip undercooling, ΔT is given approxi-
mately by the following:

Gäumann CET model can be given as follows:

where N0 is the nuclei density, � is the volume fraction of the 
equiaxed grains, a and n are material-dependent constants. 
Constants a and n in this study were numerically solved by 
constitutional tip undercooling ΔTc equations. For the pro-
cess window, n = 2.2 and a = 6401 are calculated. The physi-
cal properties of AISI 316L used in this model are listed in 
Table 4. For DED process with high numerical temperature 

(5)ΔTc = mNi

(
C0,Ni − Cl,Ni

)
+ mCr

(
C0,Cr − Cl,Cr

)

(6)ΔT = ΔTc = (a ∙ R)1∕n

(7)

G =
1

n + 1
∙ 3

√
−4�

3ln(1 − ∅)
∙ N

1∕3

0
∙

[
1 −

ΔTn+1
n

(aR)(n+1)∕n

]
(aR)1∕n

Fig. 13   The orientation of heat flux (a) and growing direction of columnar grains (b)
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gradient G, the nuclei density N0 is significant and ΔTn can 
be safely neglected. The relationship can be obtained by the 
following:

Figure 14 shows the solidification map for columnar to 
equiaxed transition of AISI 316L with DED parameters win-
dow. The solidification parameters for the large fraction of 
the melt pool were above the CET curve in the columnar 
zone and solidification parameters at the top of the melt pool 
are in the equiaxed zone. Columnar structure in the main 
part of the sample can be derived from high G2.2∕R ratio and 
the CET at the top of the sample (Fig. 9) can be estimated by 
the low G2.2∕R in this modified microstructure map, which 
provides an experimental tool to in-situ analyze CET during 
the process.

(8)
Gn

R
= a

{
3

√
−4�

3ln(1 − ∅)
∙

1

n + 1

}

5.3 � Relationship between solidification 
parameters,�

1
 , and mechanical properties

Considering the complexity of parameter effects on the 
microstructure and properties, it is difficult to directly con-
trol the solidification structure and mechanical properties of 
the DED components. Among the multi-physics coupling 
with the melt pool during the DED process, temperature 
distribution can be in situ monitored by IR technique among 
factors that influence the microstructure and mechanical 
properties. The local solidification condition mainly influ-
ences the grain size. Thus, establishing a relationship among 
the process settings, solidification parameters, primary arm 
spacing, and tensile properties is essential. In this paper, 
the Kurz-Fisher model [29] is used to discuss this thermal-
primary arm spacing relationship—the material is simplified 
as a binary system. The modified equation at high solidifica-
tion rate between �1 , experimentally measured G and R can 
be expressed as follows:

where ΔTo is the equilibrium solidification range, D is the 
diffusion coefficient, k is the partition coefficient, and kT is 
the thermal coefficient decided by experiments. The mate-
rial-dependent properties are listed in Table 4. The numeri-
cal temperature gradient of the solidification interface and 
solidification rate is extracted from the temperature distribu-
tion recorded by IR camera. Figure 15 shows the process-
ing map of �1 as the function of G and R. The primary arm 
spacing decreases with a temperature gradient of the solidi-
fication interface G and solidification rate R increasing. At 
the laser power of 1000 W, the high numerical temperature 

(9)�1 = 4.3kT

(
ΔT0DΓ

k

)1∕4

R−1∕4G−1∕2

Table 4   Physics properties of AISI 316L [33, 43]

Properties Value

Nuclei density N0 2 × 1015

Volume fraction of equiaxed grains � 0.05
Slope of the liquidus surface with respect to chro-

mium concentration mCr

 − 3.00 K/wt.%

Slope of the liquidus surface with respect to nickel 
concentration mNi

 − 1.08 K/wt.%

Partition coefficient for chromium kCr 0.89/
Partition coefficient for chromium kNi 0.98
Gibbs–Thomson coefficient Γ 1.9 × 10-7Km
Diffusion coefficient for chromium DCr 2.67 × 10-7m2/s
Diffusion coefficient for nickel D

Ni
4.92 × 10-7m2/s

Fig. 14   Effect of solidification parameters on CET of DED AISI 316L



	 The International Journal of Advanced Manufacturing Technology

gradient of the solidification interface mainly contributed to 
the grain refinement since solidification rate was relatively 
kept stable. The effect of scanning speed on the grains size 
is that the increasing solidification rate with scanning speed 
resulting in a smaller �1 . Though scanning speed has played 
an important role in determining the grain size, the effect of 
laser power on �1 cannot be neglected in experiments since 
it mainly influences the heat input and temperature gradient.

The mechanical properties of DED metal change with 
the solidification texture, microstructure morphology, and 
grain size. No martensitic transformation occurred during 

the solidification of AISI 316L stainless steel and the sample 
mainly consists of coarse columnar grains, so the yield stress 
at room temperature largely depends on the orientation and 
�1 of cell substructure. Only tensile mechanical properties in 
building direction are considered in this study. The primary 
arm spacing and yield stress relationship are expressed using 
the Hall–Petch relationship:

where �0 and k� are material-dependent constants. Figure 16 
shows the relationship between yield stress and �1 of DED 
AISI 316L. The increase of �1 leads to an increase in yield 
stress. The Hall–Petch coefficient k� may change with differ-
ent grain size and strain ε due to different dislocation density 
and the propagation of dislocation [44]. But the error of 
the Hall–Petch relationship in this paper is acceptable con-
sidering the small variation of primary arm spacing (from 
5.2 to 10.2 �m ), and the samples have a similar strain with 
yield stress. The hardening rate plot of samples 1, 2, and 3 
(Fig. 16b) also shows that the samples with different �1 share 
similar Hall–Petch behaviors based on the study between 
hardening rate and Hall–Petch relationship [45]. The �1 also 
shows the influence on the elongation and Vickers micro-
hardness. The change of elongation and yield stress showed 
the opposite trend. The decrease of �1 leads to the increase 
of microhardness. Integrating the extracted solidification 
parameters, Eq. (9), and Hall–Petch relationship, a frame-
work relationship is developed to link the process param-
eters, thermal behaviors, and microstructure and mechani-
cal properties in DED of AISI 316L. This relationship can 
provide an experimental and theoretical guide in selecting 

(10)�0.2 = �0 + k��
−0.5
1

Fig. 15   Relationship between experimentally measured solidification 
and �

1
 (primary dendrite arm spacing) of cell substructure

Fig. 16   Hall–Petch relationship between �
1
 (primary dendrite arm spacing) and yield stress (a), and the hardening rate-true train plot of samples 

1, 2, and 3 (b)
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and controlling microstructure and mechanical properties by 
a precise closed-loop control of measurable thermal signals 
in DED.

6 � Conclusion

In this study, five AISI 316L thin-wall samples were depos-
ited by DED with the in situ monitoring of thermal behav-
iors using a paraxial IR camera. The effects of the measured 
temperature gradient and solidification rate on solidification 
microstructure and mechanical properties were studied. The 
main conclusions are addressed as follows:

(1)	 The emissivity at high temperature in the IR image 
was calibrated using the in situ measurement of the 
melt pool length, extracted from the coaxial visual 
module, and the emissivity increases with larger heat 
input. The true temperature distribution of the DED 
AISI 316L sample was restored. The evolution of the 
melting interface at the head of the melt pool and the 
solidification interface at the tail of the melt pool were 
distinguished. The melt pool collapsed at the edge due 
to different thermal condition and edge geometry were 
verified by the experimental measures.

(2)	 The temperature gradient G and solidification rate R 
were extracted from the online temperature distribu-
tion. The temperature gradient of the melt pool is a 
complex vector field and the numerical temperature 
gradient decreased with the increase of laser power. 
Solidification rate increased along the solidification 
interface and increase with higher scanning speed.

(3)	 The microstructure of DED AISI 316L consists of coarse 
columnar grains and equiaxed grains. CET occurred at 
the upper part of the layer and most of the equiaxed 
grains were melted when depositing the next layer. The 
modified microstructure map for DED AISI 316L was 
established to predict CET at the top of a layer. The 
continuous growth of columnar grains following the 
orientation of previous columnar grains was in situ dis-
tinguished by the monitored heat flux direction.

(4)	 The framework relationship, combining thermal behav-
iors, average primary arm spacing, and yield stress has 
been developed, which can provide an experimental 
and theoretical guide in control of microstructure and 
property of deposition layers by closed-loop control of 
measurable solidification parameters in DED process. 
This experimental relationship shows that decreasing 
laser power and increasing scanning speed will con-
tribute to a small �1 due to the joint effect of numerical 
temperature gradient and solidification rate, and a finer 
�1 will lead to an increase of yield stress and Vickers 
hardness.

Appendix[Edit]

Table 5 and Table 6
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