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Abstract

In this work, a heuristic inverse method for simultaneous estimation of thermal con-
ductivity, specific heat, density and absorptivity in a laser-irradiated sheet is pro-
posed. A fast forward model, which can predict the temperature evolution during
laser heating is built as the foundation of the inverse model. The forward model
comprises of a proper analytical modelling considering three-dimensional heat con-
duction equation with coupled conduction—convection boundary conditions. The
proposed inverse method tries to change the unknown parameters in each step till
the predicted temperature close to the recorded temperature. Two different examples
of a heating process on aluminium alloy (Al 6061-T6) are considered to demonstrate
the efficacy of the inverse method. The accuracy of the inverse method is assessed
by simulated experimental temperatures considering temperature-dependent proper-
ties in the forward model. The results show that the inversely recovered parameters
are sufficiently accurate in calculating the surface temperature at different process
conditions. The suggested heuristic inverse method has the potential for the fast
computation of parameters for a desired laser heating temperature without needing
arduous experiments and unproductive finite element method (FEM) analysis.

Keywords Inverse method - Simultaneous estimation - Thermal conductivity -
Specific heat - Density - Absorptivity - Analytical modelling method

P< V. Yadav
vyadav@manit.ac.in

Department of Mechanical Engineering, Maulana Azad National Institute of Technology
Bhopal, Madhya Pradesh, Bhopal, India 462 003

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40516-023-00224-7&domain=pdf

Lasers in Manufacturing and Materials Processing (2023) 10:606-625 607

Introduction

Laser irradiation effect is the basis of many different laser technology applications,
e.g., machining, forming, heat treating, welding and surface alloying [1-5]. The
overall performance of various high-power laser beam applications is significantly
dependent on thermal effects, which in turn reveal the laser-metal interaction mech-
anism [6]. Currently, there are numerous studies on the thermal effects of laser irra-
diation of sheet materials, some of which are based on experimental measurements
and others on theoretical modelling. Theoretical modelling can reduce the time-con-
suming experimental efforts, and provide an alternative possible way to attain the
real insight into the problem. In literature [7-9] the physical process of laser heating
was simulated by finite element-based models and the corresponding physical con-
cept was also revealed. The literature [10-13] deals with the analytical modelling
method to study the thermal behaviour of target materials during laser heating pro-
cess. The analytical model can directly build an intuitive functional relation between
the parameters and the findings, which is of great importance for elucidating the
physical phenomenon of solid material generated by laser radiation.

In many practical problems, when a solid material is irradiated by a high-inten-
sity laser beam, the parameters of the material are often unknown, but the surface
temperature of the material can be measured. At this point, if the material param-
eters can be retrieved by sensing the temperature, the laser-based manufacturing
processes can be optimised significantly [23, 24]. The experimental methods like
hot wire method [14], plane source [15], 3-omega [16], and, laser flash method [17]
have been used to estimate the thermal properties of the material. However, the cer-
tainty of these methods is highly dependent on the nature of heat transfer process
and the test samples. Therefore, in the last few decades, inverse estimation meth-
ods have been adopted by engineers and scientists. For a known effect (temperature
data), inverse methods can be effectively used to estimate the parameters influencing
that effect (material parameters). Ozisik [18] presented the fundamental concepts of
inverse heat transfer and details of solution technique using various inverse methods.
Colaco et al. [19] provides fundamental understanding of various inverse and opti-
mization problems and implementations of various algorithms for handling inverse
heat transfer problems.

The forward problem is the pillar of the inverse problem, and its solution must
be inexpensive to compute so that it may be efficiently implemented on real-
time machine tools. The forward problem in laser heating is relatively complex and
is studied either by an analytical model or a numerical model. Zhang et al. [20] pro-
posed a methodology to estimate the absorption and reflection coefficients for the
surface of laser irradiated metallic sheets. The inverse problem was solved via the
conjugate gradient method, with the forward model being analytically formulated as
a one-dimensional heat conduction problem. A sensitivity study was used to confirm
the validity of the inverse method. Mishra and Dixit [21] simultaneously estimated
the thermal diffusivity and absorptivity of the heated sheet by solving three-dimen-
sional forward problem created using analytical model. However, their solution did
not focus on the influence of convective boundary conditions at all surfaces of the
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substrate. These create a limit for the effectiveness of analytical problem for the
thermal analysis in laser line heating and reduces the practicability of the developed
model in industrial applications. Sun [22] proposed a hybrid DFIM-SQP (decen-
tralized fuzzy interface method-sequential quadratic programming) technique for the
determination of time-dependent heat flux, absorption coefficient, scattering coeffi-
cient, and thermal conductivity in a participating medium simultaneously. The tech-
nique requires surface temperature and radiative intensity for the inverse analysis.
Cui et al. [23] developed a method to predict the temperature-dependent thermal
conductivity and the boundary heat flux. The method uses the solution of a two-
dimensional transient heat conduction problem. Sun et al. [24] used the improved
krill herd (IKH) algorithm to simultaneously determine the temperature-dependent
thermal conductivity and heat capacity of a material. Kant et al. [25] proposed a
combined finite element scheme and an artificial neural network based inverse
method to obtain the absorptivity of the heated surface. In this work, the authors
have implemented finite element method (FEM) as forward model for inverse esti-
mation. Kumar et al. [26] adopted a method to simultaneously predict the average
values of three parameters viz., thermal conductivity, absorptivity and heat transfer
coefficient of the laser irradiated sheet. With the help of forward model tempera-
tures at the irradiated surface, unknown parameters were estimated. In their study,
the finite element scheme has been used to calculate forward model temperatures.
In the next work Kumar et al. [27] estimated the average values of thermal con-
ductivity, specific heat capacity and absorptivity at the heated surface. The authors
used literature results to support the estimation process and results highlighted that
the estimated values of thermal conductivity and specific heat capacity has a devia-
tion of 6.5% and —14%, respectively. However, it is noted that only three unknown
parameters can be estimated simultaneously in this manner. They also suggested that
an efficient inverse method is needed to determine the density of the material during
laser-based manufacturing that are challenging to identify through experiments.

The method for solving the forward problem is a crucial aspect to address the
inverse problem, and its solution is of utmost importance. Although numerical
approaches have been implemented in the field of inverse heat transfer, they are too
computationally expensive to be employed for finding the optimal solution. On the
other hand, analytical approaches have been reported to have a higher computing
efficiency than numerical approaches, which can further broaden the use of this ana-
lytical modelling approach. To this end, the solution of the forward problem using
the analytical model enabling faster and cheaper estimation of transient 3D tempera-
ture evolution in laser material processing is lacking, especially in terms of properly
defining boundary conditions. Therefore, developing an inverse method using the
fast forward model is needed for simultaneously estimate unknown parameters in a
finite-sized workpiece induced by laser.

In this paper, a novel inverse thermal method for simultaneous estimation of
four unknown parameters, i.e., thermal conductivity, specific heat, density and
absorptivity for a laser-irradiated material has been proposed. The fast for-
ward model is formulated as a transient three-dimensional heat conduction in a
finite slab to which a combined conduction—convection boundary conditions are
imposed. Then, the sensitivity analysis is carried out by perturbing the relevant
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parameters and examining the ensuing variations in measured fields. The inverse
method is based on the simple heuristic technique and utilizes the temperature
data of the laser-irradiated sheet for parameters retrieval. Two different applica-
tion-based examples of a heating process on aluminium alloy (Al 6061-T6) have
been used to test the robustness of the proposed inverse method. The method pro-
posed herein tries to change the unknown parameters in each step till the pre-
dicted temperature close to the recorded temperature and thus proved to be an
effective technical means for the undertaken task.

Method of the Inverse Processing

The schematic of the proposed method for the identification of unknown param-
eters is presented in Fig. 1. Laser heating is applied by a continuous wave heat
source at the top surface of the metal sheet. The experienced temperature evo-
lution at its scanned side is registered by thermal camera. A 1.5 mm thick alu-
minium alloy (Al 6061-T6) sheet is selected as work specimen among others
available on the market which has wide applications in automobile, aerospace
and marine engineering. Inverse problem aims at recovering unknown parame-
ters (material parameters and absorptivity) of the laser-irradiated sheet from the
measured surface temperature. Determining the material parameters to ensure
the resulting surface temperature can considerably aid in achieving the desired
deformation, microstructure evolution and residual stress of the workpiece. To
solve the thermal inverse problem, a suitable inverse technique is proposed. The
inverse technique tries to change the unknown parameters in each step till the pre-
dicted temperature close to the desired temperature. The methodology for solving

Fig. 1 Schematic representation Fiber laser
of the proposed inverse method
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the inverse problem is based on forward model able to virtually replicate the
observed thermal scene. Once the unknown process parameters have been cor-
rectly estimated, inverse variation of temperature evolution in the laser heated
sheet can also be obtained.

Fast Forward Model

In general, a forward model is required to solve the inverse parameter estimation prob-
lem. In this paper, a physics-based analytical model that provides deep understanding
of the physical concept of laser heating process is considered as a fast forward model to
facilitate faster calculation of inverse solution.

Formulation and Solution of the Forward Model

The purpose of the forward model here is to calculate the 3D temperature evolution in
the laser-irradiated sheet that varies with space and time. Consider a three-dimensional
finite-sized sheet of length L, width B, and thickness H, as shown in Fig. 2. In reference
to the figure, the temperature in the laser-irradiated sheet can be calculated by solving
the differential equation of heat conduction in the x, y and z coordinates with boundary
conditions as given from Egs. (1, 2a, b, ¢, d, e, f, 3):
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Fig.2 Schematic representation of 3D thermal model of heat flux
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—kSL+ (T - T,) =0 for x=0 (2a)
k%+h(T—Tm)=0forx=L (2b)
—k%L +n(T-T,) =0 for y=0
ay ® Y (2¢)
oT
k0—y+h(T—Tco)=0 for y=B (2d)
k2L +h(T-T,) =0 for z=0 2
0z © (2e)
aT
ks +h(T = T,,) =0 for z=H (2f)

and with the following initial condition:
T=Fxyz=T,fort=0 3)

where T = T(x,y,z,t) is the temperature at time f, Q(x, v,z,t) the heat supply,
a = k/pc, the thermal diffusivity of the workpiece material, k the thermal conduc-
tivity, p the density, ¢, the heat capacity, F(x,y,z) the expression of non-uniform
initial temperature of the workpiece, T, the workpiece initial bulk temperature, and
T, the environment temperature.

The solution to the stated homogeneous heat conduction problem is obtained
by using the integral transform technique [28]. Thus, the temperature evolution in
the laser-irradiated sheet at any time and location can be expressed as [13]:

VAG 1) i i i X’n<ﬂm’x) Yn(yn’y)zp(”lwz) ?(ﬂln’ Yn» r/p)exp(—a(/}mz + 7»12 + r’pz)t) (4)
X, ¥,2,1) = =
BEE WOV | 2 oolcalp r )

where f,,, v, and Ny m=n=p=1,2,3,...,) are the positive roots of the following
transcendental equations

2
{/;}n _ (’f) }tan (B,L) - 2('%) = 0 for x direction 5)
2
{73 - (%) }tan (an) — 2(’%) =0 for y direction 6)
and
2
{r];— (%) }tan (rlpH) —2(%) = 0 for z direction (@)
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The 2 functions
X, (B %): Y (7009)5 2y (1 2) s N (B ) s Ny (7)> N, (1) and F(B,,,7,..m,) are given
in Appendix. A more detailed derivation is given in the paperof Nath and Yadav
[13]. In the forward problem model, the heat flux generated Q(f,,. 7, My 1) at the
workpiece surface is taken as Gaussian distribution and is given by following
relationship:

X
X

<C°S(ﬂ”’x”)_ws(ﬁ"’x”) — sin(f,x,) +sin(B,x,)
0. 865;1P )
k

N—"

Q(ﬂm’yn’rlp’t) = - Sin(ynyn> + Sin(ynyp)

h

14
(
<11pcos 71,, - %sm(an)

(@)
where 7 is the absorptivity of the work specimen, P the laser power, r, the laser
beam radius, (xn,xp, v, and yp) the transient position of the laser spot on a linear
trajectory.

It is worth mentioning that process variables such as beam power, scan speed,
beam radius, etc.have a significant influence on material properties in the irradiated
sheet since it may change the predicted temperature [29]. Since the property param-
eters are correlated with temperature, the temperature-dependent material properties
are taken into account in the forward problem model. The thermophysical material
data of aluminium alloy (Al 6061-T6) shown in Table 1 [30] are used in this study.

Validation of the Forward Model

Prior to incorporating the forward problem model into the inverse processing, its
accuracy must be proven. To achieve this, experimental tests were conducted in
which the effect of laser-material interaction in the form of temperature was pro-
vided by the thermal camera. The specimen, which is an aluminium sheet of size
(100x50% 1.5) mm® has been subjected to laser irradiation on the platform shown
in Fig. 3, where a 1 kW fiber laser system (ABRO) was used. After being cleaned,
the specimens were coated with graphite spray in the same manner as described
in [13]. The heating over the specimen along the linear trajectory was performed
using a laser source with radius equal to 2 mm. The irradiated surface temperature
of the specimen was measured by thermal camera (FLIR) described by the following
parameters: image frequency of 60 Hz, spectral range of 7.5-13 um, and maximum
temperature range of 2000 °C. To ensure the repeatability, three replicates were done
to measure the temperature at each set of experiments.

Table 1 Relevant material data used for forward problem model [30]

Parameter Value

Thermal conductivity (W/m-K) k=7.62+0995T — 17 x 107412 + 1 x 10773
Specific heat (J/kg-K) ¢, =706.7+0.6T — 1 x 107472
Density (kg/m?) p=2705—20.1 x 1072(T — 298)
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Fig. 3 Experimental setup: (a) conceptual representation and (b) photograph of real-time
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Fig. 4 Comparison between calculated temperature using the forward problem model with experimental
temperature (a) V=1500 mm/min and (b) V=2000 mm/min

The comparison between the predicted and measured temperature variations
along the beam path at the top surface of the sheet is presented in Fig. 4. This indi-
cates a good agreement between forward problem model results and experimental
test results. The errors of the maximum temperature of the selected points are within
6% for different test conditions. This suggests that the forward heat conduction
model can be retained accurate enough in order to predict the temperature evolution
in a laser-irradiated sheet, which is a good foundation for the inverse problem.

Sensitivity Analysis and Inference for Inverse Modelling

The concept of the sensitivity analysis is used to study the effect of parameters viz.
thermal conductivity, specific heat, density, and absorptivity in the forward model
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Fig.5 Results for the effects of (a) thermal conductivity, (b) specific heat, (¢) density and (d) absorptiv-
ity on surface temperature (P =600 W, V=1500 mm/min and r,=2 mm)

(d)

(Eq. 4). This analysis demonstrates the efficacy of the forward problem model as an
effective technical means for assessing the laser heating process for a specific mate-
rial. The surface temperatures for Al 6061-T6 aluminium sheet during laser heat-
ing process are measured at two locations (at P, and P,): 25 mm and 45 mm away
from the laser start point lying on the scanning path. Figure 5a depicts the relation-
ship between surface temperature and thermal conductivity (k). It is observed that
the magnitude of the temperature is strongly dependent on the thermal conductivity.
In addition, the difference in temperature between the two locations increases as k
decreases. Figure 5b illustrates the influence of the specific heat (c,) on the surface
temperature. The obtained temperature profile is found to have a different pattern
from that of k. This can be ascertained by comparing Fig. 5a with Fig. 5b. The mate-
rial’s density (p) also decides the surface temperature when the material is irradi-
ated by an identical quantity of heat. Figure Sc shows the influence of the density
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on the surface temperature. It is observed that the temperature of the upper surface
decreases with an increasing density. Figure 5d shows the relationship between
material absorptivity () and the surface temperature. Here, the temperatures at two
locations are greatly varied with the absorptivity. Sensitivity assessment as outlined
here plays a crucial role in the inverse estimation of parameters. A parameter with
a high sensitivity is desirable since it may aid in obtaining an accurate estimation
result. In contrast, small sensitivity parameters are preferred for other parameters in
order to minimise estimation error.

Inverse Problem

In the inverse problem, four unknown parameters are retrieved for the target tem-
perature of the irradiated aluminium sheet. The unknown parameters are following:
thermal conductivity (), specific heat (c,), density (p) and absorptivity (). Mean-
while, the effect of the measurement location on the accuracy of inverse estimation
is taken into account. It is found that the parameters like surface temperature, bend
angle and microstructure evolution can be used to calculate the objective functions.
However, the surface temperature of irradiated sample is the most convenient form
in a practical point of view. The present inverse problem relies on the measured tem-
perature values and the results of the forward problem obtained for guessed values
of the unknown parameters at two locations (at P; and P,) of the sheet. The prob-
lem of retrieval of unknown parameters is considered as an optimization problem
wherein the following objective functions are minimised [31]:

n 2

1 Tim_Tic
F=—><E _ 9
Lo < Ty ) ©

1 - ij - T;‘c >2

F,=-x _— 10

g n ]:ZI < 7}]71 ( )

where T}, and T}, represent measured temperatures at two locations i.e., at P, and

P,. The corresponding calculated temperatures are represented by 7. and 7}, and

n is the number of observations. To solve the defined inverse problem, the itera-

tive process based on the heuristic technique [26, 31] is used. The framework of

the solution methodology is depicted in Fig. 6. The conclusion from the sensitiv-

ity analysis aided in the designing simulated experiments in which data were not

taken from physical experiments, but generated based on the forward model that use

temperature-dependent material properties. As the forward model has already been

validated, such undertaken treatment is enough to establish the robustness of the
proposed method.

The methodology for solving the stated inverse problem is summarised below.

Step 1: Generate suitable ranges of unknown parameters , c,,, p and 7.
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Fig. 6 Framework of the inverse algorithm based on heuristic method

Step 2: The range for each parameter is divided into three distinct linguistic
zones, labelled low (L), medium (M), and high (H), as illustrated in Fig. 7 for two
of the parameters. As a result, the entire domain is divided up into 3* separate
cells, totalling 81.

Step 3: At the beginning of the algorithm, select the middle (M) value as the ini-
tial guess of all unknown parameters.

Step 4: Compute the objective functions F'; and F, from Eqgs. (9) and (10), respec-

tively.

Step 5: Set three other parameters (c,, p and ) fixed, conduct a one-dimensional
search for the optimal value of k as follows:

e In cases where F; and F, are increased by jumping k into the centre of an
adjacent cell, the value of k should be left unchanged.

e In cases where F; and F, are decreased by jumping k into the centre of the
adjacent cell, the value of k should be set to the middle value of that cell.

e If none of these apply, do not change the value of k.
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Fig. 7 Illustration of the linguistic zones during search procedure

Step 6: For the optimization of the remaining parameters c,, p and 7, the same
methodology as in Step 5 is repeated. The search domain is reduced to a single
cell following an iteration consisting of four one-dimensional searches.

Step 7: The procedure described in Step 2 is repeated for the subsequent iteration
in order to further divide the optimal cell. Figure 7 illustrates how the single opti-
mal cell is reduced to three linguistic zones. The procedure continues till F; and
F, are less than 0.001.

Results of Inverse Estimation
Performance of the Estimation Algorithm

This section evaluates the performance of the method for solving the inverse prob-
lem using a heuristic-based optimization algorithm. Two different application-based
examples have been used to test the robustness of the proposed inverse method. The
aluminium alloy Al 6061-T6 is selected for the examples. The simulated experi-
mental data obtained in both the examples using temperature-dependent values of
material properties are set as the benchmark. The inverse methodology is applied to
estimate the average values of material properties (, ¢,, and p) and absorption coef-
ficient (7).
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Table 2 Simulation resulrs of k(W/ e 0/ P (kg/m3) 7 F, F,

selected steps for estimating (m-°C)) (kg°C))

k, ¢, p and 57 (P=500 W,

V=1500 m/min, 7, =2 mm) 50 50 101500 2657 0.5 00174  0.0087
215.83 1107.66 2657 0.76  0.1661 0.1315
220.61 1138.50 2689 0.58 0.0172  0.0141
222.20 1148.83 2689 0.53 0.003 0.0026
222.20 1148.83 2685.43 0.5 0.00089 0.00076

A.Example 1

In the first example, the dimension of the workpiece is (100 x 50 x 1.5) mm?, absorp-
tivity is 0.4, laser power is 500 W, scan speed is 1500 mm/min and beam radius is
2 mm. The initial guess range of k, c,, and p are taken as (180—223) W/(m-°C),
(876 —1154) J/(kg-°C) and (2705 — 2609 5) kg/m respectively [30]. The range of 5
is taken as (0.1 —0.9). The computation is carried out using mid-range values of &,
»» p and 7 to calculate the objective functions F; and F,. With the fixed mid-range
values of ¢,, p and n, the value of k is updated to get the optimum cell using the
proposed approach Following the approach, the value of ¢, p and 5 are updated.
The convergence is met after three iterations. The final results after convergence of
k, c,, p and 5 are k=222.2 W/(m-°C), c,=1148.83 J/(kg-°C), p=2685.43 kg/m and
n= 0 5 corresponds to F'; =0.00089 and F,=0.00076. All together 25 simulations
were carried out to recover the unknown parameters that took about 20 min of total
screen time. The simulation results obtained using the heuristic optimization algo-
rithm for selected steps are shown in Table 2. The variations of temperature at both
the locations P, and P, including initial guess, simulated experiment and final esti-
mation for the considered example is shown in Fig. 8. The proposed model tries
to change the unknown parameters in each step till the model predicts the closest
temperature to the desired temperature. It is seen that the distribution of temperature
obtained inversely is in good agreement with the simulated experimental data.

B. Example 2

In the second example, the dimension of the workpiece is (100x50x% 3) mm’,
absorptivity is 0.6, laser power is 600 W, scan speed is 2000 mm/min and beam
radius is 3.5 mm. A procedure similar to Example 1 is followed to calculate the
objective functions F; and F,. Following the procedure, the value of k, c,, p and
n are updated and the convergence is obtained in two iterations. The final results
after convergence of k, ¢,, p and 5 are k=182.38 W/(m-°C), ¢,=891.45 J/(kg-°C),
p=2636.03 kg/m® and 7=0.58 corresponds to F,=0.000079 and F,=0.000068.
All together 17 simulations were performed to recover the unknown parameters that
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Fig.8 Comparison between calculated temperature using the estimated values of k, c,, p and n with
actual temperature at points (a) P; and (b) P, (P=500 W, V=1500 mm/min and r, =2 mm)

Table 3 Simulation fesul.ts of k (W/ e/ P (kg/m3) 7 F, F,

selected steps for estimating (m-°C)) (lzg-OC))

k, Cpr P and 7 (P=600 W,

V=2000 mm/min, r,=3.5mm)  »4; 5 1015 2657 05 00193 00152
187.16 922.33 2657 0.5 0.0091 0.0072
187.16 922.33 2657 0.24 0.1293 0.1042
182.38 953.21 262542 0.5 0.0101 0.0077
182.38 891.45 2636.03  0.58 0.000079 0.000068

took about 15 min of total screen time. The simulation results of the inverse esti-
mation of four unknown parameters for selected steps are presented in Table 3. In
Fig. 9 one can see the distribution of temperature at the heated surface for initial
guess, simulated experiment, and final estimation. The matching is good, indicating
that heuristic technique has effectively minimized the error. The method proved to
be effective in the undertaken task.

In examples 1 and 2, the convergence is obtained at a very short number of itera-
tions i.e., in 17-25 function evaluations. Following the inverse procedure, the exam-
ple 1 converges after three number of iterations and the example 2 converges after
two number of iterations which shows the efficacy of the proposed inverse method.

Error Analysis

To ensure accuracy, the estimated k, ¢, and p are compared to the actual values of k
(=209.51 W/(m-°C)), ¢, (=1085.02 J/(kg °C)) and p (=2630 kg/m?) from Zhu et al.
[32], corresponding to the average sample temperature (329.82 °C). The average
temperature is assumed to be the average of the maximum temperature at 3 locations
along the beam path at the upper and lower surfaces of the irradiated sheet. An error
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Fig.9 Comparison between calculated temperature using the estimated values of k, c,, p and 5 with
actual temperature at points (a) P, and (b) P, (P=600 W, V=2000 mm/min and r,=3.5 mm)

margin of 6.06% in k, 5.88% in c,, 2.11% in p is observed. This comparison shows
that the thermal parameters of the heated sheet can be recovered in an acceptable
accuracy.

The accuracy of the presented procedure is further evaluated at different operat-
ing conditions selected from Nath and Yadav [33]. The dimension of the workpiece
in these operating conditions is taken as (100X 50% 1.5) mm?>. Once the unknown
process parameters have been correctly estimated, inverse variation of temperature
evolution at the laser-irradiated sheet can also be obtained. By varying the laser
power and scan speed, the maximum temperature data from the inversely estimated
process parameters and the simulated experiment are shown in Figs. 10 and 11. The
results show that the inversely obtained unknown parameters are sufficiently accu-
rate in calculating the surface temperature at different operating conditions. The esti-
mated surface temperatures at two locations: P; and P, tend to be higher than the
simulated experimental values. The error in the maximum temperature of the heated
body predicted with inversely estimated parameters and simulated experiments are
listed in Table 4. The main reason for these errors arises from the gap between the
analytical modelling method and experimental measurements in the forward analy-
sis. The maximum error in temperature prediction is for Case number 5, which is
6.55% at point P, and 6.30% at point P,. It can be also found that the inverse accu-
racy improves slightly as the measurement location moves away from the laser start
point.

To assess the robustness of the method for solving the inverse problem, additive
white Gaussian noise (AWGN) is added in temperature data obtained from the sim-
ulated experiment using AWGN inbuilt MATLAB function. As a fundamental noise
model in information theory, AWGN is often used to mimic the results of various natu-
rally occurring random processes. The temperature data that is generated with AWGN
accurately represents the findings of the physical experiments. Figure 12 compares the
estimated temperature using the material parameters obtained by inverse method with
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Fig. 10 Inverse variation of maximum temperature with laser power after heating
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Fig. 11 Inverse variation of maximum temperature with scan speed after heating

100 mm x 50 mm x 1.5 mm aluminium sheet at points (a) P, and (b) P,

Table 4 Relative error
distribution obtained using the
heuristic based inverse method
compared with the actual results

Cases  Input parameters % Error with actual results
P (W) V (mm/min)  at location P, at location P,
1 400 1500 6.21 5.82
2 500 1500 6.31 5.88
3 600 1500 6.36 5.92
4 700 1500 6.41 5.95
5 500 750 6.55 6.30
6 500 1000 6.48 6.15
7 500 1500 6.31 5.88
8 500 2000 6.18 5.71
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experimental data. It is found that the inversely estimated unknown parameters indicate
a good potential and shop floor applicability of the developed inverse method.

Conclusions

In this work, a heuristic inverse method for determining the average val-
ues of material parameters and absorptivity during laser heating process is
proposed. A fast forward model, created using proper analytical modelling,
which can predict the temperature evolution in a laser-irradiated sheet is
built as the foundation of the inverse problem. The inverse method employs
a simple heuristic technique that utilizes the temperature data of the laser-
irradiated sheet for parameters retrieval. Two different application-based
examples of a heating process on aluminium are considered to illustrate the
performance of the inverse method. The accuracy of the inverse method is
assessed with the aid of simulated experiments in which data are generated
based on the forward model that use temperature-dependent material proper-
ties. The results show that the inversely obtained unknown parameters are
sufficiently accurate in calculating the surface temperature at different pro-
cess conditions. The method proposed herein achieves the closest temperature
to the desired heating temperature by optimizing the unknown parameters in
a reasonable number of iterations, which shows the efficiency of the inverse
method. This study has shown the feasibility of use of the proposed inverse
method that considers the physics-based analytical model for quick and inex-
pensive determination.
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Appendix

Following expressions are used in solution:

X, (B x) = Bcos(B,x) + (%)sin(/}mx) (A.])
Yn(yn,y) = yncos(}/ny) + (%)sin(yny) (A2)
Z,(nys2) = mycos(m,z) + (%)Sin(n,ﬂ) (A3)

h
, h
N,(8,) =% <ﬂﬁ,+<%) > L+ L +%> (A4)
(2+(2))
h
1 h\? k h
Ny (1) = 53 <y§1+<%> ) W —k o (A.5)
(2 ())
h
, h
N.(n,) = %< (ﬂfﬁ (%) ) W ——K +% ! (A6)
(2 ())

W

{%(1 —cos(B,L)) +sin(B,L) }{%(1 —cos(y,W)) + sin(y,,W)}

(ﬂm,%ﬂlp {ki 1 — cos( 71,, H)) +sin(rlpH)}

(A7)
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