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Abstract
Hybrid manufacturing has traditionally targeted efficiency and productivity as improvement
criteria. However, the advent of additive manufacturing to print functional parts has expanded the
possibilities for a hybrid approach in this field. Hybrid additive manufacturing is the combination
of two or more manufacturing processes or materials that synergistically affect the quality and
performance of a printed part. Hybrid additive manufacturing allows for advancements in material
properties beyond efficiency and productivity. Mechanical, physical, and chemical properties can
be designed and printed. The purpose of this study was to model a hybrid additive manufacturing
process to investigate the resulting mechanical properties. Laser shock peening (LSP) was coupled
with selective laser melting in a 2D finite element simulation in Abaqus to quantify the resulting
residual stress fields. The effects of peak pressure and layer thickness were studied when coupling
laser shock peening with selective laser melting.
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1. Introduction
In today’s manufacturing industry, the continuous requirement of high quality materials with
preferential mechanical properties requires the use of various manufacturing techniques. Additive
manufacturing (AM) is a promising method to avoid several limitations of conventional
manufacturing processes; however, AM still presents certain challenges in terms of manufacturing
high quality parts. For example, thermal loads in metal AM cause tensile residual stresses [1]
which can be detrimental to fatigue. Furthermore, surface finish is poor in some AM processes
such as directed energy deposition. An alternative to conventional AM is hybrid-AM. A hybrid
approach combines two or more manufacturing processes that synergistically affect the quality and
performance of a part [2]. The quality is superior to that achieved by an individual process. A
common example of hybrid-AM combines additive manufacturing with subtractive machining
[3-12]. In doing so, a workpiece attains a superior surface finish during printing on internal and
external surfaces. Other areas of hybrid-AM include rolling [13-16] and laser reprocessing[17-19].
Hybrid additive manufacturing is an emerging area of research. Sreenathbabu and Karunakaran
investigated hybrid adaptive layer manufacturing which incorporates printing, heat treating, and
machining each layer for rapid tool production [20]. Heat treating relieves stress and strengthens
the tool. After the heat treatment, the layer is machined from near net shape to the final dimensions.
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Shiomi et al. used selective laser melting followed by heat treatment [1]. Strain gages were used
to calculated residual stresses after SLM. They observed that large tensile stresses remain on the
surface after SLM and found that heat treating reduced the tensile stresses by approximately 70%.
Qian et al. proposed hybrid plasma-laser deposition manufacturing (PLDM) which combines the
heat sources of the plasma arc beam and laser [21]. They observed that the physical properties of
the surface coating were better than plasma deposition manufacturing alone. To the authors
knowledge, the only known hybrid-AM simulation was by Zhou et al. [16]. They simulated the
microstructural evolution from a hybrid deposition and micro-rolling process to study the effect of
rolling on dynamic recrystallization. Others have investigated hybrid welding processes [22-24].
The objective of this paper is to propose a new manufacturing process which combines laser
shock peening (LSP) and selective laser melting for hybrid additive manufacturing. LSP is a
surface treatment used to improve the mechanical properties of a material. The laser irradiates a
target and produces a shock wave that plastically deforms the workpiece. This shock wave hardens
and strengthens the surface. The effects of LSP can extend several millimeters below the surface.
Many researchers have investigated the effect of LSP on different materials and confirmed that
LSP can improve the properties by inducing compressive residual stresses [25-28]. Additive
manufacturing is a process of joining materials to make parts from a 3D model, usually layer upon
layer, as opposed to subtractive manufacturing and formative manufacturing methodologies.
Additive manufacturing processes, such as selective laser melting (SLM), selective laser sintering
(SLS), and electron beam melting (EBM), can produce products with tensile residual stresses
[1,29]. It is hypothesized that these tensile stresses can be altered by employing laser shock peening
between printed layers. With the change in residual stresses and increased hardness, the
performance of a part can be improved or manipulated. This hybrid additive manufacturing
approach enables one to design and print preferential mechanical properties for specific
applications. In this study, hybrid additive manufacturing via laser shock peening was modeled in
Abaqus. The effects of layer thickness and peening pressure on the residual stresses were studied.

2. Finite Element Model
2.1 Model Design
A series of two-dimensional finite element models were developed in Abaqus Standard to
simulate consecutive layers of selective laser melting (SLM) followed by laser shock peening
(LSP) on Ti64. The simulation was based on the work from Sealy and Guo [30,31] and Chao and
Guo [32]. The objective was to model a hybrid additive manufacturing process, i.e. SLM and LSP,
to determine the effect of successive printed layers on the enhanced mechanical properties from
LSP. The simulation procedure applied a moving heat flux in a thermal model and imported the
resulting temperatures into a stress model. Importing temperatures accounted for thermal strains
caused by the heat flux. After allowing the temperatures to cool for 5 seconds, laser shock peening
was applied to each printed layer via a shock pressure load. This process was repeated for each
printed layer.
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The workpiece was divided into four parts: substrate, layer 1, layer 2, and layer 3, see Fig. 1.
The substrate was 4 mm (length) by 1 mm (thickness). Each layer was 2 mm long. Three different
layer thicknesses were investigated: 100 µm, 300 µm, and 600 µm. In each model, three layers
were printed and subsequently peened. Layer build-up was accomplished by first deactivating the
entire mesh and then activating each layer in each active heat flux step. The thermal model used
4-node linear diffusive heat transfer elements (DC2D4), and the stress model used 4-node bilinear
plain stress elements with reduced integration (CPS4R). Plain stress elements were chosen as one
single printed line was assumed to be a thin body.
v

Laser peening
pressure
(static)
(2)

Heat flux
(moving)

Case 1: 100 µm
Case 2: 300 µm
Case 3: 600 µm

layer 3
layer 2
layer 1
(1)

Line A

2 mm

1 mm

Substrate

4 mm

Fig. 1 Two-dimensional model of hybrid additive manufacturing.

2.2 Material Model
The material used for this model was Ti64. The physical and thermal properties as well as the
temperature dependent thermal and mechanical properties used in the analysis are shown in
Tables 1-3 [33-36]. At room temperature, the elastic modulus was 110 GPa and the yield strength
was 910 MPa. At 1655 °C, the elastic modulus and yield strength decreased to 10% of that at room
temperature. Since laser peening involves high strain rates (on the order of 106) that significantly
affects the flow stress, future studies will incorporate more complex material models such as
Johnson-Cook or an Internal State Variable (ISV) plasticity model based on the BCJ model to
capture such rate dependent effects.
Table 1 Physical and Thermal Properties of Ti64
Density
Latent heat
Solidus Temp
Liquidus Temp

(kg/m3)
(J/kg)
(°C)
(°C)
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4428
365200
1605
1655

Table 2 Temperature Dependent Thermal Properties of Ti64
Temp.

Specific
Heat
(J/Kg-K)
580
610
670
760
930
936
1016
1095
1126

(°C)
20
205
425
650
870
1000
1200
1400
1655

Temp.
(°C)
27
100
200
500
876
1000
1500
1655
2126
2427

Thermal
Conductivity
(W/m-K)
7.2
8.2
9.4
13.3
18.2
19.8
26.3
28.3
37
42

Temp.
(°C)
20
538
927

Thermal
Expansion
(°C-1)
1.28×10-5
1.40×10-5
1.62×10-5

Table 3 Temperature Dependent Elastic and Plastic Properties of Ti64
Temp.
(°C)
21

1655

Elastic
Young’s Poisson’s
Modulus
Ratio
(GPa)
110
0.41

11

Plastic
Yield
Plastic
Strength Strain
(MPa)
910
0.00
1035
0.023

0.45

91
103.5

0.00
0.023

2.3 Thermal and Mechanical Loading
Thermal Model: The heat flux in the thermal model was applied using a DFLUX user
subroutine in Abaqus Standard. The output of the heat flux (F) as a function of position (x) and
time (t) was given by the following:
2
𝐶𝐶𝐶𝐶 −2(𝑥𝑥−𝑣𝑣𝑣𝑣)
2
𝐹𝐹 =
𝑒𝑒 𝑟𝑟
𝜋𝜋𝑟𝑟 2

(1)

where C was the absorption factor, P was laser power in watts, r was the laser beam radius in
meters, and v was the scanning speed of the heat flux [37]. The process parameters for the applied
heat flux during selective laser melting are given in Table 4.
Table 4 Process Parameters for Applied Heat Flux during Selective Laser Melting
Laser power
(W)
20

Scan speed
(mm/s)
50

Layer thickness
(µm)
100, 300, 600
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Laser spot radius
(µm)
36

Scan length
(mm)
2

Stress Model: Laser peening was applied in the stress analysis after selective laser melting. To
model laser shock peening, a simplified pressure load was applied to capture the highly transient,
dynamic nature of a shock wave produced by plasma expansion. The laser spot size from peening
was 500 µm. The pressure pulse was assumed to be 2-3 times longer than a typical 5-7 ns laser
pulse [38,39]. The pressure pulse width was 20 ns, and the peak pressure was 1 GPa or 2 GPa. The
peening pressure P(r,t) as a function of both radial position and time was given by
−𝑥𝑥 2

𝑃𝑃(𝑟𝑟, 𝑡𝑡) = 𝑃𝑃(𝑡𝑡)𝑒𝑒 2𝑟𝑟 2

(2)

where P(t) represents pressure at any time t, r is the radius of the laser spot [40]. Typically, the
pressure pulse as a function of time has a Gaussian profile with a short rise time [38,41-43]. In this
study, a simplified triangular pulse of the pressure as a function of time was used (Fig. 2). The
pressure was applied in the center of the mesh.

P (GPa)
Pmax

Short rise time (SRT)
Pressure Pulse
Triangular
pulse

0

td

2td

Time Duration

Fig. 2 Pressure-time history of a single pressure pulse from LSP.

2.4 Initial and Boundary Conditions
The initial temperature of the model was 20°C. During the stress analysis, the nodal
temperatures were imported from the thermal model as a prescribed condition during the active
heat flux step. Heat was allowed to conduct through the material. No heat transfer boundary
conditions were prescribed. The displacement and rotation degrees of freedom along the bottom
of the substrate were constrained in the analysis.

3. Results and Discussion
The temperature and stress fields are plotted along the depth direction at the center of the mesh,
i.e. along Line A in Fig. 1. The temperature profiles are shown when the heat flux was directly
over Line A. For the stress profiles, the heat flux passed over the layer and the stress S11 was
plotted 0.1 ms after the pressure pulse.
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3.1 Displacement

LSP Pressure
1 GPa

The magnitude of displacement (U) for a 100 µm, 300 µm, and 600 µm layer thickness
exposed to a 1 GPa and 2 GPa peening pressure is shown in Fig. 3. It was observed that 1 GPa
peening pressure did not cause severe plastic deformation. The maximum transient deformation
was approximately 10 µm during peening. The maximum deformation after relaxation was
approximately 2-3 µm. At 2GPa, the deformation was considerably higher. The deformation
following relaxation was greater than 200 µm. Also, it was observed that deformation in 300 µm
layer model was higher than in the 600 µm layer model. This may be attributed to the expansion
during the thermal load varies depending on layer thickness and affects the deformation.

LSP Pressure
2 GPa

U, Magnitude (m)

Layer thickness
100 µm

Layer thickness
300 µm

Layer thickness
600 µm

Fig. 3 Magnitude of deformation in a 100 µm, 300 µm, and 600 µm layer thickness model
exposed to a 1 GPa and 2 GPa peening pressure.

3.2 Nodal Temperatures
Nodal temperatures from the applied heat flux for a 100 µm, 300 µm, and 600 µm layer
thickness are shown in Fig. 4. The blue triangles represent the temperatures while printing layer 1,
the red squares represent the temperature while printing layer 2, and the black circles represent the
temperature while printing layer 3. In selective laser melting, the top surface is constantly changing
by adding subsequent layers. Therefore, note that a zero depth corresponds to the top of layer 3. If
the layer thickness is 100 µm (Fig. 4a), the top of layer 1 corresponds to a depth of 200 µm. For a
600 µm layer thickness (Fig. 4c), the top of layer 1 corresponds to a depth of 1200 µm.
The nodal temperatures exceeded 3000 °C on the top surface. For the given heat flux
conditions, the results indicated that when the layer thickness was 100 µm (Fig. 4a), the
temperature in layer 1 while printing layer 2 was between 800 °C and 1800 °C. The temperature
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was relatively high considering that the solidus temperature of Ti64 was 1605 °C. This indicates
that part of layer 1 was re-melted during the printing of layer 2. When printing layer 3, the
temperature in layer 1 ranged from 200 °C to 600 °C.
Nodal Temperature (°C)

Nodal Temperature (°C)

Nodal Temperature (°C)

0

0

0

0

750

(a)

Heat L1
Heat L2
Heat L3

1000

4000

2000

4000

0
layer 3

layer 3

layer 2

500

Depth (µm)

500

2000

0

layer 3
layer 2
layer 1

250

Depth (µm)

4000

layer 1
1000
1500

(b)
2000

Heat L1
Heat L2
Heat L3

Depth (µm)

2000

layer 2

1000

layer 1
2000

(c)
3000

Heat L1
Heat L2
Heat L3

Fig. 4 Nodal temperatures (NT11) along the depth direction below applied heat flux for a
(a) 100 µm, (b) 300 µm, and (c) 600 µm layer thickness.

When the layer thickness was 300 µm, the maximum temperature in layer 1 while printing
layer 2 was approximately 450 °C. The maximum temperature in layer 1 while printing layer 3
was 75 °C. As the layer thickness increased to 600 µm, the temperatures in layer 1 while printing
layer 2 was nearly room temperature. The results indicated that for the given heat flux in this study,
the layer thickness needs to be greater than 300 µm to avoid significantly raising the temperature
of previously laser peened layers. Models such as this can help determine the critical layer
thickness for hybrid additive manufacturing processes so that thermal loads from SLM do not
negate enhanced mechanical or physical properties in prior layers.
4.3 Residual Stress after LSP
The residual stress (S11) along the depth direction after laser shock peening with a pressure of
1 GPa (Fig. 5) and 2 GPa (Fig. 6) with a layer thickness of 100 µm, 300 µm, and 600 µm is shown
below. For a layer thickness of 100 µm, 1 GPa was not significant enough to cause compressive
residual stress in the printed layer, see Fig. 5a. The stress in each layer was a tensile and between
400 MPa and 800 MPa. When the pressure increased to 2 GPa (Fig. 6a), significant compressive
residual stresses were imparted in layers 1, 2, and 3. When printing subsequent layers, e.g. layer 3,
the heat flux caused the compressive stress from peening in layers 1 and 2 to turn tensile. The layer
thickness was relatively small such that the thermal load from the subsequent layer’s heat flux may
be expanding the workpiece such that the compressive residual stresses are reversed. Furthermore,
the higher pressure (2 GPa) coupled with such a thin layer resulted in layer 1 shifting to
compression when layer 3 was peened.
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Fig. 5 S11 along the depth direction after laser peening with a pressure of 1 GPa for (a) 100 µm,
(b) 300 µm, and (c) 600 µm layer thickness.
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Fig. 6 S11 along the depth direction after laser peening with a pressure of 2 GPa for (a) 100 µm,
(b) 300 µm, and (c) 600 µm layer thickness.

In the 300 µm layer thick model, a similar trend was observed. The high tensile stresses in
between the layers were due to the fact that the heat flux from a subsequent layer caused significant
thermal expansion and resulted in high tensile stresses. With 2 GPa peening pressures, the
maximum compressive stress was more than 900 MPa. The tensile stresses in layer 1 developed
during thermal loading of layer 2 remained tensile even after the peening layer 2.
Similarly, in the 600 µm layer thick model, the tensile stresses joining two layers were due to
the thermal loads and the compressive stresses within the layers were due to peening. The
compressive stresses were not as high as those in the 300 µm layer thick model because all of the
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heat energy accumulated in one thick layer. Significant thermal expansion ensued and led to tensile
stresses on the order of 500 MPa. Subsequent peening did not have a significant effect because the
layers were much thicker.
The maximum tensile stresses occurred at the boundary between layers. This was due to an
excessive amount of thermal expansion during thermal loading and the fact that layers were added
as plates on one another. In reality, the starting material in SLM is powder which would be
deposited and melted to the substrate. In that case, there should be less thermal expansion than
what was observed in a plate.

5. Summary and Conclusions
This work presents a finite element model of a hybrid additive manufacturing process that
couples selective laser melting (SLM) and laser shock peening (LSP). The model adds a new layer
that is subsequently laser peened. The process is repeated for three layers. The objective was to
quantify the effects of single shot LSP after printing multiple layers. In other words, how does the
thermal load from subsequent printed layers influence the residual stress imparted by LSP in prior
layers? The effects of laser peening pressure and layer thickness on the residual stress fields were
analyzed. This model established the fact that layer thickness plays a critical role on the resulting
residual stress fields. If a layer is thicker than a critical value, the thermal loads from printing more
layers will not significantly alter the residual stress field in previous layers. For thinner layers,
more substantial pressures are needed to cause deeper compressive residual stresses. The results
suggest that peening conditions can eventually be optimized to have the desired residual stress
contour for a given application. Further studies are needed to incorporate microstructural evolution
from hybrid printing multiple layers in a model.
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