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Abstract
In this paper, an in situ integration of the laser-assisted powder-based directed energy deposition (DED) process with a 
post-processing surface engineering technique called an ultrasonic nanocrystal surface modification (UNSM) is presented 
and analyzed with a multiphysics computational approach. The goal of this integrated process is to improve the quality of 
the DED built part by mitigating the high magnitude tensile residual stress in the built layer by incorporating compressive 
residual stress. The multiphysics, multi-scale computational modeling approach involves a meso-scale computational fluid 
dynamics (CFD) model interfaced with a macro-scale finite element method (FEM). The CFD model simulates powder 
feeding, transient thermal gradient, heat transfer, and laser-assisted powder-based DED melt pool dynamics. This model is 
then coupled with FEM to evaluate the effect of the UNSM process on the residual stress. The simulation results show that 
UNSM incorporates compressive residual stress to a depth of ~800 μm for a single built layer of ~1100 μm and shifts a region 
with an average of ~170 MPa tensile residual stress into one with an average of ~600 MPa compressive stress.

Keywords  Directed energy deposition · Ultrasonic nanocrystal surface modification · Residual stress · Computational fluid 
dynamics · Finite element method

1  Introduction

The laser-assisted powder-based directed energy deposition 
(DED) process uses a coaxial nozzle to inject the metallic 
powder using an inert gas flow at its periphery along with 
a high-power laser beam path at the center [1]. The fully or 
partially melted powders interact with the laser during depo-
sition onto a substrate surface, resulting in a transient tem-
perature gradient [2, 3], which influences the evolution and 
accumulation of the tensile residual stress and the thermal 
distortion in the final part [4–6]. The residual stress formed 
during and after the deposition process is further influenced 

by the re-melting, and re-solidification of the successive lay-
ers. This could accelerate the growth of micro-cracks and 
contribute to the higher internal stress under the application 
of external loads [7–9].

To mitigate the tensile residual stress, several researchers 
have investigated the process parameters of the DED process 
such as scanning strategy, building structures including a 
substrate, and the support structures [10–16]. It has been 
shown that the residual stress can be mitigated by reducing 
the local temperature gradient and improving the surface fin-
ish at the melt pool region during metal deposition [17–20]. 
However, it is difficult to optimize the process for this pur-
pose due to the dependence of residual stress on numerous 
unknown quantities and uncertainties.

A few post-processing techniques used to reduce the 
residual stress in the machined components are extended 
to AM processes. These include shot peening, heat treat-
ment processes [21], laser shock peening [22–25], elec-
tron beam irradiation, rolling, and others to strengthen 
the surface hardness of the components [26–29]. For 
example, research by Kalentics et al. [30–34] studied the 
effect of laser shock peening (LSP) on the tensile resid-
ual stress in the SLM-built layers. LSP is applied on the 
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SLM-built steel samples using a decoupled approach. In 
this approach, the samples need to be moved back and 
forth from the SLM machine to the LSP station which 
makes it both time-consuming and difficult to control.

Furthermore, the application of these techniques to 
DED poses challenges, as some of these techniques alter 
dimensions of the deposited layers, and require precise 
control of the heat treatment conditions. In addition, it is 
nearly impossible to treat all the layers and their local melt 
pool regions using those techniques. Moreover, they are 
best suited for subtractively manufactured components and 
are yet to be explored in-depth for additive manufacturing 
which is a layer-by-layer deposition technique. Hence, in 
this work, we report a novel hybrid AM process based on 
in situ integration of a surface treatment technique called 
ultrasonic nanocrystal surface modification (UNSM) with 
the DED process as shown in Fig. 1.

In UNSM treatment, severe plastic deformation is induced 
onto the material surface under a combination of static and 
dynamic force components [35, 36]. This generates a fine sur-
face texture and improves wear resistance, surface roughness, 
and fatigue strength [37–40]. It has been shown that UNSM 
generates deeper residual stress and gradient nanostructures 
compared to other post-processing techniques such as ultra-
sonic shot peening, and laser shock peening methods [41].

Due to the small footprint of the UNSM process unit, 
it can be installed inside the DED process space, leading 
to an in- situ integrated process. The process consists of 
alternating steps of DED and UNSM, all of which are per-
formed in situ; i.e., there is no need to completely stop one 
process, remove the part, subject it to another process, and 
then put it back to restart. This integration brings in two 
major benefits: (1) It significantly reduces the production 
cycle, thus improving productivity. (2) It allows for more 
precise control of the part quality due to the close coupling 
of these processes.

The effects of UNSM on DED-built steel surfaces were 
studied by Kim et al. [42–44], using an experimentation 
approach. They found that hardness was improved up to 
400 μm depth, and the surface roughness and waviness can 
be tailored through UNSM process parameters such as static 
load and scanning speed. Sidhu [45] studied the effect of 
UNSM on the selective laser melting process and found that 
UNSM has induced compressive residual stress as high as 
975 MPa in SLM-built Inconel 718. In their research, the 
UNSM process altered the tensile residual stress region to a 
compressive residual stress region and has an effective depth 
of ~530 μm. Cho et al. [46] studied the effect of the UNSM 
on laser-assisted direct metal deposited tool steel compo-
nents in experiments. In the scanning direction, the average 
grain size of the deposited surface was improved after the 
UNSM treatment from 5–30 µm to 1–10 µm grain size. The 
UNSM process also increased the surface hardness from 21 
to 34 HRC. However, in all the reported studies, UNSM is 
not directly integrated with the AM process. Furthermore, 
there have been no modeling studies on the effects of UNSM 
on AM-built parts. The present study will bridge the gap by 
an investigation of the effect of UNSM on the residual stress 
in a DED layer using a multi-scale computational frame-
work. The modeling results will provide important insight 
into the nature of the residual stress evolution and accumu-
lation in the DED single layer, and an in situ effect of the 
UNSM on the DED layer.

2 � Simulation methodology

The proposed computational framework is shown in Fig. 2. 
It involves a meso-scale CFD modeling of the DED process, 
followed by validation by comparing the simulated DED 
layer surface morphology with published experimental data. 
The CFD model is then coupled with a macro-scale FEM 

Fig. 1   Schematic representa-
tion of an in situ integration of 
the UNSM surface engineering 
technique with the DED AM 
process wherein the UNSM pro-
cess is applied over the DEDed 
layer during the deposition
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model to simulate the effect of the UNSM process on the 
residual stress evolution. The CFD-FEM coupling involves 
an interface modeling technique where the CFD spatial grids 
are converted into a CAD representation (STL mesh), which 
is further converted into a FEM tetrahedral mesh. This FEM 
mesh is then supplied with an input on the temperature dis-
tribution map from the CFD analysis.

The key advantage of this approach is that the conform-
ing mesh is directly built from the CFD grid. This allows 
to accurately capture the surface profile (including surface 
roughness), internal voids, and partially melted particles 
obtained from the CFD analysis. An ability to consider 
these aspects is extremely important for predicting stress 
and defects. It is a significant improvement from the cur-
rently available standard quiet/inactive element approach.

2.1 � Directed energy deposition model

2.1.1 � DED simulation set‑up

The directed energy deposition simulation involves a laser 
model and a coaxial nozzle that is presumed to have two entry 
points for powder feeding and the center in line with the laser 
path. The DED process parameters considered are provided in 
Table 1. In the next step, the CFD domain as shown in Fig. 3 
is divided into two sub-regions. Fluid region 1 is air initially, 
and the deposition happens in this region and fluid region 2 
is the substrate. These fluid regions have meshed with a grid 
size of 200 μm.

Once the mesh is generated in the Cartesian frame, the 
Y-direction is set as the deposition direction, the X-direction 
is the in-plane perpendicular direction, and the Z-direction is 
the laser head location direction. The walls are modeled with 
symmetric boundary conditions, and Z-axis is loaded with 
100 kPa pressure at 293 K temperature, and the domain is 
also assigned with fluid properties, thermal properties, and 
mechanical properties of the stainless steel 316L material [47], 
which are listed in Table 2.

The DED process involves melt pool generation, layer 
formation, and solidification of the layer, all of which are 
resolved by the CFD algorithm using Flow-3D 2022 R1 [48] 
that numerically solves the mass, momentum, and energy con-
servation equations with a finite volume approach [49–51]. 
Furthermore, the volume of fluid (VOF) technique is estab-
lished for tracking and locating the fluid interfaces. In the 
CFD-VOF method, each cell of a mesh is assigned with a time-
dependent fluid fraction step function F and only one value 
for each dependent variable is used to define the fluid state. 
The function F with a value of 1 represents the fluid region, 0 
represents the non-fluid region, and in between represents the 

Fig. 2   Methodology for multi-
scale computational modeling 
of a hybrid powder-based DED-
UNSM process

Table 1   DED process 
parameters

Parameters Value

Laser Power 225 W
Scanning speed 1000 mm/min
Laser spot size 2 mm
Laser diameter 2 mm
Absorptivity 35%
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interface that must contain the free surface. It is governed by 
partial derivatives in the form of Eq. (1). which is further used 
to define the boundaries [52], where v is the velocity vector.

For each cell region, based on the information of F with 
its dependent variables such as velocities and pressures, con-
servations of momentum, energy, and mass (Eqs. (2)–(4)) are 
solved:

(1)
�F

�t
+ ∇ ⋅ (vF) = 0

(2)
�v

�t
+ (v ⋅ ∇)v = −

1
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𝜕h
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������ + ����

where f  is the force source representing surface tension 
force and the Marangoni force at the meltpool zone [53, 
54], given by Eq. (5), where � is the surface tension, � is 
the curvature, n is the surface normal vector, � is the vol-
ume-averaged density, g is the acceleration due to gravity, 
� represents the viscosity, h is the enthalpy, k is the thermal 
conductivity, and T  is the temperature. The Gaussian heat 
source q̇ is given by Eq. (6) [55, 56],

where Plaser is the laser power, R is the laser radius, � is 
the absorptivity (or absorption rate) of the laser beam that 
depends on the laser wavelength and the material, and r is 
the spot radius.

Continuing further, the governing equations to describe the 
driving force on particle flow in DED are expressed in Eqs. 
(7)–(9). Since the initial velocity of a particle at the powder 
feeder inlet is a constant value, the particle velocity during the 
feeding process can be calculated. Therefore, the particle mass 
distribution during the feeding process will be determined.

The force balance for a particle i is expressed in Eq. (7), 
where x denotes the translational displacement of the parti-
cle i . Fc

ij
 is the contact force acting on particle i by particle 

j or the walls. Ff

i
 is the gas drag force acting on particle i . 

F
g

i
 is the gravitational force. In Eq. (8), up , �p and dp are the 

velocity, density, and diameter of the particle, respectively. 
CD is the drag coefficient which is a dimensionless quantity. 
Re is the Reynolds number, and � is the viscosity of gas flow. 
In Eq. (9), g is the gravitational acceleration.

2.2 � Conforming mesh approach

An Eulerian–Lagrangian approach is developed to precisely 
mesh the complex geometries of the built component. In this 
implementation, a Lagrangian mesh is established based on 
the CFD-VOF simulations as shown in Fig. 4: First, the VOF 
method in the fluid solver provides detailed information on the 
surface profile of the deposited layer. These surface features will 
be represented by a surface triangular mesh (Standard Tessella-
tion Language — STL format) that is commonly used for CAD 
(not to be confused with the FEM mesh introduced later).

(6)q̇(r) =
𝜂Plaser

𝜋R2
exp

(
−
2r2

R2

)

(7)mi

d2x

dt2
= Fc

ij
+ F

f

i
+ F

g

i

(8)F
f

i
= mi

18�

�pd
2
p

CDRe

24

(
u − up

)

(9)F
g

i
= mi

g
(
�p − �

)

�p

Fig. 3   The CFD domain created to deposit a single layer SS316L 
using a laser-assisted powder-based directed energy deposition pro-
cess with two sub-regions and powder feeding sources

Table 2   Properties of stainless steel 316L

Properties Value

Density 7249 kg/m3

Young’s modulus 205 GPa
Specific heat 726 J/kg K
Thermal conductivity 28.95 W/m K
Solidus temperature 1673 K
Liquidus temperature 1697 K
Thermal expansion coefficient 1.5 × 10−5 K−1
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In the next step, the deposited layer will be discretized 
using finite element mesh based on the surface triangular 
mesh output from the CFD simulation. Once the Lagrangian 
mesh is constructed, the temperature values resolved at the 
center of the control volume in the thermal-fluid solver will 
be mapped to the FEM nodes using the standard FEM shape 
function interpolations. Compared with the existing quiet or 
inactive element methods, the proposed method significantly 
improves the accuracy of the surface representation and can 
also be extended to capture internal interfaces such as those 
due to porosity. These improvements will be demonstrated in 
numerical examples in the sequel.

2.3 � Thermo‑mechanical model

In the thermo-mechanical model, at first, CFD analysis is cou-
pled to the thermo-mechanical FE model. Using the conform-
ing mesh approach as described in Sect. 2.2, the temperature 
resolved from the CFD analysis at each time step is mapped 
to the Lagrangian finite element mesh to resolve the residual 
stress. It ensures the residual stress evolves as the irregular 
surface morphology evolves during the deposition. Once the 
DED simulation is completed, the CFD analysis is terminated, 
and the thermo-mechanical FE model will be employed to 
capture the residual stress due to both the temperature gradient 
and the applied UNSM load in the second step. In the consti-
tutive model, stress � will be solved as a function of the total 
strain � , given as Eqs. (10)–(12). With C being the elasticity 
tensor, �e , �T , and�p are respectively the elastic, thermal, and 
plastic strains; � is the thermal expansion coefficient; and i is 
the second-order identity tensor.

A temperature and rate-dependent Johnson–Cook model as 
shown in Eq. (13) is implemented to compute the plastic strain,
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e

(11)�= �
e + �

T + �
p

(12)�
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(13)
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𝜀
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(
1 + Cln

(
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𝜀̇0

))(
1 −

[
T − T0

Tm − T0

]m)

where � represents the effective stress, �p
eff

 is the effective 
plastic strain, 𝜀̇eff is the effective plastic strain rate, T  is the 
temperature of the material, Tm is the melting point of the 
material, T0 is the initial temperature, 𝜀̇0 is the reference 
strain rate, and A , B , C , n , and m are the material constants 
listed in Table 3 [57].

2.4 � Ultrasonic nanocrystal surface modification 
model

In general, the UNSM process involves the use of an ultra-
sound transducer to generate ultrasonic waves. The amplitude 
of these waves is to be amplified and then used to strike on the 
surface of the layer deposition through a tool called a strike 
pin which is usually made of Tungsten Carbide (WC). In the 
UNSM process, static and dynamic components of the strike 
force (load) can be independently adjusted to achieve desired 
enhancement goals for surface mechanical properties, and can 
be represented by Eq. (14),

where Fs is the static load, Fa is the load produced by the 
transducer, � is 2πf  , where f  is the frequency (Hz), and Fm 
is the sum of the dynamic impact load and the static load.

In the UNSM finite element modeling using the com-
mercial finite element code Dassault Systèmes [58], the 
WC tool is modeled as a rigid body. This tool strikes the 
top surface of the DED layer at an ultrasonic frequency. 
The UNSM process parameters are mentioned in the 
Table 4. Using the standard experimental tool configu-
ration, the tool is modeled as spherical with a 2.38-mm 
diameter and is discretized with the tetrahedral elements. 
The placement of the tool onto the surface of the DED 
layer is as shown in Fig. 5.

In the contact model, the DED built part geometry 
is considered as a target body and the tool geometry is 
considered as a rigid body. This allows a master–slave 

(14)Fm = Fs + Fasin(�t)

Fig. 4   An illustration of the 
steps to establish a Lagrangian 
mesh based on results from 
CFD-VOF simulation

Table 3   Johnson–Cook model parameters of SS316L

A B n m C 𝜀̇0

305 MPa 1161 MPa 0.61 0.517 0.01 1.0/s
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relationship for the contact constraints. The DED geom-
etry is considered as a deformable body, and between these 
two, frictional contact with the frictional coefficient of 0.1 
is established based on an experimental study [59] wherein 
authors have studied the tribological effect of UNSM on 
a single-phase austenite SS316L. The reported friction 
coefficient is in the range of 0.05–0.2 with a stable fric-
tional coefficient for untreated SS316L ~0.14 and a UNSM 
treated SS316L ~0.12. The target body is modeled using 
3D C3D4 elements, and the rigid body is modeled with 
3D C3D8R elements. At first, the model is subjected to the 
static load to check the reaction force at the tip of the tool 
to study the effect of the static load on the UNSM tool. 
To execute this static step, the displacement controlled 
method is considered where the WC tool is made to first 
strike on the DED layered surface up to a depth of 25 μm 
to calculate the reaction force. Based on this reaction force 
and its corresponding time, the tool position and static 
component force inputs are calibrated for the subsequent 
dynamic model. More specifically, the static component 
force of 50 N is applied.

In the dynamic step, on top of the static force, a dynamic 
component in the form of an amplitude a = A0 + Bsin�t is 
added to the strike force and is simulated for 0.025 s. This 
results in 500 strikes on the DED layered surface. During the 
0.025 s, the WC tool also undergoes a 1-mm translational 

distance from its initial position. The base of the substrate 
is fixed in all 6 degrees of freedom, and the maximum time 
increment size of 1 × 10

−5 s is set. Overall, the average CPU 
time consumed for each CFD simulation step for the DED 
process with a Dell Precision 7920 Workstation (Intel(R) 
Xeon(R) Platinum 8276 CPU at 2.20 GHz, 2.19 GHz with 
32  GB memory) was ~1.05  min. Similarly, the average 
CPU time consumed for each FE simulation step for resid-
ual stress in DED build and the UNSM treatment process 
was ~3 min and ~3.7 min, respectively on a Dell PowerEdge 
R730 workstation (Intel E5-2670 processor at 2.3 GHz with 
128 GB memory).

3 � Results and discussion

3.1 � Deposited geometry, temperature distribution, 
and meltpool formation

The calculated temperature distribution of the DED sin-
gle layer deposition is shown in Fig. 6 (left). The depos-
ited SS316L single layer is approximate ~0.8 cm in length 
and ~0.23 cm in width. At the end of the deposition pro-
cess, the maximum temperature reached 1893 K, which 
is slightly higher than the liquidus temperature of 1713 K 
and the solidus temperature of 1663 K. During the deposi-
tion stage, the maximum temperature is several hundred K 
more than the melting temperature of the deposition mate-
rial. It exceeds the melting temperature within 1/10th of a 
second. In between, the peak temperature of the deposition 
has reached 3385 K at the end of 70% of the layer deposited. 
These observations demonstrate the complex temperature 
profile which is dynamic and transient.

Table 4   UNSM process 
parameters

Parameters Value

Static load 50 N
Dynamic frequency 20 kHz
Dynamic amplitude 5 mm

Fig. 5   The finite element mod-
eling of the UNSM process on 
the DEDed single layer coupled 
with the CFD-VOF simulation

The International Journal of Advanced Manufacturing Technology (2022) 120:5299–53105304
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Similarly, the interaction of the powder flow with the melt 
pool is shown in Fig. 6 (right). The steep temperature of the 
powder particles is observed near the melt pool region. Due 
to the focus point of the laser and the powder flow, which is 
just above the melt pool region, the peak temperature of the 
powder particles is higher than the melting temperature in 
the melt pool. This helps the melting of the powder particles 
and the formation of the melt pool region itself. In the melt 
pool region contours, the scale of 0 depicts the non-melted 
region, 1 refers to the fully melted region and in between 
refers to the molten region.

3.2 � Experimental validation

The predicted irregular shape surface morphology is com-
pared with the experimental observations for the same 
power source condition reported in the literature [60, 61]. 

The cross-sectional shape of the layer deposition from the 
simulation model (results extracted at the solidified region 
near the deposition starting location) and the experiment 
are shown in Fig. 7. The cross-section of the geometries 
between the simulated melt pool and the experimental 
melt pool geometry are compared using four dimensional 
parameters that are the height (H) from the substrate top 
surface, melt pool depth (hd) onto the substrate, width (W), 
and the contact angle (α) between the substrate and the 
melt pool. These parameters are tabulated in Table 5, and 
a good agreement is observed.

3.3 � The effect of ultrasonic nanocrystal surface 
modification on DED

After the deposition, the laser power is shut off, and the 
DED layer is allowed to cool down for 300 s. The steep 

Fig. 6   The temperature distribu-
tion (left), powder flow, and 
meltpool formation (right) of 
the DEDed single layer SS316L 
depicting the complex surface 
profile of an over-dimension 
DED layer

Fig. 7   Cross-sectional geometry 
comparison between the experi-
ment [61] and the CFD-VOF 
simulation

The International Journal of Advanced Manufacturing Technology (2022) 120:5299–5310 5305
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temperature distributions during the deposition process 
are followed by the cooling curve in which the tempera-
ture drops exponentially below 400 K after a minute of 
cooling. This temperature further drops below 350 K and 
reaches 303 K at the end of 5 min of cooling. The residual 
stress �11 in the as-built DED layer is measured at 3 differ-
ent locations as shown in Fig. 8 and at 5 different cooling 
timeframes. Because of the continuous melt pool creation 
at each time step, the residual stresses observed are pre-
dominantly tensile.

Table 5   Cross-sectional parameter comparison between the experi-
ment and the simulation

Parameters Experimental value Simulation value

H ~265 μm ~245 μm
hd ~72 μm ~75 μm
W ~535 μm ~580 μm
α ~98° ~110°

Fig. 8   The analogous DED 
deposition direction and the 
UNSM scanning direction 
(red continuous line) and the 
different paths 1, 2, and 3 at the 
depth location (black continu-
ous line) considered to measure 
residual stress before and after 
the UNSM process

Fig. 9   Residual stress before 
UNSM (left) and after UNSM 
(right) at path 1 depicting the 
effect of the UNSM at the 
starting position of the overall 
UNSM scanning distance

Fig. 10   Residual stress 
before UNSM (left) and after 
UNSM (right) at path 2 which 
represents the mid-position of 
the overall UNSM scanning 
distance

The International Journal of Advanced Manufacturing Technology (2022) 120:5299–53105306
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The accumulated tensile residual stress in the DED built 
single layer magnitude is shown in Figs. 9, 10 and 11 (left) and 
varies from ~70 to ~250 MPa for up to a depth of maximum 
of ~400 μm of the total ~1100 μm layer height. The region cov-
ered under the tensile residual stress is relatively large com-
pared to the small regions covered with compressive residual 
stress towards the substrate. The compressive residual stress 
at the interface between the layer and the substrate provides 
resistance to debonding failure. These results show the impor-
tance to mitigate the tensile residual stress in the DED built 
layer before the deposition of the successive layer. Hence, the 
effect of the UNSM on the built layer is further identified.

The residual stress profiles after the UNSM treatment 
are measured at the same 3 paths that were considered for 
the residual stress observations after the DED simulation. It 
should be noted that in Figs. 9, 10 and 11, the UNSM effect 
is recorded within the DED-built which has an overall height 
of ~1.1 mm. Therefore, the last point on these plots indicates 
the interface between the DED-built and the substrate. At the 
depth location, these paths represent the start of the UNSM 
tool movement, the end of the UNSM tool movement, and 
the middle path in-between the two extreme paths. The peak 
tensile residual stress from the DED built layer is observed 
to be converted into maximum compressive stress. Also, the 
surrounding region of the UNSM treatment has been shifted 

to a compressive stress region. This shifting is observed to 
almost 60–80% of the total height of the layer deposited. The 
net effect of this is that the compressive stress region at the 
interface between the layer and the substrate remains com-
pressive, and hence, UNSM does not induce any failure to the 
layer built. Another aspect observed is that UNSM not only 
induces the compressive stress region through plastic defor-
mation but also helps improve the surface of the layer built.

The effect of UNSM surface treatment on the deposited 
surface across the 3 paths is illustrated in Figs. 9, 10 and 11 
(right). At the location, ~50 μm depth below the top surface, 
the net effect of the UNSM is higher than at the surface 
level. Its effect further covered almost 80% of the total layer 
height at path 1 (Fig. 9, right) of the three depth locations. 
Continuing further, at path 2 (Fig. 10, right), the UNSM has 
its highest effect when it is applied after 300 s of cooling, 
whereas at path 3 (Fig. 11, right), the effect of the UNSM 
is higher after 60 s of cooling. Overall, the net effect of the 
UNSM after 60 s of cooling of the DED single layer has 
reached its peak magnitude not only at the 3 different paths 
considered, but also at the surface level, and the depth of 
50 μm below the surface level path. The 3D contours of the 
residual stress in the single-layer DED deposited and UNSM 
treated after 60 s of cooling of the DED deposited layer are 
shown in Fig. 12. This effect remains consistent throughout 

Fig. 11   Residual stress before 
UNSM (left) and after UNSM 
(right) at path 3 depicting the 
effect of the UNSM process at 
the end of the overall UNSM 
scanning distance

Fig. 12   The 3D contours of the single-layer DED-UNSM processed deposition and the substrate depicting a the residual stress after the DED 
deposition process and b the effect of UNSM treatment on the DED build single layer with 60 s cooling
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the rest of the cooling period till 300 s. It is also observed 
that the net effect among the three different paths is different. 
This is primarily due to the short scanning path of UNSM 
(1 mm) employed in the simulation. Of the three paths that 
are chosen, one is close to the start position of the UNSM, 
another one is close to the end position of the UNSM, and 
the last one is in between. Therefore, it is expected that the 
two paths close to the start/end positions will demonstrate 
different net effects compared to the path in the center.

4 � Conclusion

In summary, an in situ integration of the UNSM with the 
DED process is reported and studied. This integration leads 
to reduced processing time and more control of the resid-
ual stress. This technique stands out as compared to other 
post-processing techniques such as laser shock peening, and 
heat-treatment processes. As shown from the computational 
study, UNSM converts the tensile residual stress region to a 
compressive residual stress region at a high depth level. Fur-
thermore, the multi-scale simulation strategy for the hybrid 
DED-UNSM process answers a few fundamental questions.

At first, based on the simulation results, the residual 
stresses in the DED simulation are time-dependent and 
depend on the transient temperature distribution. These 
stresses throughout the deposition and at the cooling stages 
evolve and accumulate. As observed in the results, these 
accumulated stresses are predominantly tensile both at the 
surface level and at the depth level up to ~400 μm deep. The 
tensile stress region in all 3 observed locations covers more 
than 40–60% of the total layer thickness of ~1100 μm. To 
address the issue of the tensile residual stress, the UNSM 
offers the best adaptable surface treatment at each layer of 
the DED deposition. This simulation strategy clearly shows 
the high level of possibility for the integration of the UNSM 
technique with the DED process to create the hybrid manu-
facturing capability. This hybrid model accurately predicts 
the surface geometry of the DED deposited layer and tran-
sient temperature distribution. It also successfully demon-
strates the positive in situ effect of the UNSM over the DED 
layer.

The need for surface treatment at each layer of the DED 
deposition can be effectively carried out by the UNSM tech-
nique. Also, the hybrid model provides a detailed insight 
into the timing of the UNSM application over the DED layer. 
In the numerical example shown, the net effect of the UNSM 
reaches the highest in the DED layer with a minimum of 60 s 
of cooling. Overall, the DED-UNSM hybrid technology can 
lead to a sustainable DED process that can form sustainable 
designs. The computational model provides important guid-
ance on building a hybrid technique throughout the layer and 
layer by layer.

Overall, in the current computational approach that we 
have developed, the effects of the UNSM are predicted 
using the implicit finite element method. In the current 
implementation, the computational expense for capturing 
the mechanical response at the time scale of seconds to min-
utes is relatively high due to use of implicit finite element 
method. In the future, a more efficient simulation method 
can be developed by using semi-analytical approaches such 
as those based on the eigen-strain approach [62], and meth-
ods that take advantage of the symmetry [63].
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