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Abstract: In this work, both numerical simulations and experimental characterization were used to
obtain a broad understanding of the thermo-mechanical history, residual stress, and microstructure
of the directed energy deposition (DED) process of austenitic stainless steels. To investigate the
effect of process factors on residual stress, the global sensitivity analysis approach based on D-
MORPH-HDMR was utilized. The results of the research reveal that the amplified effect of the
influence of the three input variables (layer thickness, L; laser power, P; and scanning speed, v) on the
transverse residual stress and thickness-direction residual stress is L > P > v; in contrast, the influence
of longitudinal residual stress is P > L > v. We also found that general tendencies in local plastic
strain accumulation are analogous to the relative distribution of geometrically necessary dislocations
(GNDs). Additionally, we investigated post-solidification structures connected to residual stress,
such as submicron dislocation cells and dynamic recrystallization (DRX) in austenitic stainless steels
during DED. The investigation revealed that the DDRX and CDRX phenomena were caused by the
bulging of initial grain boundaries and progressive sub-grain rotation (PSR). The fact that the sample
bottom had more thermo-mechanical cycles than the top led to a higher dislocation density and
hence more DDRX. This study presents a unique perspective on the link between residual stress and
microstructure in additive manufacturing.

Keywords: additive manufacturing; residual stress; finite element analysis; dislocation structure;
dynamic recrystallization (DRX)

1. Introduction

Metal additive manufacturing (MAM) is gaining popularity due to its ability to rapidly
fabricate structural components that would be prohibitively expensive or difficult to fabri-
cate using conventional manufacturing procedures [1–3]. For structural applications and
printability, MAM methods such as directed energy deposition (DED) and laser-based
powder bed fusion (LPBF) have focused on steels [4–8], nickel alloys [9–12], and titanium
alloys [13,14]. Because of this, additive manufacturing has tremendous prospects for Indus-
try 4.0 intelligent production [8,15]. However, in both techniques, the powder or wire is
melted by a concentrated energy source. Temperature gradients (up to 1000 K/m) would
invariably produce residual stress (RS) and residual deformation, which will deteriorate
the fatigue and fracture resistance and potentially lead to component failure. The printing
method has a substantial impact on residual stress (RS), which is one of the major issues
in additive manufacturing [3,16]. As a result, optimizing printing techniques to reduce
residual stress (RS) and distortion is a key issue. Stainless steel is currently one of the most
widely used materials in metal additive manufacturing (particularly 316L stainless steel,
which is widely used in marine, medical, and nuclear pressurized water reactors (PWRs)
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due to its high strength and good ductility) in the petrochemical industry, which requires
high corrosion resistance [4].

Until now, the majority of research has focused only on the relationship between
specific parameters and the resultant RS magnitude or distribution (as represented in
Table 1). These findings exclude the possibility of synergistic effects of many parameters
or material property influences [17]. For instance, Mukherjee et al. [18] discovered that
the residual stresses increased linearly with increasing laser power. Nevertheless, other
research [19,20] found the opposite effect (a residual stress reduction). A similar pattern
of diminishing residual stress was discovered as the scanning speed was increased [18].
Brückner et al. [21], on the other hand, found a linear connection between scanning speed
and residual stress. Furthermore, Shiomi et al. [22] discovered that when the scanning speed
increased, the residual stress decreased initially and subsequently increased. Meanwhile,
Mukherjee et al. [23] discovered that thinner layers resulted in reduced residual stresses.
However, Vastola et al. [24] discovered that residual stress reduction had a different effect.
The influence of eight different scanning methods on residual stresses was investigated by
Cheng et al. [25]. The out-o-in scanning strategy resulted in the highest stresses, whereas
the horizontal line scanning method resulted in significant directional stresses. Saboori
et al. [26] studied the effects of two deposition strategies (67◦ and 90◦) on the residual
stress of 316L produced by the DED process and found that the residual stresses on the
top surfaces were similar for both deposition patterns, although higher stress values
were observed on the lateral surfaces of the cubes produced using the 90◦ rotation per
layer. Yakout et al. [27] discovered that the principal stress increases almost linearly with
increasing laser density. Zou et al. [28] found that if the number of laser beams was
raised from one to four, the residual stresses would be substantially greater, resulting
in an increase in the intake of heat. Compared with no preheating, Sharma et al. [29]
found that preheating the substrate to 673 K decreased the residual stresses by 41% at the
highest value. According to the above-mentioned research, laser power, layer thickness,
and scanning speed are known to affect the residual stress, but no definitive conclusions
can be drawn about the relationship between these key process parameters and the residual
stress generated during the SLM or DED process.

To gain a better understanding of the relation between process parameters and resid-
ual stress in additive manufacturing, the global sensitivity analysis method based on
D-MORPH-HDMR was used to study the influence of process parameters on residual
stress. This method is a sensitivity analysis method based on variance and has a wide range
of applications. By combining Diffeomorphic Modulation Under Observable Response
Preserving Homotopy (D-MORPH) with Random Sampling High-Dimensional Model
Representation (RS-HDMR), a model of high-dimensional problems can be realized and
accurate sensitivity analysis results can be obtained under the premise of a small number
of samples. For more details, please refer to our previous paper [30] for the MATLAB code.

The DED process is characterized by cooling rates greater than 103 K/s, resulting
in nonequilibrium and rapid solidification conditions [3,31]. The location-specific mi-
crostructures and attributes associated with DED constructions present a considerable
barrier to planning and forecasting component responses [32]. As documented in the
literature, changes in the thermal–mechanical evolution imposed during the deposition
of austenitic stainless steels produce trans-scale heterogeneous structures that can lead to
significant variations in mechanical characteristics [3,33–36]. A simple equation may be
used to explain the strengthening mechanism in theory: σy = ∆σgb + ∆σdis + ∆σp + ∆σSEG,
where ∆σgb, ∆σdis, ∆σp, and ∆σSEG represent the yield stress contributions from grain
boundaries, dislocations, precipitates, and micro-segregations, respectively [37,38]. It was
previously shown that the dislocation intensity accounted for 60% of the total and became
the leading strength-contributing factor [39]. At present, a deeper understanding of the
intrinsic relationship between them is still lacking, and further quantitative evaluation of
the thermo-mechanical history and microstructural responses is required. Mechanical re-
strictions resulting from the construction substrate provide a significant amount of residual
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stress and a high density of dislocations [40] in the metallic components during thermal
expansion and contraction [4–6,41–43]. Repeated heating and cooling cycles provide an
inherent heat treatment effect in previously deposited layers, and a solid-state phase transi-
tion and recrystallization can occur in some instances [44,45]. Dynamic recrystallization can
be divided into continuous dynamic recrystallization (CDRX) and discontinuous dynamic
recrystallization (DDRX). According to the authors, research on dynamic recrystallization
in the additive manufacturing process is uncommon and additional exploration is required.

In view of the state of the research and the research gaps, this work takes austenitic
stainless steel as the research object and carries out research through the method of com-
bining finite element simulation and experiments. One aim is to quantify the effect of the
process parameters on residual stresses that are currently controversial in the literature
based on global sensitivity analysis methods. The other aim is to determine the relation-
ship between the post-solidification microstructure and thermal stresses in the additive
manufacturing process.

Table 1. A summary of correlations between processing parameters and residual stress formation.

Process Parameter General Effect on RS References

Laser power, P ※ Higher power results in higher RS [18–20,46]
Scan speed, v ※ Higher speed results in lower RS [18,21,46–48]

Layer thickness ※ A thicker layer lowers the RS [23,24]
Substrate heating Higher temperatures result in lower RS [29,47–51]
Scan orientation Affects the RS distribution and the RS magnitude [25,52–54]

Interlayer dwelling time Material dependent. Affects the RS magnitude [50,55]

Some factors were found to have varying impacts in various studies. In these circumstances, the disputed
parameters discovered in the literature are denoted by ※.

2. Materials and Methods
2.1. Materials and Processing Parameters

Figure 2a depicts a schematic representation of the additive manufacturing process.
The samples were created using a Yb-fiber laser (IPG YLS-5000, IPG Photonics, New York,
NY, USA). A continuous fiber laser bar creates a liquid pool by co-pivotally transporting
gas-atomized 316L particles. As stated in Table 2, the samples were made of commercial
316L steel powder (20–90 m). Table 2 shows the composition of the 316L austenitic stainless
steels used in this study. Table 3 displays the experimental parameters used to assess the
association between process parameters and RS. An experimental design based on orthogo-
nal arrays (OA9matrix) was used to examine three variables (laser power, layer thickness,
and scanning speed). Table 4 depicts the orthogonal-array-based experimental design.

Table 2. Chemical compositions of the as-received 316L powder (wt.%).

Element Cr Ni Mo Si Mn C S P O Fe

A 16.9 11.6 2.25 0.59 0.54 0.013 0.005 0.011 0.011 Bal.

Table 3. Process parameters applied in this study.

Process Parameter Value

Laser power, P (W) 400, 600, 800
Scanning speed, v (mm/s) 8, 12, 16

Powder layer thickness, L (µm) 200, 400, 600
Beam diameter, D (mm) 1.2

Interlayer powder laying time (s) 0
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Table 4. Design of the orthogonal array experiment.

Trial No.
Factor A Factor B Factor C

Layer Thickness, L (µm) Laser Power, P (W) Scanning Speed, v (mm/s)

1 200 400 8
2 200 600 16
3 200 800 12
4 400 400 16
5 400 600 12
6 400 800 8
7 600 400 12
8 600 600 8
9 600 800 16

2.2. Experimental Procedures

Electro-discharge machining was used to cut samples from the clad bulk in order to
examine the microstructure (EDM). A 30 mL HCl + 10 mL HNO3 solution was used to
prepare the specimens for optical micrography (OM) and electron scanning microscopy
(SEM, JSM-5600LV, JEOL, Tokyo, Japan). A step size of 1 µm was utilized for EBSD
observations, while a step size of 15 nm was used for TKD observations. The EBSD data
were examined using the Oxford Instruments Channel 5 and MTEX 5.6 software packages.
The samples were thinned further using the lift-out sample preparation procedure and a
Focused Ion beam (FIB). A TecnaiG2F20 field emission transmission electron microscope
was used to examine the morphology in the micro region. In the test, the acceleration
voltage was 200 kV. Additively manufactured 316L specimens for the residual stress tests
were measured by the contour method, which is an acceptable technique for mapping
residual stresses as a cross-sectional (2D) map of the residual stresses normal to the cross-
section can be provided. A detailed description is given in [56].

2.3. Thermo-mechanical Simulations

To simulate the development of the RS field during DED of austenitic stainless
steels, the FEM was utilized. A sequential thermal–mechanical model that was previ-
ously built [56] was used in this study. As shown in Figure 1, the difference is that this
study focuses on the multilayer sedimentary model. To compute the temperature field
and thermal stresses in both single-track and single-channel multilayer DED of 316L, a
3D thermos-mechanical model was created as shown in Figure 2b. Figure 3a depicts the
model’s geometric mesh. The substrate had dimensions of 16 mm × 8 mm × 5 mm, while
the deposition zone had maximum dimensions of 12 mm× 2 mm× 4 mm. The birth–death
element method was employed during the simulation procedure. As a result of previous
research on austenitic stainless steels, we were able to obtain the relevant modeling param-
eters, such as temperature-dependent mechanical properties such as the Young’s modulus,
as well as the modeling size, boundary conditions, and controlling equations necessary for
the simulation of these materials [57]. A description of this model is briefly given here.

The governing equation for transient heat conduction in the DED process is:

Q(x, t)−∇ · q(x, t) = ρCp
dT
dt

(1)

where Cp denotes the temperature-dependent specific heat capacity, ρ denotes the density,
t denotes the time, T denotes the temperature, and q denotes the conductive heat flux.

For a laser beam, the mean volumetric heat source model is:

Q(x,t) =
ηP
V

(2)

where η denotes the alloy laser absorption and P denotes the laser power.
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There are three forms of heat transfer involved in the DED process: conductive heat
transfer (q), radiative heat transfer (qrad), and convective heat transfer (qconv). The Fourier
law, the Boltzmann law, and Newton’s convective cooling law are followed by these heat
transfer processes.

q = −k∇T (3)

qrad = εσb

(
T4

S − T4
∞

)
(4)

qconv = h(TS − T∞) (5)

where k denotes the temperature-dependent thermal conductivity; ε denotes the surface
emissivity; σb denotes the Stefan–Boltzmann constant; TS and T∞ represent the room
temperature and peak temperature, respectively; and h denotes the convective heat transfer
coefficient.

The controlling mechanical stress equilibrium equation can be written as follows:

∇ · σ = 0 (6)

where σ represents the third-order stress tensor.
The mechanical constitutive law is as follows:

σ = Cεe (7)
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where C denotes the fourth-order stiffness tensor and εe denotes the elastic strain:

εe = ε− εp − εT (8)

where εe represents the total strain, εp denotes the plastic strain, and εT denotes the thermal
strain. The equivalent stress (σe), often referred to as the von Mises stress, is frequently
employed in DED to estimate residual stress [16]. It is written as follows:

σe =

√
1
2

[(
σx − σy

)2
+
(
σy − σz

)2
+ (σx − σz)

2 + 6
(

τ2
xy + τ2

yz + τ2
xz

)]
(9)
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3. Results and Discussion
3.1. Thermo-Mechanical History

To elucidate the mechanism by which residual stress is generated in thin steel sheets
during laser additive manufacturing, the influence of temperature changes on the additive
manufacturing process’s transient thermodynamic behavior was investigated. Figure 2a
shows the shape of molten pools in the DED additive process, and Figure 2b shows
temperature–stress evolution curves at different locations. In the molten pool cross-section,
four spots (0, 1, 2, and 3) in Figure 2a were successively chosen as the distance from the
molten pool. The temperature–stress relationship curve for various positions is presented in
Figure 2d. Point 1, Point 2, and Point 3 were placed in the center of the first track. For Point
1, we can see that as the temperature increases, the cladding metal will be impacted upon
by a particular compressive stress, and when the peak temperature is 1850 ◦C, the cladding
metal’s stress value is about −100 MPa. When the cladding metal solidifies from a liquid to
a solid, the stress is very low, but when the temperature reaches 1100 ◦C tensile stress begins
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to appear. The temperature range known as “the brittleness temperature zone” is also a
high-temperature crack-prone area; if the cladding metal’s tensile stress is greater than the
cladding metal’s plastic stress, cracking may occur. The coating metal entirely solidifies as
the temperature continues to fall. Once the laser spot exits, a high tensile tension is formed
as the item cools to the ambient temperature. The residual tensile stress eventually reaches
180 MPa. The temperature–stress relationship curve might provide useful information for
understanding crack creation mechanisms during the cladding process. Point 2 and Point
3, which are further away from the molten pool, undergo a similar temperature–stress
evolution history and may avoid crack-sensitive areas due to lower peak temperatures.

In order to obtain the temperature evolution patterns under different thermal cycling
conditions, in the single-track multilayer model, we took a point from the center bottom
to the top of the model at approximately 1 mm intervals, named points A, B, C, D, and
E. Figure 3a shows the thermal histories of the different points, Figure 3b is a partial
enlargement of Figure 3a, Figure 3c shows the maximum temperature of the melt pool
at t = 6.3 s, t = 6.35 s, and t = 6.4 s, and Figure 3d shows the FLIR A615 infrared thermal
imager at t = 6.30 s, t = 6.35 s, and t = 6.40 s. As the number of printed layers increases, the
temperature climbs layer by layer. This image records the change in the melt pool’s shape
and the temperature for the last printed layer. The maximum temperature of the melt pool
at t = 6.3 s, t = 6.35 s, and t = 6.4 s was 2098.7 ◦C, 2123.5 ◦C, and 2156.9 ◦C, respectively.
The simulation results agree well with the experimental results of the infrared thermal
imager. Figure 4 depicts the longitudinal residual stress distribution along the component
direction. As can be observed, the simulation and experimental values are well matched,
implying that the model can reasonably anticipate the distribution and development of
residual stress and residual strain.
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3.2. The Effect of Process Factors on Residual Stress

Figure 5 shows the SX, SY, and SZ stresses for Layer 1, Layer 4, and Layer 8 un-
der a scanning speed of 16 mm/s, a laser power of 400 W, and a layer thickness of
400 µm. Figures 6–9 show the distribution of the RS along the SX (transverse), SY (through-
thickness), and SZ (longitudinal) directions under different process parameters. These
findings lead to the following key conclusions. The largest through-thickness and trans-
verse (tensile) RSs are towards the deposit’s top. The largest longitudinal (tensile) RS, on
the other hand, occurs towards the deposit’s bottom. Table 5 describes the maximum RS of
the orthogonal array experiment.
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400 W to 800 W, and the high-stress region also increases. However, when the scanning
speed is 16 mm/s or 12 mm/s, the maximum residual tensile stress firstly decreases with
the increase in the laser power from 400 W to 600 W and then increases with the increase
in the laser power to 800 W, and the residual tensile stress region also increases. It can be
seen that when the longitudinal stress is 16 mm/s or 12 mm/s, the maximum residual
tensile stress firstly decreases and then increases with the increase in the laser power, which
is nonlinear.

Figure 9 depicts the stress distributions under various layer thickness conditions when
the laser power is 600 W and the scanning speed is 16 mm/s. When the layer thickness is
increased, the residual stresses at the interfaces of the two subsequent layers change from
tensile to compressive, as can be seen in these Figures. In the last stage, the transverse
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residual stresses shown in Figure 10 are compressive in the deposit’s interior and tensile
towards the beginning and end of the deposit at the substrate deposit interface. These
calculated stress data may be relevant in the future for studying deposit delamination from
the substrate, layer separation, and bending.
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3.3. Reducing Residual Stress through Optimization

Despite the fact that a large number of studies have examined patterns and evaluated
the influencing factors, a pattern evaluation and optimization criterion that combines these
factors is lacking. This study provides a quantitative sensitivity analysis for evaluating the
effects of laser power, scanning speed, and deposition thickness on the residual stress in
additive manufacturing processes. The D-MORPH regression has the benefit of being able
to solve linear algebraic equations with a small number of sample points [30].

In variance-based global sensitivity analysis, the global sensitivity coefficient is a
parameter that reflects the contribution rate of the coupling between input variables to the
system output response. The first-order sensitivity coefficient represents the independent
contribution rate of input variable Xi to the system output response, and the second-
order sensitivity coefficient represents the contribution rate of the coupling between input
variables Xi and Xj to the system output response. Only the second-order sensitivity
coefficient is considered here. The expression is:

SXi =
VXi

V
(10)

SXi ,Xj =
VXi ,Xj

V
(11)

where V is the sum of variances in the system output responses, VXi represents the partial
variance in the system input variable Xi, and VXi ,Xj represents the partial variance in the
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first-order coupling term of the system input variables Xi and Xj. The specific derivation
and calculation processes of the formula can be found in [30].

Based on the above, the global sensitivity analysis approach based on D-MORPH-
HDMR was utilized to quantitatively examine the degree of the effect of laser power,
scanning speed, and layer thickness on the SX, SY, and SZ residual stresses in single-
pass layers.

S =

SX1 SX1,X2 SX1,X3

0 SX2 SX2,X3

0 0 SX3

 (12)

The system input variables were defined as the thickness of the deposited layer, the
laser power, and the scanning speed, which are numbered X1, X2, and X3, respectively.
The system output responses are the SX, SY, and SZ residual stresses in the single-pass
deposited layer, respectively. By inputting multiple groups of data samples from a single
deposition process experiment into the program of the global sensitivity analysis algorithm
based on D-MORPH-HDMR, the global sensitivity coefficient matrix S of the geometric
dimensions of a single deposition layer was obtained.

SXX =

0.391 0.0425 0.0705
0 0.0626 0.3988
0 0 0.0346

 (13)

SYY =

0.2357 0.0931 0.1906
0 0.1518 0.2745
0 0 0.0543

 (14)

SZZ =

0.1305 0.1028 0.2828
0 0.2506 0.1627
0 0 0.0706

 (15)

Figure 10 shows the degree of influence of the three input variables (process parame-
ters) (deposition layer thickness, L; laser power, P; and scanning speed, v) on the residual
stress during single-pass multilayer deposition. The influence of the three input variables
(process parameters) on the residual stresses in SX is L > P > v, where the degree of influence
of the deposition layer thickness, laser power, and scanning speed is 39.1%, 6.26%, and
3.46%, respectively, the sum of the independent contributions of P, v, and L is 48.82%, and
the sum of the two coupling effects of P, v, and L on the residual stresses in SX is 51.18%.
The degree of influence of the three input variables (process parameters) on the SY residual
stresses is L > P > v, where the degree of influence of the deposition layer thickness, laser
power, and scanning speed is 23.57%, 15.18%, and 5.43%, respectively, the sum of the
independent contributions of P, v, and L is 44.18%, and the sum of the two coupling effects
of P, v, and L on the SY residual stresses is 55.82%. In contrast, the degree of influence of the
three input variables (process parameters) on the SZ residual stresses is P > L > v, where
the degree of influence of the deposition layer thickness, laser power, and scanning speed
is 13.05%, 25.06%, and 7.06%, respectively, the sum of the independent contributions of P, v,
and L is 45.12%, and the sum of the two coupling effects of P, v, and L on the SZ residual
stresses is 55.88%.

As mentioned above, several process parameters (deposition layer thickness, L; laser
power, P; and scanning speed, v) that are controversial with respect to residual stresses
in the current state of research on direct energy single-pass multilayer deposition of 316L
austenitic stainless steel were analyzed. It can be concluded that these process parameters
have the greatest degree of influence on SX residual stress, SY residual stress, and SZ
residual stress. Nevertheless, the sum of the effects of the two parameters coupled together
is much greater than the sum of the independent contributions of each parameter in any
one direction, including the average residual stress. According to the theory of temperature
gradient (TGM)-induced thermal stress, the process parameters are influenced by simul-
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taneous temperature field changes, and their effects on the end-state residual stresses are
indirectly related. By mapping the complex process parameters, we obtained nine groups
of test windows (L, 200–600 µm; P, 400–800 W; and v, 8–16 mm/s) by designing orthogonal
experiments to reduce the average residual stress of the parameters in the second and third
groups more effectively. Based on the analysis of the results of the D-MORPH-HDMR
multifactorial influencing factors, the degree of influence of the process parameters on the
residual stress was further quantified considering the important role of the coupling of
different parameters. For the DED of thin-walled parts formed from austenitic stainless
steel, the selection of a lower deposition layer thickness L (200 µm), a moderate laser
power P (600–800 W), and a higher scan rate v (12–16 mm/s) is of great significance to the
reduction of residual stresses in the workpiece.

3.4. Structural Characterization of Post-Solidification-Related Stress

As is well known, additively made components are generally classified as having a
cross-scale heterogeneous structure induced by non-uniform temperature gradients and
rapid melting (103–106 K/s for the cooling rate). According to our past research [39], fine-
scale TEM and meso-scale EBSD revealed multi-scale heterogeneous structures in additive
manufacturing products made up of grains, nano-oxides, dislocations, and chemical cells.
Smith et al. [31] used the phenomenological welding model theory to describe the formation
of oxide inclusions, micro segregations, grains, and dislocation substructures in austenitic
stainless steels during deposition. They claimed that the dislocation structure is connected
to the thermo-mechanical history and residual stresses during DED processing, rather than
the initial material composition. Liu et al. [33] proposed that all microscopic structures
are divided into solidified structures and post-solidified structures before and after the
solidification time according to a time scale. Post-solidified structures are related to the
residual thermal stress and transient strain. The intricate thermal history only prints
solidification microstructures on metals when melting occurs, as illustrated schematically
in Figure 11a. Figure 11b–f show the solidification structures, which are grain, solidified
cell, and nano oxide structures, respectively. In this work, we named the above-mentioned
heterogeneous multiscale microstructure related to residual stress the ‘post-solidification’
organization as shown in Figure 11. Post-solidification consists mostly of dislocation and
dynamic recrystallization structures as shown in Figure 11e,f, which will be studied in
detail in subsequent sections.
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3.5. Dislocation Density

Figure 12 shows the strain component images of different regions and the necessary
geometric dislocation (GND) density mapping for the EBSD analysis of (a) the baseplate
zone, (b) the top zone, and (c) the bottom zone. According to GND arrays, several articles
have demonstrated that EBSD date-gauged kernel-averaged misorientation (KAM) may be
used to predict GND. The strain slope hypothesis [58–60] states that the density of GNDs
can be expressed as follows:

ρGND =
2θ

ub
(16)

where ρGND denotes the GND density, u denotes the scanning step (1 µm), the local
misorientation is given by θ, and b denotes Burger’s vector. The mean ρGND of the bottom,
top, and baseplate parts were 2.40 × 1013 m2, 9.14 × 1012 m2, and 2.48 × 1012 m−2,
respectively.
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The peak plastic strain magnitudes are predicted to occur at the interfaces between
successive layers and are usually greater closer to the substrate as shown in Figure 12.
The experimental results shown in Figure 12 also support this tendency, with dislocation
concentrations around the substrate. Thus, the modeling and observations reveal that the
substrate’s thermo-mechanical restriction creates gradients in the microstructure and char-
acteristics, with greater plastic strain accumulating close to the baseplate. To create more
complex geometries, this phenomenon is important because the mechanical performance of
an adjacent layer is affected by the limitation of an underlying layer, such as the substrate.

3.6. Dynamic Recrystallization Behavior

Recently, Wang et al. [61] revealed that dynamic recrystallization arises during the ten-
sile distortion of a single crystal, in addition to dislocation slipping and deformation twins,
resulting in a greater strength–ductility combination. Nevertheless, Sabzi et al. [44] revealed
that DRX occurs during the entire AM process with no post-distortion. Additionally, they
demonstrated that a contraction caused by heat loss during cooling results in significant
plastic deformation (SPD) at ultra-high strain rates during L-PBF. Since the cooling rate
during DED processing is much lower than that during L-PBF [62], to the best of the authors’
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knowledge, there remains a gap in the literature on in situ dynamic recrystallization during
DED of austenitic stainless steels. So, we used transmission electron microscopy (TEM),
EBSD, and Transmission Kikuchi Diffraction (TKD) to study the dynamic recrystallization
mechanism of DED-processed austenitic stainless steels in this work.

As can be seen in Figure 13a,b, the EBSD’s recrystallization module [44,45] may be
used to map the distribution of recrystallized grains in disparate zones of a cladding sample.
Recrystallization occurs in the blue area whereas deformation occurs in red areas. The top
areas of the deposit had recrystallization volumes close to ten percent, whereas the bottom
zone had recrystallization volumes in the range of roughly twenty percent. Additionally,
the recrystallized grains were smaller in size, and most grains were distributed along grain
boundaries, with some microscopic recrystallized grains forming inside larger grains.

For CDRX to work, it must first generate LAGBs or perform dynamic recovery. When
grains in polycrystalline materials are not compatible, GNDs are formed. When disloca-
tions are further distorted, they might develop geometrically necessary boundaries that
are crucial to their structure. The misorientation angle of HAGBs climbs to 15 degrees as
a consequence of the increasing strain, which is the critical threshold for the dislocation
density. CDRX is therefore formed as a result of the continuous development and conver-
sion of LAGBs to HAGBs [63]. As can be seen in Figure 13c, microstructural properties
of discontinuous DRX (DDRX) and continuous DRX (CDRX) activities may be present in
the orientation imaging microscopy (OIM) maps of the bottom zone of the deposit. Grain
boundaries of high and low angles are drawn in black and blue lines, respectively, on
the OIM maps. Grains with misorientation angles of greater than 15 degrees are referred
to as HAGBs, whereas grains with misorientation angles of 2 to 5 degrees are referred
to as LAGBs. The green lines on the OIM maps depict medium-angle grain boundaries
(MAGBs), which have misorientation angles ranging from 5 to 15 degrees. Details of the
misorientation analysis for line A in Figure 13c are depicted in Figure 13d. Figure 13d
demonstrates that the majority of the point-to-point misorientations are less than 2 degrees,
but accumulated misorientations from the originating point are greater than 10 degrees.
SGBs can rotate to create HAGBs because of this buildup of misorientations between a grain
and a grain border, which leads to an increase in the gradient of the misorientation. During
the CDRX process, the dislocations pile up and are rearranged to produce a dislocation
wall, as can be seen in Figure 14a.

Around the original grain boundaries, many tiny dynamically recrystallized grains
are visible in Figure 13a, and these freshly manufactured grains are composed of HAGBs.
The shape of the grain boundaries suggests that the nucleation mechanism is DDRX, which
is driven by strain-induced grain boundary migration. TEM images of newly generated
recrystallized grains are clearly shown in Figure 14. The recrystallized grains predominantly
form and grow at the original grain borders and the trigeminal grain boundaries. In contrast
to the deformed area, which is crowded with dislocations, the DDRX grains are absent of
or contain just a few dislocations. The arrow labeled ‘B’ in Figure 13c indicates the typical
microstructural features of the DDRX, which include bulging and jagged original grain
boundaries. The TKD images shown in Figure 15a,b depict the findings. The red, yellow,
and blue sections depict deformed, sub-structured, and recrystallized grains, respectively.
The observed DRX grains range in size from 50 nm to a few micrometers. Additionally,
dislocations were released following the occurrence of DRX, and the recrystallized grains
exhibit no deformation on the KAM distribution map. According to the Zener–Holloman
equation [64], recrystallized grains of nanometer size and those larger than a micron may
be in different stages of DDRX nucleation and growth, respectively.



Metals 2022, 12, 1109 16 of 20

Metals 2022, 15, x FOR PEER REVIEW 16 of 21 
 

 

The top areas of the deposit had recrystallization volumes close to ten percent, whereas 
the bottom zone had recrystallization volumes in the range of roughly twenty percent. 
Additionally, the recrystallized grains were smaller in size, and most grains were 
distributed along grain boundaries, with some microscopic recrystallized grains forming 
inside larger grains. 

 
Figure 13. (a) Recrystallized fraction component map for the top zone; (b) recrystallized fraction 
component map for the bottom zone; (c) OIM map boundary distribution with HAGBs for black 
lines, LAGBs for blue lines, and MAGBs for green lines. SR, sub-grain rotation; B, bulging of grain 
boundaries; (d) misorientation analysis along line A marked in (c). The black line shows the 
misorientation between each point to the first point, and the red line indicates the misorientation 
from point to point along line A. 

For CDRX to work, it must first generate LAGBs or perform dynamic recovery. When 
grains in polycrystalline materials are not compatible, GNDs are formed. When 
dislocations are further distorted, they might develop geometrically necessary boundaries 
that are crucial to their structure. The misorientation angle of HAGBs climbs to 15 degrees 
as a consequence of the increasing strain, which is the critical threshold for the dislocation 
density. CDRX is therefore formed as a result of the continuous development and 
conversion of LAGBs to HAGBs [63]. As can be seen in Figure 13c, microstructural 
properties of discontinuous DRX (DDRX) and continuous DRX (CDRX) activities may be 
present in the orientation imaging microscopy (OIM) maps of the bottom zone of the 
deposit. Grain boundaries of high and low angles are drawn in black and blue lines, 
respectively, on the OIM maps. Grains with misorientation angles of greater than 15 
degrees are referred to as HAGBs, whereas grains with misorientation angles of 2 to 5 
degrees are referred to as LAGBs. The green lines on the OIM maps depict medium-angle 
grain boundaries (MAGBs), which have misorientation angles ranging from 5 to 15 
degrees. Details of the misorientation analysis for line A in Figure 13c are depicted in 
Figure 13d. Figure 13d demonstrates that the majority of the point-to-point 
misorientations are less than 2 degrees, but accumulated misorientations from the 
originating point are greater than 10 degrees. SGBs can rotate to create HAGBs because of 
this buildup of misorientations between a grain and a grain border, which leads to an 
increase in the gradient of the misorientation. During the CDRX process, the dislocations 
pile up and are rearranged to produce a dislocation wall, as can be seen in Figure 14a. 

Figure 13. (a) Recrystallized fraction component map for the top zone; (b) recrystallized fraction
component map for the bottom zone; (c) OIM map boundary distribution with HAGBs for black
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grain boundaries; (d) misorientation analysis along line A marked in (c). The black line shows the
misorientation between each point to the first point, and the red line indicates the misorientation
from point to point along line A.
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Figure 14. TEM images of the recrystallization mechanism in the deposition sample of 316L. (a) Rear-
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preferentially found on the GBs (green dotted lines) in sizes ranging from nanometers to micrometers;
(d) a partial enlargement of (c).
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Figure 15. (a) TKD images of the as-received sample; (b) recrystallized fraction component map
showing the process-induced deformed, sub-structured, and recrystallized grains; (c) the formation
of recrystallized grains consumes dislocations.

DDRX, in general, arises discontinuously through separate nucleation and growth
stages [44]. The concomitant occurrence of DDRX and CRDX in our research during DED
can be expressed as follows. Bulging occurs at the initial stage of DDRX, such as nucleation,
when the geometrically required boundaries, or LAGBs, are formed close and normal to
the existing HAGBs. By generating LAGB borders behind them, the bulging functions as a
nucleation location for DDRX grains [45]. The following conditions must exist in order for
DDRX to occur [65]:

ρm/ε. > 2γCB/KMLsGb5 (17)

where ρm is the GND density, ε. is the strain rate of induced deformation, G is the shear
modulus, K is a constant, M is the mobility, Ls is the mean slip distance of the dislocations,
and B is Burger’s vector magnitude off the shear modulus. As in the principle (17), a
critical value of ρm/ε. must be met in order for DDRX to occur. A high-speed cooling rate
during solidification causes DED to produce a high GND density. For this reason, the
dislocation density of the as-deposited 316L is higher than that of conventional as-cast
samples, allowing for the nucleation of DDRX grains during the post-solidification of
DED samples.

As mentioned above, the bottom of the sample underwent more thermo-mechanical
cycles than the top, leading to a higher dislocation density. In addition, multiple cycles
would also lead to lower strain rates. Therefore, it can be inferred from the formula
ρm/ε. that DDRX is more likely to occur in the bottom area than in the top area as seen
in Figure 13a,b.

The above analysis suggests that these small equiaxed grains may have been created
by the DDRX and CDRX processes, which were both triggered by the cyclic thermal
stress generated by repetitive laser cladding. The key mechanisms behind the DDRX and
CDRX phenomena were bulging of the original grain boundaries and progressive sub-grain
rotation, respectively. It is worth noting that in the DED process, the heating/cooling
thermal mechanical cycle may result in the formation of a new sample recrystallization
grain size, which relies on the power input, scanning speed, layer thickness, etc. Controlling
the development of recrystallization is critical to the performance of austenitic stainless
steels and should be the focus of future research.

4. Conclusions

In this paper, the D-MORPH-HDMR global sensitivity analysis method was combined
with a finite element model to construct a new residual stress optimization framework,
which was used to investigate the effects of processing parameters (deposition layer thick-
ness, L; laser power, P; and scanning speed, v) on RS. Additionally, the residual-stress-
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induced post-solidification structures, including submicron-scale dislocation cells and
dynamic recrystallization (DRX), that formed during the directed energy deposition (DED)
of the austenitic stainless steels were analyzed. Our main conclusions are as follows:

1. The proposed modeling’s residual stress results are in good agreement with the
experimental data, including the residual strain and GND distributions;

2. Based on the analysis of the D-MORPH-HDMR influencing factor results, the degree
of impact of process parameters on the RS for multilayer deposition was further quan-
tified, taking into account the important role of the coupling of different parameters.
The results of the research reveal that the amplified effect of the influence of the three
input variables (layer thickness, L; laser power, P; and scanning speed, v) on the
transverse stress and thickness-direction stress is L > P > v. In contrast, the influence
of the three variables on the longitudinal stress is P > L > v;

3. For DED of thin-walled parts formed from austenitic stainless steel, the selection of
a lower deposition layer thickness L (200 µm), a moderate laser power P (600–800
W), and a higher scan rate v (12–16 mm/s) is of great significance to the reduction of
residual stresses in the workpiece;

4. The main mechanism for the formation of DDRX and CDRX is the expansion of
pre-existing grains and the rotation of sub-grains, respectively. The sample bottom
had more thermo-mechanical cycles than the top, resulting in a larger dislocation
density and hence a higher likelihood of DDRX.
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