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Abstract: Optical laser head is a key component used to shape the laser beam and to deliver higher
power laser irradiation onto workpieces for material processing. A focused laser beam size and
optical intensity need to be controlled to avoid decreasing beam quality and loss of intensity in
laser material processing. This paper reports the multiphysics modeling of an in-house developed
laser head for laser-aided additive manufacturing (LAAM) applications. The design of computer
experiments (DoCE) combined with the response surface model was used as an efficient design
approach to optimize the optical performance of a high power LAAM head. A coupled structural-
thermal-optical-performance (STOP) model was developed to evaluate the influence of thermal
effects on the optical performance. A number of experiments with different laser powers, laser beam
focal plane positions, and environmental settings were designed and simulated using the STOP
model for sensitivity analysis. The response models of the optical performance were constructed
using DoCE and regression analysis. Based on the response models, optimal design settings were
predicted and validated with the simulations. The results show that the proposed design approach is
effective in obtaining optimal solutions for optical performance of the laser head in LAAM.

Keywords: optical laser head; structural-thermal-optical-performance analysis; sensitivity analysis;
design of experiments and optimization; thermo-optical effects; laser-aided additive manufacturing

1. Introduction

Laser technology has played an important role in advanced manufacturing processes,
including 3D additive manufacturing (AM), welding, cutting, and micro/nano processing,
etc. With low-cost, higher-power laser sources widely available to many manufacturing
industries, there is a growing transition trend using high-power lasers in the multi-kilowatt
(kW) range for material processing. The benefits of these high-power lasers are (1) scaling-
up processing productivity by increasing the laser spot size, the hatch spacing, and layer
thickness and (2) expanding more materials such as refractory and highly reflective metals
and ceramics, which usually need higher-power lasers [1]. However, laser material pro-
cessing using high-power lasers may also create new challenges such as thermal-induced
effects [2,3]. A high-power laser beam passing through an optical lens could locally heat up
the optical elements in the laser head. The nonuniform temperature distribution will then
induce thermal deformations, changes in temperature-dependent refractive properties, and
thermal stress in both optical and mechanical components. The above phenomena will
have an adverse impact on optical lens distortions, laser beam focal shift or defocusing
errors, and even degradation of laser power irradiation quality, which detrimentally affect
the manufacturing process and product quality [4,5]. In order to mitigate these thermal
effects, an optimal design of the optical laser head is desired to minimize the effect of the
sources of thermal environmental changes in high-power laser material processing.
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The optical laser head for material processing, such as in welding and additive manu-
facturing, is an integrated structural-thermal-optical system. Therefore, a systematic design
and modeling strategy is required. Traditionally, optical design and mechanical design
simulations are conducted separately or sequentially due to a lack of a design and model-
ing data shared platform. Recently, a combined structural-thermal-optical-performance
(STOP) analysis approach was proposed as a systematical design modeling solution for
performance improvement in the telescope, camera, and precise optical instrument ap-
plications [6-9]. Model data mapping approximated from one physics model to another
model was adopted. Thermal effects in the protective window during different selec-
tive laser meting (SLM) scanning processes were also analyzed by using a multiphysics
simulation model [10]. However, there are few references relating the use of the STOP
simulation approach in designing and optimizing an optical laser head. On the other
hand, product design optimization through the design of computer experiments (DoCE) is
an efficient and practical engineering approach in developing manufacturing processes.
Sensitivity analyses by DoCE can further evaluate the sensitive effects of design parameter
settings on product performance. The purpose of a sensitivity analysis is to find optimal
design settings of the input variables so that optimal performance can be achieved. Over
the past years, the response surface model (RSM) has been widely employed in product
design and optimization for best performance. RSM utilizes a set of statistical and math-
ematical methods to predict the robustness and optimal design [11,12]. It was initially
developed in design optimization based on experiments or field testing by building a
polynomial mathematical model between independent design variables and dependent
responses [13,14]. Based on the fitted mathematical model, optimal responses were pre-
dicted using the optimization technique and validated with experiments. Now, RSM-based
DoCE is also used in the simulation-based optimal product and process design in many
industrial applications [14-16].

Additive manufacturing using lasers has been attracting more and more interest in
both academia and industry applications for processing high-value-added components.
Power-blown and wire-fed laser-aided additive manufacturing (LAAM) has shown great
potential in surface modification, repair, as well as 3D printing advanced materials [17-21].
Compared with powder feeding, coaxial wire feeding has advantages in processing materi-
als with low melting points [22-28], such as aluminum and magnesium alloys, to avoid
explosions when using powders. Furthermore, the costs saved are also very attractive, as
wire is much cheaper than powder.

The objective of this paper is to build a multiphysics model for developing an optical
laser head for laser-aided additive manufacturing (LAAM) and to use the DoCE technique
followed by the RSM as an efficient design approach to optimize the optical performance of
a laser head. The performance responses are evaluated by developing a coupled structural-
thermal-optical-performance (STOP) simulation model. In the following section, the design,
modeling, and sensitivity analysis using coupled STOP analysis are firstly described by
illustrative design cases. Then, the application of RSM is introduced as a DoCE design
and optimization procedure. Furthermore, a number of experiments are designed and
analyzed using the STOP simulation models. The fitted response models are constructed
by regression analysis. The optimal design settings are predicted through optimization
techniques and validated with the simulation models. Finally, the laser head is fabricated
and tested to verify the performance.

2. Design, Modeling, and STOP Simulation of an Optical Laser Head for LAAM
2.1. Optical System and Structural Design

Figure 1 shows a schematic CAD drawing of the optical laser head. It integrates
multiple optical and mechanical components to perform highly efficient laser beam delivery.
The optical elements such as lenses and mirrors are made of fuse silica, while the materials
of the mechanical components are stainless steel. In addition, the reflective prism is made
of copper. The coaxial laser beam path design is given in Figure 2. A laser beam transmits
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through a set of designed lenses including the collimating lenses and focusing lenses.
Then, the laser beam is split into two sub-beams by the reflected prism towards the two
scanning side mirrors and, consequently, re-focuses the two sub-beams to the same point
on the workpiece. The mechanical components were designed to house the whole laser
delivery systems with high structural stiffness for operating stability and effective thermal
management capability. The entire optical laser head is cooled by the internal water
channels embedded in the housing structure.

Mounting plate

Plates with cooling
water channels
Wire

Figure 1. Geometric model of the developed optical laser head.
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Figure 2. Optical delivery path design.

2.2. Structural-Thermal-Optical-Performance (STOP) Modeling

After simplifying the geometry model, a meshed model of the whole optical laser head
was created in COMSOL, as shown in Figure 3. The laser-irradiated areas such as the lenses
and mirrors were modelled with fine meshes (minimum element size is 10 um), while the
other zones were modelled with coarse meshes to maintain computation accuracy as well
as to reduce simulation time. The whole model consists of three physics-based models: a
thermal model, a structural model, and a ray-tracing optical model. The total number of
the elements is about 430 k. The output and input data interfaces were implemented for
the STOP analysis. In this study, the former two models were sequentially coupled and
simulated in a stationary domain, while the ray tracing optics model was simulated in the
time-dependent field.
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Mounted plate area

Figure 3. Meshed model of the optical laser head for the structural-thermal-optical-performance
(STOP) analysis.

For the thermal model, the partial differential equation (PDE) of heat conduction
(Fourier’s Law) is given by

2T 2T 2T

kxﬁ +ky87]/2 -l-kzﬁ

+Qr=0 )

where ky, ky, and k; are thermal conductivities (W/mK) in x, y, and z directions, respectively;
T is the temperature (K); and Q; is the input laser energy density (W/m?3) due to absorption
and reflection by laser beam irradiation. The thermal boundary condition is governed by

q=h(T-Tp) @)

where /1 is the convection coefficient. Equation (1) was used to obtain the steady-state
temperatures. The temperatures were applied to the structural model as the thermal
loading. The thermal-induced displacements and stresses were calculated by the following
elasticity equilibrium equation (Hooke’s Law) with the thermal expansion equation:

oc=E=e 3)

em = a-(T = To) )

where 0 is stress, E is elastic modulus, ¢ is strain, ¢ is thermal expansion coefficient, T is
temperature at initial time, and ¢y, is thermal strain.

The optical model adopted ray-tracing approach, which computed the angles of each
ray emitting or refraction based on Snell’s Law equation. However, ray paths could be
changed due to the thermally deformed geometry and temperature-dependent refractive
index. The ray heating source is represented by

9Q _ {n9Q
a - Lt ©

where Q; (W/ m?) is the laser power transmitted by the jth ray, N, is the total number of
rays, and y; is ray power coefficient in the jth ray. Since the optical components such as
lenses focusing the laser beam are almost completely transparent, the amount of heat gener-
ated in these optical components can degrade the ability of the system to correctly focus the
beam. In this study, the laser power in an absorbing medium (lens) is assumed to decay ex-
ponentially as the wave propagates, assuming the absorption coefficient remains constant:

Q; = Qoexp (_47'(1cct) ©)

)ton
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where Qy is the laser source power, A is the free-space wavelength, c is the speed of light
in a vacuum, and f is the current time. The complex-valued refractive index is expressed as
n — x;, where n and x are dimensionless real numbers.

The flowchart of the STOP simulation procedure is depicted in Figure 4. Firstly, the
laser beam parameters and laser power, material properties, and structural and thermal
boundary conditions were defined in the geometry model. The laser heating flow on the
surfaces of optical lenses was initiated as an absorbent heat source. The temperature distri-
bution was computed by finite element method (FEM) based thermal analysis. Combined
with the integrative constraints on the optical system design and housing structures, the
deformations of the optical components and structural housing were calculated by FEM
base structural analysis under the thermal-force coupling conditions (thermal expansion
coefficient). Next, based on the temperature-dependent thermo-optic dispersion coefficient
and deformed optic lens from structural analysis, the ray-tracing optical simulation model
computed the optical performance such as ray paths, spot size, laser beam intensity, and
deposited ray power. If the convergence criterion (self-consistent) was unsatisfying, the
process with the adjusted deposited ray power went back to the heat sources. Such an
iterative process was repeated until it met the convergence criterion.

CAD model

Thermal
boundary
conditions

Temperature

Thermal FE model

Structural Thermal Temperature Heat Source
Boundary expansion (Laser power)
conditions coefficient [

Thermo-optic
dispersion

Structural FE model

NS

_ rl; Ray tracing optical
Deformation | miodel

Convergence

No lteration

Figure 4. The flowchart of the STOP analysis for the optical laser head.

2.3. Thermal Effect on Optical Performance with Sensitivity Analysis

One design example of the laser head with a 1064-nm fiber laser beam at a designed
300-pm spot radius size with 1.634 kW laser power output utilized for the STOP simulation.
The cone-shaped laser beam was incident perpendicular to the center of the front surface
of the collimating lens, as shown in Figure 2. In the original design, a 302-um root-mean-
square (RMS) spot radius size at the focal plane position was obtained by using ray-tracing
optical simulation only. The incident optical intensity was calculated at 4630 W/mm?.
Unlike ray tracing optical simulation, the STOP simulation model includes thermal effects
due to high power laser heating and mechanical and thermal boundaries. The following
thermal and mechanical boundary conditions of the STOP simulation were assumed:

(1) the ambient surrounding working condition at the temperature Ty = 293 K;
(2) heat convective coefficients 1, = 5 (W/m?2K) for all exposed surfaces of the housing

and & = 1500-3500 (W /m?K) for cooling water channel plates;
(3) surface emissivity set at 0.1 at the reflected mirrors due to the copper coating; and
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(4) one side of the laser head mounted on the fixed plate via the screws.

In the STOP simulation, thermal and optical properties of the lenses and mirrors
were adopted as the temperature-dependency model. However, material properties of the
housing metal components (stainless steel and copper) at room temperature were used due
to smaller temperature changes in the range of 30-80 °C in this study. They are summarized
in Table 1.

Table 1. Material properties used in the simulation.

Material Properties

Fused Silica [29] Stainless Steel 316 [30] Copper [30]

1.38 at 293-375 K
1.47 at 375475 K

Thermal conductivity (W/mK) 19 401

1.55 at 475-575 K
1.67 at 575-675 K

1.84 at 675-800 K
772 at293-375K

Heat capacity (J/kgK) 964 at 375-775 K 500 384
1052 at 775-1175 K
0.51 x 107° at 293-375 K
Thermal expansion coefficient (K1 822 i 18:2 2: i;g:g;gi 18.0 x 1076 17.0 x 106
0.54 x 107° at 575-800 K
Density (kg/m?) 2203 7990 8960
Young’s modulus (Pa) 73.1 x 10° 193 x 10° 120 x 10°
Poisson ratio 0.17 0.26 0.34
Refractive index 1.45 — i(T — Tp) x 107°
Ty =293 K

The solution was converged in five iterative processes of the STOP simulation. The sim-
ulated temperature and thermal-induced deformation distributions are shown in Figure 5.
The temperature rises to Ty, = 179 K at the collimating lens, and the maximum thermal-
induced deformations are 47.7 pm and 47.2 um for the housing and the reflected mirrors,
respectively. Figure 6 displays the temperature and deformation distributions of the focus-
ing lens. It is observed that the temperature and deformation distributions are not placed
centrically with small eccentric gaps. In the current design, the lenses are fully fitted into
the ring structures. However, the mechanical components surrounding the rings may not
be all cylinder shapes, as shown in Figure 1. It will generate unequal heat dissipation in
the radial direction. In addition, one side of the laser head is mounted on the fixed plate
via screws. Such a boundary condition may also result in temperature-induced radial
gradient deformations with smaller eccentric gaps. Consequently, these thermal-induced
deformations cause the lens to warp at 4-um differences in the radial direction, which will
affect the laser beam focusing spot size and laser irradiation intensity.

The calculated thermal-induced optical laser beam intensity and the root-mean-square
(RMS) spot radius size at the focal plane position are presented in Figure 7. The optical
performances at the same focal plane position computed by using ray-tracing simulation
only are also given in the figure for comparison. The results indicate that the high-power
laser beam generates a direct thermal influence on laser beam intensity and focal spot size
in the operating condition. From Figure 7, it is shown that the RMS spot radius size with
STOP is 16.5% less than one with ray-tracing simulation only while optical intensity is 2.6%
more than the results by ray-tracing simulation. It is expected that thermal effects with
higher than a 1.634 kW laser power level can generate significant impacts on the optical
performance variations, such as laser beam irradiation quality. These optical performance
variations will eventually affect laser intensity quality in manufacturing processing.
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Figure 5. Temperature distributions by 1.634 kW in (a) housing structure and (b) lenses, and deformation distributions in
(c) housing structure and (d) lenses.
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Figure 6. (a) Temperature and (b) displacement distributions of the focusing lens irradiated by laser power at 1.634 kW.
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Figure 7. RMS spot radius (a,c) and optical intensity (b,d) by the STOP analysis (top) and ray tracing simulations (bottom).

Figure 8 shows the RMS spot radius and optical intensity under 1.634 kW and 3.364 kW
laser power levels as a function of the focal plane positions. From the plot, it is shown that
the designed RMS spot radius at the same focal plane position is directly proportional to a
rise in the laser power level. However, the optical intensity has no such linear relationship
with the increasing laser power level as it is also inversely related to the squared spot radius.
Figure 9 plots the RMS spot radius and optical intensity as a function of laser power at the
original focal plane position (F, = —0.1 mm). It is seen that the RMS spot radius has similar
changes. However, the optical intensity may reach a peak at 2.0-kW laser power between
1.634 kW and 3.364 kW. Figure 10 shows the optical intensity distributions irradiated by
1.634 kW and 3.364 kW laser power, respectively, with the focal plane location at 0.1 mm. It
is seen that different laser power levels generate different power density distributions.
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3. Optimization with Design of Computer Experiments

In this study, the aim of design optimization is to achieve homogeneous laser power
density distribution I at focus plane with laser spot radius R;s at 300 pm. The proposed
design is a constrained optimization problem. It is defined as a maximum value of I, subject
to the constraint that R,,;; must be limited at 300 um within an allowable tolerance &, which
can be represented by

Maximum : I (x,z)

7)
subject t0 Ryms(x,z) — 300 < ¢

To achieve this, we used the DoCE and response surface models. The response surface
model includes two types of inputs: controllable variables and uncontrollable variables.
The controllable variables were inputs that can be specified freely by engineers. The uncon-
trollable variables were those that vary according to the environmental uncertainty that the
engineers have no direct control. Here, two input design variables, laser power (P), and
laser beam focal location (F,) were considered controllable variables, while water cooling
indicator / (here, convection coefficient was used for simplification) was an uncontrollable
variable. It was because the water cooling indicator had a dynamically varying range
controlled by manufacturing process environmental conditions.

For the response surface models, a set of experiments was conducted to obtain the
laser power density distribution and spot size at focal plane positions under different
levels of the input design variables. We adopted a modified central composite design
(CCD) [11] for the current simulation-based experiment designs. The modified CCD
design can include the main effects of the controllable and uncontrollable variables, the
quadratic effects of controllable variables, and interactions between the controllable and
uncontrollable variables.

The design variables and the related coded levels are summarized in Table 2. The
performance responses of laser power density I and RMS spot radius R;;s at laser beam
focal plane were considered as output variables. The thirteen experimental designs by
RSM and the results of the different response values computed by the STOP simulations
are presented in Table 3.

Table 2. Design variables and their coded levels.

Original Level Coded Level —1.732 -1 0 1 1.732
P (kW) X1 1.00 1.634 2.50 3.364 4.00
F7 (um) X2 —173.2 —100 0 100 173.2

h (W/m?K) z1 1500 2500 3500

Table 3. Experiments of designs in coded levels and simulated responses.

x1 X2 z1 I (W/mm?) Ryys (um)
1 -1 -1 -1 4750 253
2 1 —1 -1 4540 432
3 —1 1 -1 4740 284
4 1 1 -1 3320 487
5 —1 —1 1 4740 253
6 1 -1 1 4130 432
7 -1 1 1 4770 284
8 1 1 1 3420 487
9 —1.732 0 0 3090 239
10 1.732 0 0 3130 541
11 0 —1.732 0 6310 315
12 0 1.732 0 4020 399
13 0 0 0 5590 351
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A quadratic polynomial approximation model for RSM is used in the form given in
Equation (8) so that the second-order interactions (cross-product terms) can be modeled as

Yu(x,z) = Bo+ Brxur + Baxuz + B11x3, + B2ax2, + ProaxXu1Xun ®
8
+yzu + O1X12u + SaXypzy + ey (W= 1,2..., N)

where Y, represents the response characteristic of I or R;s in the uth experiment; By, 51,
B2, B11, B2, B12, ¥, 61, and J; are coefficients to be estimated; x,1, x,», and z, represent the
laser power P, laser beam focus plane position R;, and water cooling indicator # in the uth
experiment, respectively; and g, is the random error. With N experiments, the response
surface model in Equation (8) can be further rewritten by matrix notation:

Y(x,z) = XB+e )
where

2 2

1 x1 xp2 X110 X1 X11X12 Z1 X1121 X12Z1
2 2

1 xp;1 x2 x5 X3  Xo1X22  Zp X122 X222

2 2
1 xn1 xn2 XN1 XN2 XN1XN2 ZN  XN1ZN  XN2ZN

g
(10)
Y; P

Yz 5121 €
Y=1 1 |B=]| Pn |e=| :

: B12 :
YN (;Yl EN
)

Using the least-squares method, the estimated efficient b of the coefficient can be
obtained as

b= (xTx) “IxTy 11)
Finally, the fitted regression model is
Y= Xb (12)
Based on Equations (10) and (11), the two fitted response models are

I(x,z) = 582.4 — 251.5x1 — 419.7x, — 775.4x% — 90.4x3 — 243.7x1x; -
13
—36.2z1 — 41.3x1z1 + 68.8x221

Ryms(x,z) = 349.08 4 91.9355x1 + 22.6783x + 13.32x7 + 2.32x3 + 63117 (14)

Upon the two response models, analyses of variance were performed following the
procedure introduced in [12,13]. The results reveal that the two RSM models with the
R-squared (R?) = 86.2% and 99% are adequate and satisfactory from the statistical point
of view. They indicate that the proportion of the variance for the predicted response is
represented by the input variables or variances in the regression model. The 3D response
surfaces and contours of the two response models are plotted in Figures 11 and 12. From
the graphical representations of the regression responses models, we can clearly observe



Appl. Sci. 2021, 11, 868

12 of 17

the sensitivity relationships between the responses and the input coded variables. As
shown in Figure 11a, the laser power density increases with the focal plane, shifting in
a negative direction and decreasing in a positive direction. A plateau laser power exists
within some optimal regions. Additionally, the RMS spot radius size increases with laser
power, as shown in Figure 12a,b. On the other hand, the convection coefficient at the
cooling water channel plate surfaces has little influence on both optical intensity and spot
radius size, which mainly depend on laser power and focal plane position.

The optimization solution for the objective function, as represented in Equation (7),
was sought using MATLAB programming. The optimal design settings were found with
the maximum laser power density I = 5813 kW by laser power P = 2.28 kW, focal location
F, = —0.1732 mm, and cooling indicator h = 1500 W/ m2K. After optimization, the STOP
simulation model was again used to validate the optical performance with the predicted
solution by the response models. The optical performances under the predicted optimal
design settings were also compared with the original design settings, as shown in Table 4.
The results show that the optical intensity can achieve a 31.3% increase while RMS spot
radius size maintains 0.3 mm with 0.33% tolerance. It is shown that the optimal solution
using STOP can improve the optical performance in delivering higher laser power density
with a targeted spot size, which are important processing parameters for laser-aided
additive manufacturing.

The preliminary testing result showed the effectiveness of the optimized optical
performance obtained from the STOP analysis in depositing the metal wires for LAAM
applications. Based on the optimized design, a laser head was fabricated and tested. The
setup of the laser head in metal LAAM processing is given in Figure 13a. The optical
laser head was mounted on a robot arm. During laser material processing, the metal
wire generated a melt-pool on the surface of the substrate, whereas the metal wire was
coaxially fed into the melt-pool. Subsequently, the wire was melted and deposited onto the
substrate successfully, as shown in Figure 13b. Figure 13¢c,d shows the samples produced
using the develop laser head. The deposited material was stainless steel 316. This research
focused on STOP simulation and using it to obtain the desired optical performance. An
investigation of the material’s mechanical properties was beyond the scope of this research.
We did, however, conduct preliminary process development for wire-fed LAAM using the
optical head, which involved not only the laser power but also other parameters such as
wire feeding rate and printing speed. The outcome of preliminary process development
is shown in Figure 13c, where single tracks were printed with non-optimized LAAM
parameters that resulted in poor deposition quality. After the process was optimized, we
were able to print a solid layer with the following parameters, as shown in Figure 13d.
A laser power of 2.28 kW was used in the LAAM process for this sample, and the other
process parameters were 600 mm/min printing speed, 1.7 m/min wire-feeding rate, and
2.2 mm overlap between adjacent raster lines. The resultant layer thickness was 1.5 mm.
Further process development and material property investigation will be conducted in
future research.

Table 4. Comparison of the original and optimal solutions.

P F, h I(STOP) I®RSM) Ryus (STOP) Rps (RSM)
(kW) (mm) (W/m?K) (W/mm?2) (W/mm?) (um) (um)
Original  1.634 —-0.1 1500 4820 4875 257 260

Optimal  2.28 —-0.173 1500 6320 5813 299 300
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Figure 13. (a) Setup of the optical laser head, (b) laser-aided additive manufacturing (LAAM) process,
(c) single-tracks deposited with nonoptimal process parameters, and (d) solid layer deposited with
optimal process parameters.

4. Conclusions

In this paper, we developed a multiphysics model that is capable of simulating the
coupled structural-thermal-optical performance of a laser head in LAAM. Temperature
distributions, thermal-induced deformations, optical focal spot shift, and laser intensity
variations were simulated by the STOP model. The thermal effects on laser energy inten-
sity and focal spot size were evaluated with the sensitivity analysis. The optimal design
settings for the optical performance were predicted by the DoCE-based response surface
models and were validated with simulations. The results indicate that the laser intensity
can increase by 31.3% with a targeted 300-pum RMS spot radius for laser material process-
ing. Thus, the proposed design approach offers designers and manufacturers a potential
modeling and simulation solution for the design and optimization of a high-power laser
head in laser-aided additive manufacturing processes. Furthermore, the design and opti-
mization approach can be easily extended to include other parameters such as materials
of optical and mechanical components to minimize the thermal-induced effects in laser
material processing.
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