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Abstract

This fundamentzl research was conducted to predict the grain size of sostenitic stainless-steel after plasma cutting process
using experiment and non-linear probabilistic numerical computstion with self-developed algorithm which was written and
compiled using Fortran-based subrootines and utility rmouotines svailable in commercial FEM software. For grain modelfing,
thee mon-linear numerical programming codes consisted of foarth-order Romge—Kutta method for solving ordinary differential
equation of gruin growth formulz with major peremeters such as initial grain size, activation energy. and kinetic constant
which were measured by using dilatometer on specimen samples at varions tempemtores end holding times. In order to
replicaie the actual thermal cutting process, customized conical heat source model was developed and employed. The proba-
bilistic approach in numerical computation was executed using Monie Carlo method by setting major process parameter of
imput power based on norma! distribution with defined mesn ond standard deviation which were randomized following linear
congruential generator and Box-Muller algorithm, This comprehensive numernical computation based on deterministic and
probabilistic FEM was esteblished nsing nonlinesr thermomechanical method with hexahedrul element type including finer
mesh on cutting section and coarser at base plate. For verification purpose, & series of experiments using folly automated
system was carned out on S5316L plate with 4-mm thickness. From the analysis of results. accepinble discrepancy was
achieved in grain size prediction obtained between numerical methods and experiment with the ermor percentage of op to
9.2% snd 14.5% for probabilistic and deterministic analyses respectively.
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1 Introduction

As one of the separating processes, thermal cutting is &
very important method in fabrication industry. This pro-
cess nses concentrated heat to be imposed on 2 metallic or
non-metallic plate. causing the applied part to melt away.
Typically, thermal cutting is an exothermal process where
less heat is needed for maintaining the burning process.
Main thermal cotting processes are flame, plasma arc. ond
lmser cutting [1]. The most extensively otilized thermal
cutting process is known as flame cotting due to its low-
cost equipment end easy to hendle. The flame cotting can
be manoally applicd and also can be casily astomated [2].
The flame cutting is also celled as oxyfoel gas cutting and
oxyacetylene cutting. This process is a thermochemical
process that works by initizlly preheating the material to
its igmition temperature which is lower than its melting
point, and subsequently, the preheated area is subjected
to pure oxygen jet to produoce iron oxides which are then
blown away by the oxygen jet to generate cot kerf that
penctrating through the material. The flame cotting has the
capability to produce good quality cutting which can be
employed to cot material with the thickness ranging from
5 op to 1200 mm [3].

In plasma arc cutting (PAC), the applied part of work-
piece material is melted and partially vaporized weay by
extremely hot plasme gas that is prodoced through the
combinstion of an arc with inert gas flow or pressurized
gir. Plasma arc is prodeced by means of heating the gas
with an arc that results into partly ionized which is capa-
ble 1o conduct electricity. More accurate snd hotter arc is
generated by concentrating the plasma arc through a noz-
zle that can reach extremely high operating temperature
of around 10L00) to 14,000 *C. Fast action of heating the
gas when moving slong the src leads to expansion which
then accelerates via the nozzle and focuses towards the
workpiece. High speed of plasma gas jet is utilized to get
rid of the molten materials. Types of gases that are typi-
cally used for plasma cutting process consist of air. argon.
oxygen, nitrogen, and mixture of argon and hydrogen as
well a8 mixture of nitrogen and hydmgen [4. 5].

Laser cutting is an advenced non-contact thermal cutting
process wiich can avoid effects like tool wear, vibration of
machine, and mechanically induced thermad damage [6].
Laser cutting can be used for nearty all types of materials such
as metals. non-metals. composites, and ceramics. [t has the
capahility to prodoce complex shapes and various geometries
with the narrow kerf. As stated in [7]. instead of mechanical
propertics, the potential of laser cutting primarily depends on
thermal and optical properties. A cut kerf is formed by the
action of removing the molten material as the assist gas hiows
it away where the molten material is produced as a result of
locally focused laser beam onto the material,
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Mumecrous thermal analyses have been performed by
mieans of numencal methods. A thermomechenical momeri-
cal analysis was conducted on carbon steel material to
nhserve the effects of flame cutting parameters on HAZ (heat
affected rone) size [8]. The simulated HAY size was found
to be closer to the actual HAZ size obtained through experi-
ment. The results showed that the increase in cotting speed
led o decreasing in HAZ widih at the center arca. Mean-
while, the increase in ethylene (C.H,) flow rate cansed the
upper HAY width to increase whereas the increasing flow
rate of oxygen cansed the widening of the lower HAY. width.
Another research on numerical simolation of flame cutting
on steel material had been performed in [4). Referring to
this research, a quasi-stationary state model can be nsed
when the flame size is far moch smaller than the plate size
with straight cutting line. In addition, the guasi-stationary
state mndel was coupled with transport equations to describe
the transition of phase based on transient Leblond-Devaux
model. A portion of molten material was removed during
cutting process resulting in the formation of heat-affected
zome (HAZ) in the region eround the cut kerf. The HAZ is
the area where tnsitions of phases take place a5 a result of
austenitization, It can be found thet the HAZ and kerf wadths
were reduced when the cutting speed was increased.

In [ 10)]. & study on forecasting distribution of temperatune
induced by thermal cutting on Inconel 718 was corried out.
The numerical compatation was made based on thermo-
mechanical analysis using temperature-dependent properties
of materal, From the resolis, it was found that the estmated
temperature distribotion was in good agreement with the
actual temperzture measorement. The trend of temperature
prowided by 2-mm thickness specimen was slightly higher
than that of I-mm thickness specimen. According to [11],
arc cutting and arc welding processes were based on the
similar basic principles m which some parts of materials
were removed in cutfing process, whereas some filler materi-
als in welding process were normally added op to the base
materizl to form the joint. Research on numerical simola-
tion of multipassed welding distortion indoced in combined
joint by gas metal arc welding (GMAW) was condocted in
[12]. Commercial software SYSWELD wes used for predict-
ing the distortion which was implemented through thermo-
mechanical plos metaliorgical enatysis. Plasticity criterion
calcolsied osing isotropic strain hardening cansed by non-
cyclic lnading was defined for mechanical analysis whereas
constitutive equution formulated by Leblond was defined
for metallurgical history consideration. The resnlts revealed
that the engular distortion predicted through 2D anabysis
showed reasonable agreement with the prediction using 3D
analysis. The 21 snalysis has an advantage over 31 analysis
i terms of compotationzl time m which the 2D analysis wes
completed in much faster time compared to 30 anabysis. A
study on residusl stresses produced in pipe girth weld of
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316 stainless steel was carnied oot [13], The residoal stress
prediction was computed through thermo-elastic—plastic
mechanicel analysis. The mumerical analysis was imple-
mented by means of three different hardening modeis com-
prising of tsotropic, kinematic. and mixed hardening models
which were computed depending on flow curves, bilinear-
Ziegler mie, and Lemaitre-Cheboche model respectively.
Comparing to experimental megsurements, good predictions
of axial stresses and hoop stresses were obtained through
tsotropic hardening model while the mixed hardening model
provided the best prediction for hoop stresses. On the other
hand, the nomerical analysis vie kinematic hardening model
underestimated both predictions of axial and hoop stresses.

It iz well known that finite element anakbysis 15 imple-
mented typically based on deterministic method. However,
in the deterministic snalysis, even though all the criteria
have been taken into account. it still leads to limited descrip-
tinn of the characteristics of a system [14]. The research on
complex phenomenz like dynamic loading, inherent random-
ness of material, lack of datz. and human error has aiways
come up with varions sources of uncertzinty. In order to
enhance the classical FEM., other new numernical approaches
have been added up in the analysis which considered the
uncertainty of perameters. This new type of analysis is iden-
tified as a stochastic finite element method [15], 2 mandom
finite element method [16]. and a probabilistic finite ele-
ment method [17]. In additon. o enable the varation of
stnchastic scenaring, random fields ere applied in the analy-
sis for chamecterizing the namre of stochsstic in the system.
To determine the effects of random varations, the stetistical
information of the response variables is assessed by inclod-
ing the calculation on the prohability of system outpot. In
[ 18], resesrch was conducted on optimization of laser cutting
parumecters via probahilistic FEM. The process parameters
imvislved in the CO, laser cotting of stainless steel 304 com-
prised of travel speed, assist ges pressune snd focos position,
laser power, and kerf taper angle which were connected in
the analysis throngh the implementation of artificial newral
network-hesed mathematical model using Monte Carlo (MC)
method. MC method is considered Bx 8 common mathemati-
cal ool osed in numerical simulation for solving numerous
prohlems which are opersted by manipuiating rendom nom-
bers in the programming &l gorithm. The statistical resoit of
kerf tzper angle demonstrated good accuracy when com-
parcd to experimental measurement. The MC method was
found to have the capability to minimize the kerf taper angle
by optimizing the laser cutting parameters. Furthermore, an
accepiuble kerf taper angle was achieved by focusing the
laser beam on about two-third of the thickness of material
with the application of low assist gas pressure of 4 bar and
also combining high cutting speed of 3 m/min with low laser
power of 1.6 kW, The optimization through MC simulation
could be resolved by generating rendom numbers that were

mniformty distributed m the muge between () and 1. To foifill
the limitations of parameter valoes, manipalation of the mn-
dom numbers was implemented with the purpose o generate
pniformly distributed random numbers for each of the laser
cutting perameter which wes laid within the renge of interest
that conld be acoomplizhed.

A huge number of inpot parameters are involved in
predicting oil and gas reserves and resources particularly
in complex projects [19]. The prediction vis determinis-
tic method was normally faced with limited capability in
order to take the effects of uncertainties such as seismic,
petrophysics. and porosity into consideration. Therefore,
probabifistic method was preferred becanse its projec-
tion was made by considering & lot of oncertainties which
could provide higher confidence levels in evaloation. The
advancement in compuoting technologies would provide
better assessments through intensive probahilistic method
with artificizl intelligence. Doe to un-bias results pro-
duced by probabilistic method, it was nsed in predicting
the mainstream of reserves and resources which could
assist the practitioners to describe the downside and
upside of the projects. Based on research in {20)], proba-
bilistic and determimistic methods were implemented
to evoluate marine pipeline corrosions which counld
adversely affect the structural integrity. Among the weak-
nesses produced via deterministic analysis were lack of
understanding in importance of various inpul parameters.
lack of onderstanding in influence of every single failume
mechanism, oncertainties in the physical models, as well
as variahles were not taken into consideration. However,
these limitations could be overcome through the imple-
mentution of probabilistic anatysis. The load and strength
variables were fixed in deterministic enalysis. whereas
these vanables were normally distributed in probabilistic
analysis. The defect assessment triggered by the cormosion
can be estimated through the comparison of calculated
failure pressure with the loed imposed on the pipeline.
As for deterministic method. the assessment can be made
where the capability of the pipeline to withstand sgainst
the load mcreased with the increasing valoe of calcnlated
failure pressure. In probebilistic method, the assessment
can be defined by comparing the calculated failure prob-
ability with respect to the service time where the pipeline
was increasingly susceptible to fail when the failore prob-
ahility approached the valoe of 1.0, Through deterministic
analysiz, the increasing defect length led to decressing
failure pressore and thus lowered the capability of the
pipeline to resist against the exerted load. However, in
probabilistic analysis. all the approaches showed that the
failure probability of pipeline reached the valoe of 1.0
which indicated towards the pipe failore when its service
time closes to 20 years. The evalpation made based on
probabilistic method could provide higher reliability on
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the aging cormmoded merine pipeline performence towords
its remaining service lifecycle. Through the probabilistic
analysis, the current performance of the aging pipeline m
service could be better sssessed as compared to the resolt
obtained from the deterministic analysis,

Numeroas rescarches on the calcolation of grain
growth were performed previousty especially doe to heat-
induced processes such as welding process [21-23]. Stody
on behavior of grain growth using stainless steel matenial
in consequence of conling rates was conducted n [24)].
Calculations of cooling rates were made through numeri-
cal analysis using phenomenological model, whereas the
microstructural measurements of secondary dendrite arm
spacing (SDAS) were condocted on the welded samples
oxing scanning electron microscopy (SEM) for venifying
the predicted results. The computed results were in good
pgrecment with the actual measurements, and the grem
growth was found to be mfluenced by the cooling rate
in which slower cooling rzie would increase the grain
size. As stated by research in [25]. grain growth in the
heat-affected zone (HAZ) of stainless-steel material was
hugely depended on the main factors such as maximum
temperature, rate of cooling, and a period of staying at
high temperature. The grain was greater in size in the area
that was undergoing higher maximom temperatore when
compared to the grain size in the area thet was undergoing
lower maximum temperature. The changes i tempera-
ture throughout heating and cooling oveles would influ-
ence the grain size in which the grain growth typically
occors between the temperature of %K) “C and itz peak
temperature. In addition, particle precipitation end grain
boundary migration were also the major factors that could
provide great impact on the gram growth in stainless steel
material.

Based on reviewed literatures. there were only few
attempts in comparative prediction of grain size nsing
probabilistic snd determimistic FEM especially for thermal
cutting process doe to limited numenical software capabil-
ity o solve the problem by defanlt which leads to the need
of comprehensivety advanced approaches using subroa-
tines and utility rootines. Therefore, in this study. non-lin-
ear thermo-mechanical probabilistic computation method
based on Monte Carlo using FEM software Marc/Mentant
20116 was employed to model and simaolate plasme arc cut-
ting process for predicting the grain growth in 4-mm plate
thickness of austenitic stainless steel 316L. A series of
experiments were carried out using fully aulomated sys-
tem for validating the simaulated resolis: To measore the
initial and finzl grain zizes of the specimen, an advanced
system of metallurgical microscope was utilized. Finally,
the simolation results were andlyred and concluded.

(a2)
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Fig. 1 CNC plasma cuilting machine

2 Experimental set-up and procedures

At the initial stage of this research, a series of experi-
ments were condocted using antomatic CNC plasma out-
ting machine model HNC-1500 W with IGBT Inverter
power source as displeyed in Fig. 1. At the present time,
plasma grc cutting process s normally integrated with
Computer Numerical Control (CNC} system [26—28]. The
implementation of CNC system in plasma cotting process
conld enhance the cutting flexibility especially to sctup
and control the torch movement. The type of material used
in the experiment was stuinless steel 3161 wath the speci-
men size of 100 mm in length and width as well as 4 mm
i thickness. The cutting perameters applicd during the
experiment ore tabulated in Table 1.

After the experimental cuiting process was finished,
the specimens were then nsed for metallographic prep-
arations consisting of several steps prior to finel grain
size measurement. In preparing the metellographic sam-
ples, the speoimens underwent sechoning process using
ahrasive cutter which then proceeded with mounting
process by means of sutomatic mounting press. After
finishing mounting process, the samples were subse-
guently wsed in crocial course and fine grindings osing
metallographic sand papers started with lower grade
{coarser) and moreased gradually to higher grade (Fner)
by means of grinding machine. Later, polishing process
wis implemented via polizher machine by utithzing three
different grades of polishing agents which were dinmond

Tabde 1 Thermal cutting Parsnnel Valie

parmmeders used fior

experimenial investigation Current, 1] 4] T}
Valiage, ¥V [V] Bl TOH)

Travel spoed, v jmmmis] 5
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suspensions of grades 6. 3. and 1 pm. Then. the prepara-
tion continued with etching process by using V2A etchant
which was suitehle for stainless steel material. For bet-
ter metallographic examination. the inspection of mate-
rial microstructure was performed just after the etching.
I'he aim of the metallographic inspection was to condoct
microsCcopic examination on the prepared sample in order
o measure the graim size gt the cot kerf area. The metal-
lographic mspection was carmied oot using system met-
allurgical microscope model OLYMPUS BX60F-3. For
MICTOSCOpIc measurement, the microscope was connecied
tn & computer equipped with IMAPS 2.0 software. This
software program allowed the graim image that was being
ohserved through the microscope to be previewed on the
computer which then could be captured and measured. The
calcolation of real average grain size was made by means
of linear intercept method which was performed im accord-
mnce o ASTM E112 standard.

According to [29], one of the important parameters to cal-
culate grain size is the modified kinetic constant. However,
it 15 very difficuit to find information and reference aboat the
velue of this perticulor peremeter: As an alternative to obtin
the peramcicr valuc, & beat treatment process was condocicd
nsing DIL 805A/MNT guenching and deformation dilatom-
eter as shown in Fig. 2. The experiment was carried out on
55316L material im cylindrical shape of 5 mm x 10 mm in
diameter and length respectively. A nomber of samples were
heated and held isothermally at foor different temperatures
af 900 “C, 1000 “C, 1100 °C, and 1200 “C with four differ-
ent bolding times of 30 s 60 < 120 5. and 240 5. Based on
the results of grain sizes obtamed from the heat treatment
experiment, the values of modified kinetic constants at each
temperature are stated in Table 2. The resulis of modified
kinetic constants are o be implemented in the numerical
simulation of grin growth,

Furthermore, & chemical amalysis was conducted to
identify the compaosition of chemical suhstances that were

Fig. 2 (menching mil defirmstion dilstemeter DL SIS AT

Tebde 2 ModfGed kinstic S
cunstant parameters shinined Ic lFE
from heat reatmeni experiment

Yoalue ,’|.|r|1:l.':|

=T 2 94 10"
1000 7910
11K 19110
12061 122x 10

present in the specimen. The chemical testing was performed
wring QMatrix Analysis by weight percent accomplished
based on ASTM AZ240 specification. Table 3 shows the
average results of chemical composition obixined from the
experiment and compared with the chemical composition
provided in materizl model from dpizhase.

Other factor that might contribute to the accoracy of
numerical prediction is the heat transfer coefficient. For
this reason, & thermal calibration was condocted in order
tn ensure the predicted temperatore distribotion resembling
the actunl hehavior. As calibrating purpose, temperatore dis-
tribation during the thermal cutting test was measured by
mezns of thermocouples type-K connected to data logger
ALMEMO 289049 for data recording ot specific locations
as demonsirated in Fig. 3. Table 4 presents the calibrated
heat transfer coetficients obtamned from the thermal calibra-
tion which were further implemented for the grain growth
simulation. The thermal calibration was determined by
companng the iemperaiure disinbunons obizmed between
simulation @nd experiment. Apart from that, the calibration
was also made to validate that the chosen material property
models nsed in the numerical analysis az shown in Fig. 6
could characterize the similar behavior as the sctual material
as displayed in [ig. 4.

3 Simulation method and procedures

3.1 Geometrical, material, and thermomechanical
modelling

Figure 5 illustrates a schematic dingram of solid finite cle-
ment model implemented in the numerical computation with
the dimension of 20 mm (L} = 40 mm (W)x4 mm (T). The
arrow demonstrates the trajectory and direction of cutting.
The geometnical model was bult np=mg three-dimensional
hexahedml element type. In order to huve better numerical
prediction, the model was constructed nsing fimer elements
in the region close to the cutting trajectory.

For mumeerical simulation. the grein growth nnatysis was
executed by means of material modelling of $53161L. gen-
erated bazed on the chemical composition as disclosed n
Table 3. The grain growth computation waz made hased on
temperature distribotion where non-linear thermomechanical

€] Springer
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Table 3 Chemical compisition of 353160

Table 4 Calitmated heat transfer coefficients

Mormal  Chemics] subsianee Twpe of beat rander cpeffciend Vahie
fype &

[ Cr i Mo Bin 1 & P Ca ve, & [WinTK] 7
Spocimen GLODT 16760 MELG 2148 1475 M40 00067 0026 Contact, o [Wim*K] RrLl]
Domhase  DOIE IGe30 LSO 2950 L9510 0480 (O4NEG 004 Emissivity, r 1.6

methind was applied for the temperuture analysis. Besides, in
this stmdy, the numerical computations were accomplished
through temperature-dependent material properties gs dis-
played in Fig. 6. In real situation, the specimen is subjected
to high temperature throughout the cotting process which
particularly could surpass its melting point at the main cut-
ting ared. Consequently, the heat will be transmitted via
heat-affected zome (HAZ) region and passed on through
bhase metal as well as ended op dissipating into the sorround-
ing environment. Furthermore, this phenomenon leads o
changes in magnitndes of certim material properties that
are influenced by the temperature changes. Therefore. it is
crucial in the numenical prediction 1o teke the temperatore-
dependent material properties into considermtion in order to
replicate the actual condition.

The application of constant material properties conld
result in inaccurate prediction owing to the consideration
that could merely be taken on material behavior at room
tempersiure. (n the other hand, doe to insignificant chenges
in magnitudes of particular material propertics towards the
tempersture variabon, Poiszon’s matio and mass density wens
possibly considered to be constant at 0.3 and 7850 kg/m”
respectively. This implementation could also permit reduoc-
tion in computationel time withoot compromising the acco-
racy of numencal prediction.

For thermal heat transfer. referring to research by [30],
the governing equation for transient heat transfer analysis
is represented by Eg. (1). In this equation, g is density
of the material. ¢ is iemperature-dependent specific heat
capacity. T is temperature vector, (} is thermal load vec-
tor {(flux), ¢ is time, and ¥ is the spatial gradient operator,
wheress x, v, and 7 are coordinates in the reference system.

Fig.3 Dalslogger ALMEMO
IER0.G [lef), type-K therma-

onaiples {maddie ), and messir-

img poimt locations {right} us=d
im Ehermal calibration

In addition, from the equation, § is the thermal conductiv-
ity vector in which non-linear isotropic Fourier heat fiox
comstitutive equation is nsed with temperature-dependent
properties.

p-."';—:{:l.y.:.rlm*"i"*:-?ﬁ.}'-:..rh+ﬁ'f.-1'~.1-'-:-ﬂ (1)
In this numerical simolation. two types of system interac-
tion hetween part and environment were considered. nemely,
mechanical and thermal boundary conditions. Fixed dis-
placement on the nodal points was set up as the mechanical
boundary condition, Meznwhile, as thermal boundary condi-
tion, the heat losses were tnken mio consideration in conse-
guences of conduction {contect between two bodies ). con-
vection, and radistion. Eguations (2), (3). and (4) are osed to
charactenize the heat losses via conduction. convection, and
radiation rezpectively. Referring to these equations, contact
heat transfer coefficient. coefficient of comvective heat trans-
fer, Stefan Boltzmann's constant. and thermal emissivity ane
represented by o b, o, and e respectively, while T, and 7, gre
bodies" temperatures, whereas [, and T define the surface
and ambient temperatures respectively. Thus, for the ther-
ml boundery condition, the total heat losses involved in the
compautntional analysis conld be expressed ax Eq. (5.

Foma = =all) = T3) {2)
Foome = —H{T, =T ) (3)
Hragd = —"E[TT - 713 4
Framttoses = Feawd F Denes + Y i5)
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Fig. # Temperafims mesime
mends for thermal calsbeation s

| emperature Lisstribiteon

Fa
M oaa m i r

Figure 7 exhibits the basic overview of the coupled
thermomechanical-metal lurgical snaly=is, The beat mput 15
defined by the walumetnc conical heat spurce winch wall be
mindelled nsing Fortren-based subrogtme and bty rootine
m FEM software MSU Marc/Mentst 2016,

3.2 Heat source modelling

'he application of heat source model is one of the key
steps in thermal cotting simalstion. The mpiementation of
comrect model that 15 well smted o the simulabon process
bemmg inveshigated can mive o huge impact on the accuracy
of prediction. The heat soorce model used for simulation

Fig. 5 Creimetrical mmidle]
appiied fir nomernicad simuola
]

should be abie to replicate the actual heat source profile.
Theretore, 1n this study, the best preferred model 15 volo-
metnc comcal heat source model. However, this type of heat
source model is nsually not provided by default and thus.
customized model should be created. Since thas stomlation
is executed using MSC Moarc, the algorithm is formolated
by means of Fortran-based subroutine. The volumetric
concel beat source model implemented throughoot this
research was developed and formutated in [31] which was
ctc:plicmai::.' griscn from denivaton of heat miensity dis-
tribotion from thermal enerey conservation cquation. The
volumeiric comcal model equation 35 divided mto beo parts,
where bEg. (6} 15 genemled to characterize the heat intensity
distribation of thermal arc while the following Eg. (7} is

20
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Fig. & Temperiune-dependent
meckamiczal and thermi-phyxical

properties ol §53] 6L
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fraction of the abovementioned equation which mmnipulstes
the heat inpat intensity that deteriorates through the distance
of meterizl thickness. Referring to both formulae, the net
heat flux. imput power. radial coordinate, r-coordinate, and
heat intensity distribution parameters are represented by g,
(2., r. z. and r, respectively. Meanwhile, r, and z, define the
top surface radius and r-coordinate respectively. whereas
the bottom surface radios and z-coordinate are defined by
r, and z, respectively. Figure 8 demonstrates the volumetric
conical heat source mode! configuration. The heat spurce
variables applied in the numerical analysis were defined
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through the thermal calibration that has been described as
above, where the preferred heat soprce perameters obtained
when the predicted temperature distribution could provide
the similar behavior of temperature distribotion as prodoced
by expeniment.
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3.3 Principle of Monte Carlo ([MC) method

A numerical mode! that considers variability of inputs
to predict the probable outputs is called MC method,
which is glso known as probebilistic analysiz method.
A lot of recalculations could be involved in the nomeri-
cal analysis prior to finishing. Distributions of differ-
ent ootcome valoes are possible to be generated via this
method. In order to execute the probabilistic anakysis.
the input powers of heal source energy are fluctuated in
g particular renge while mainteining the rest of impor-
tant parameters.

Ta implement the MC analysis, the input power could be
varied through the intervention of random veriables. Hence,
a source of random variables ought to be generated to imple-
ment this process. There are numernus existing rendom
number genemtors; however, linear congroential generator
{LCC3) is the most broadly used which can be described a5
follows [32, 33]:
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Fig. B Configuration of solumetric conical hesd source moded [11]
X, =la-x +elmod M iz 0 {8}

where o represents the multiplier, ¢ denotes the increment, M
is the modohes, snd the seed (start valoe) is represented by
x, A sequence of integer prewdo-random numbers [x; | could
be produced via this formolation. Afterwands, the rendom
number 1; that wes generated beforehand would be divided
by M to transform it into random nomber X, which laid
the range between O and 1 as presented bedow:

x,=%, i=1 ()

The previowsly penerated seguence of nusdom numbers (X )
was distnbuted oniformby, £90,1). However, in probabilistic

anatysis, it i more preferable (0 wse Ganssian or normal mndom
mumber, A1), Therefore, another model called Boce-Muoller
method [34-56] wouold be engaged and vsed to convert the
mniform mmdom mmber nto the normal modom mmber, The
execution of this iechnigoe could be made by manipolating a
couple of uniform random numbers (5. X; ) 1o be tnunsformed
into & couple of normal mndom numbers (¥, . ¥, ) through the
following formulne:

¥, = g/ =2in(X, jeas(1xX,) (10

¥y = /=2n(X, prin{2xX,) (11)

In order to ensure the accomplishment of MC method,
the normal distribution of inpat powers predicted throngh
the probabilistic algorithm was written and execoted by
means of Fortran 77 program. On account that the MSC
Marc softwere was boilt based on the same platform, the
Fortran programming language was chosen and executed
fior this purpase. In the imvestigated thermal cutting process,
the valoe of power input is generated randomiy following the
increment size (V=60). Hence, the probebilistic algorithm
was set o prodoce a sequence of 60 rundom values based
on Crenzsian distribotion with defined mean end stondard
deviation as shown in Fig. 9. In the experiment, the magni-
mde of the voltage and corrent that have been =et up before
munning the thermal cutting process were considered 2s
the fixed inpot and mean power for the deterministic and
probabilistic pnalyses respectively. Furthermore, based on
the ohserved minimuom and maximuom power valoes during
the experiment. the magnitude of standard deviation was
approvimated. Table 5 shows the thermal cutting parameters
gpplied for both numerical methods.

Fig. @ Normal distribution of
mandom i powers
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Table 5 Thermal cutting parameters wsed in numencal compuiations

Parumetar Simislation methoud
Normal honte Cardo
| Determinisiic ) [ Prodabiliste )
Inpus porwer, 1 [W 700 Mean,
=270
Sunmdard
erviztion,
=140
Bire N=h)
Custing speed, v [mmds| 50 50
Hest dmmrre moded 30¥ conscal 3D conical

4 Grain growth modelling

A metallurgical phenomenon identified as grain growth
would nccur as 2 consequence of kinetic energy produced
by imduced heat when metallic material is being sobjected to
particular thermal processes [29]. In addition, the existence
of impurity and precipitation im certuin conditions could also
give an impact on the grain growth phenomenon. The pre-
cipitution is referred to a process of diffosion that depends
on two major factors which are temperature and time. The
calculstion of grain growth can be made by using the math-
emnatical formmla e shown below:

54
[ I [ 2 (12)
R’TI:'.I'} £ RI'.‘-\'

where (), is activation energy of g:r.:un growth (kfmal "
M iz modified kinetic constant (pms '), ¥ is initial ETEiD
size in everage (pm). T is ahsolute temperatore (K, s ime
(5), rr is fime exponent, K is gas constant (8.3514 JK ' mat ')
and gy, is limiting grain size (pm).

According to [25], in steinless steel material, the grain
can be growm in the temperature renge between 900 “C and
maximum temperature (peak) which happens throughowt
heating end cooling phases. In thermal processes such as
arc welding and thermal cutting, the grain growth is mainty
dependent on the rates of heating and cooling. In general, the
period of heating phase is faster than cooling phase. Thus,
more opportunity of grain growth can happen during the
cooling phase. [n this research. the grain growth was taken
into account and calculated in both cycles of heating and
cooling. Referring to [37], the presence of carbon in aoste-
nitic stminbess steel can stabilize the sustenite structore, bot
it provides disadvantage of attracting to chromnem. Conse-
quently, this strong attraction leads to the formation of chro-
mium carbides (Cr,,C,) that is also known a5 precipitation
which can be further driven to occor when supersaturation
levels in austenite are achieved by carbon. Moreover, carbon

€} Springes

level. temperature, and time are the main factors thet influ-
ence the rate of precipitation where it typically tekes place
at the range of temperature between 500 and 800 “C. also
called a5 sensitizmtion,

Referring to the abovementioned chemical compesition
as stated in Table 3, with the confirmed carbon content, it
iz obviously foond that a very long period of time (about
10 b or more) is required for the precipitation to take place.
Hence, in this study, the calculation of grain growth was
onfy considered based on the free grain growth phenomenon.
By considering the shsence of precipitates as described in
Eq. (13}, part of Eq. (12) could be eliminated, and thos the
general gram growth formals could be redoced as presented
in Eq. (14).

.'sr'm.—tG) (13

where & is zener coefficient, r is radios of precipitate (pm),
and [ is volume fraction of precipitate. When there is no
precipitation, then § = () and thus g, becomes infinite.
Therefore,

Fal gl

By looking at the grain growth formula as expressed
in Eq. (14}, it is in the form of ordinary differential equa-
tion ((JDE). As stated in [38], the ODE is an equation
that contsins a function of one or more ordinery deriva-
tives with respect to only one independent variable.
In general, the ODE can be solved by finding the anti-
derivative that is reached through integration. However,
the integration process is sometimes very difficult to be
made especially mvolving complex differential equation
which is also complicated to be solved throngh analytical
method. The Fortran software used to write the progrim
code may not sobve the ODE directly. Therefore, in this
case. an approximation will be used for solving the ODE.
Referring to previons stodies [39—42], a ot of researchers
resalved the problems mvolving ODE through numerical
approximation by wsing Runge—Kutia methods. Hence.,
throngh this study. @ Runge-Kutta fourth-order method
was selected to solve the ODE for calculating the aver-
age grain size. The Runge-Kutta fourth-order method
was chosen &= it may provide high accurscy of numerical
approximation compared to the other numerical meth-
ods. The Runge—Kutta foarth-order method is obtained
through derivation of equation from Taylor series which
i taken from the first five terms. The implementation of
Runge—Kuotts method would eliminate the tricky integra-
tion process of exact solution and skip the difficult and
lengthy higher order derivatives of functions as required
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Fig. 10 Flowchari of grain sive algorithm

in Taylor series. This numerical method is stuble and easy
toy apply since it works by compoting four different slopes
within an interval and makes use of them as the weighted
pverage slope o determine the next position at the end of

the interval. The size of interval used in the numerical
compuinticn was defined by the increment {time step) that
had been set op for the simolation. The determination of
step size was vitel since it would have great influence on

4] springer
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Fig. 11 Dhstrsbatom of gram predicied via probahlistee analysas

the compuizhional fime and accuracy of prediction. The
formulation of Runge—Rutte foarth-order method can be
described as tollows [43]:

1 —"\-'-'-":l:::"'—’:-'4'—.'"':--"'I".'-I|II II

L

= FX, & =fL V. & =K

where kp =rl.) [

ky =f x4 =h ¥+ -.'-2_-.".‘]_.'JI'I_‘|J-'_, = flr. + i, _|.'.--J:-,||'.l:|.

[n order to see how the algonthm works, the execuoted
program for determining the grain size can be represented
by the flowchart o= exhibited m Fig. 10 below

Fig. 12 [

sirsbiabion of gram predicled via delermamabic snalysis

E ) nrlr.grr

Al
)i

5 Results and discussion

Close analyss of postprocessing results conld be performed
upan the compietion of thermal cotfing simulations. The
focal pomis of the resolt snalysis were on the grain distnbo-
tions predicied throogh probebilstc and determonistic meth-
ods. The temperabire distributions woold also be analyzed
due to it strong mpect on the grain growth. The gram dis-
tributions &= forecasted by means of probabih=bc and deter-
ministc enalyses are shoen I Figs, 1] and 12 respectively.
Lt conld be seen that both mumenical methods estimated the
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Fig. 13 Dastribution of temper -
ture estimated ising prohabi fis
i3z annly s

prain grovih occurmence & the srea aroond the oot Eeri. T he
maximum size of grain wes 3088 pm &s caleolated in proba-
bilhistic gnalysis, whereas 30,62 pm was the maxomom value
of gram size as compoted through deterministic anakysis,
Hoth grmn growth analyses started from the nitial valose
of 18 pm. The resolts revealed shght differences in gram
size distributions predicted between both numerical meth-
oids. Besides, hised on the cotcomes of gram distnbobons,
it proved that the programming code for calcolating grun
growth was successinlly implemented.

In addition, hased on the estimated shapes of cut kerfs
as displeyed m figures above! the effects of analysis types
could be observed where smooth cutting profile was gener-
sted through deterministic method, while the probabilistic
method produced rough and oneven cutting profile. The

Fig. 14 Destmbabion of tempern
itrre estimated tsimg detenmimnis

B analy=is

rough profile was generated as a result of input power fluc-
iumtion that was set up throweh the MU method. The cot kert
was created sccording @0 removal of matenals {elements)
that were implemented when the ongoang (emperatores dor-
mg simuoletion went beyond the melting point of 55316l

gierial. Forthermore, based on the resolts obtaimed. ot
confimmed that the algorithm subroutine for thermeal cuttmg
simulation was effectively exccoted.

The gruan growilh occwrred doe to bigh femperature expe-
nenced by the matenal. Thos, the temperature distiibution
ehonld also be examined. Figures 12 und 14 present the tem-
perature distributions resalied from the thermal load of heat
mput wiich were predicied by means of probabihistic and
determinesiic analyses respectively. The lemperatore results
m the fignres were displayed at the final time of simulation

E Springer
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Fig. 15 Crss wection tmages of forecosied (middie) ond acmad (mght ) com

(& =] that was 2 = after the completion of cotting. 1E conld

be observed that the maximom temperatures dropped under
SO0 L, which was enoagh for grain grosarth analysis smce the
gramn stopped growmg when the temperatre fell abont onder
00 *C. There were shight differences in temperature distnibo-
ttons estimaied throogh both methods. The temperstune dif -
ference confirmed thit the predicted gram size disinbutions
would ditfer between probabilstc and deterministic methods.

he temperature values were droppang mavay from the coftmg

Fig. 16 Position of mode 53,440

A A

ny prifile

poinix towards the adjacent base metal, and the induced heat
wis ended by dissipatimg inio the surmoumding emaromment,

Hince the thermal cotting simulation was executed wsing
customized conicel heat source model. the etfect conld be
zeen vid the shape of cross sechon areg. Figore 15 exhibits
the pmages of cutting profiles obtamed from the predicied
{middle} and actual {night) cross section areas, 1 he shape ot
comical heat source model 15 demonstrated m Fig. 15 (lefi) as
well. T'be comcal contour of heat source cuused the cut kerd

Node 53440

Coordinate (-1.54.2.00,.10.00)

T st

& g
¢} Springer
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Fig. 17 Distnbabions of grain
sifes predacted throagh proha
halisaac [Refi) and determmastc
{right]) methoxds

profile to be produced in V-shape. Both momencal methods
produced similar cutting profiles. Moreover, the predicted
cat kerf profile in V-shape was effectively produced as a
result of implementing finer meshes in the surmunding area
of cutting trajectory. The V-shape profile was difficalt to be
generated with the apphcation of cosrser meshes. Howewver,
the implementation of finer elements led to longer compu-
tational time which required good performance device to
run the numencal simulaton. When companng the pre-
dicted cotting profile to the actusl one, good agreement was
echieved in which both cutting profiles looked similar. This
result conld be evidence that the programming sabroutine
of customized conical beat source model was successfully
implemented for the thermal cotting simolation.

Fig. 18 Companson of grain

grovwth at node 53440 cal-

cilated throagh probabilastic g 1)
[hroken Tme ) and deferministic

{xnbul lime) methods

Grain Siza, pm

(=

Im order fo observe the grain size, & spectiic node was
selected for comparison of results. The selected one was
node 53,440 which was located in the affected area of heat
imput &5 demonstrated in Fg. 16. More specifically, the node
was teken from cross section area in the middle of the length,
bor venification, the actusl| grun siee way measured from the
similar posthon of the predicthion as mentioned above,

Figure 17 displays the grain size distributions predicted
using both numerical methods, where some differences
were found between them. The different grain size distri-
bations were produoced as a result of different amoont of
mduoced heat mpot at the same location dus to the vana-
tion of input power set up for probabilistic method. Both
numerical methods estimated grester gram size in the middle

=rain Growth

- - - -

m=as=s Prmbatilisho

Dielerminstic

"EI ."'.Fningur
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Fig. 19 Comparicon of tem-
peradore history af mode 53440
calculated through prhabilistic
{hreken 1me} and d=isrminishc
{satid ime ) methods

1REND

A0

1J(x0

AN

o0

Tempearature, 0

400

Fiby]

region anca of material thickness cansed by higher inten-
sity of heat flux that led to higher degree of temperature.
The detiled progresses of grain growths calcolated at the
specified node are presented in Fig. 18, while Fig. 19 reveals
the tempersture histories recorded at the same point. The
maximum temperatores achieved by means of probabilistic
and deterministic analyses were 1626.89 “C and 1715.00 °C
respectively. Based on the graphs, it was found that the

Fig. 20 Distribation of gram sires nhiained from octisal semple
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probabilistic method estimated slightly lower maximum
grain size compared to deterministic method, where this
outcome was supported by the induced thermal cycles expe-
rienced at that same point in which higher maximom tem-
periture was reached vie determimistic method. 1t was clearty
ohserved that the grain growth was greatly influenced by the
thermal cyele indoced through heat imput during thermal
cutting process, where the grain growth phenomena took
place in very short period of time during heating and cooling
cycles. For venfication purpose, the average actusl grain size
was obtained and measured g1 the similar point as shown
in Fig. 20. The numerical values of grain sizes predicted
through baoth numerical methods snd measured from experi-
ment are presented in Table & for companison of results. The
actual grain size was measared on average using the method
s expluined in the experimental procedure. Based on the
figures in the teble. the final grain sizes predicted throogh
both stmulation methods reached & good agreement with the
experimentzl measurement. where the determiniztic method
produced a bit higher final groin size prediction in compari-
som to the probabilistic method. Thus, the ermor percentage
produced by deterministic analysis was a little higher com-
pared to probabilistic analysis whereas the actunl grain size

Table i Comparison of grain sides obimnsd hetween muimerical
methids and experimeni

Methads AveTage Frain siec Error percentages
[piam] %]
Probohalisiic simalsison 2R 12 LR
Deterministic amulatbon 2738 Tt
L

Experimemni
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measurement was lower than both numerical predictions.
However, both simulation methods genemted good accoracy
of prediction where the ermor percentuges were computed
below 15%.

6 Conclusions

In conclusion, the analysis of results from this research
proved that the grain growth phenomenon occorred as a
result of heat inpot induced in thermal cotting process conld
passibly be predicted by means of numernical computstion.
Haowever, the grain growth calcalation is not possible to be
executed osing defanlt numerical snalysis. Based on the
research findings. the following outcomes derived from this
study can be summarized as follows:

* (Grain growth prediction is an advenced nomerical sim-
ulation that could onty be performed through costom-
ized sirmelation using particular subroatines. The sob-
routines involved in this study were the programming
codes for comical heat soorce mode] which incloded MC
method. contour plotting of desired outpat, thermal cut-
ting implementation throogh activation and deactivation
of elements, as well a5 grain size calcolstion based on
Runge—Kutta fourth-order method.

* Based on the numerical analysis. thermal cvcle was found
i have an impact on the grain growth phenomenon. Far-
thermare, the refizble caloulated grain size obtaimed from
the numerical compatation proved that the compiled cos-
tomized subroutines were snccessfully implemented o
predict the grain growth behwvior.,

* There were little differences in distributions of grain size
estimated through both numerical analyvses. However,
the probabilistic method predicted closer to the actual
grain size valoe at the specified node as compured to the
deterministic method. Therefore, grain growth prediction
could be better performed through probabilistic anabysis.

e (irain size prediction echieved via probahilistic method
provided with higher accuracy in which the percentage of
ermor was less than 106, Even though the deterministic
method ended op with a stightly higher perocentage of emar,
it still mannged to prowvide good prediction with the acco-
racy of more then 85%.

= The different predictions produced by probabilistic enelysis
occorred gs 8 result of implementing MC method which
considered the verintion of inpot power paremeter along
the simulation process, where the varistion was provided
of random numbers that wes genersted using simple ran-
dom nomber generator.

s Moreover, the factors that could lesd to result deviations
might be cansed by chemical composition, matenal proper-

ties, prometrical size. theoretical model. and approxima-
fiom method.

Appendix
In this numerical analysis, the subroutine algorithm execoted
for computing the gram growth can be expressed as follows:

Algorithm 1. Algonthm of metdlurgical amslysis fir calculating graim
L

I: procedione grain size cakenlation

¥ i Sel the mitial graim sine, .

i Apecify the limil empematures fior szleciing grain boumdasy
muthifify, Ml value.

d: Aszign the parameters of current iemp as A1} and maxi-
mum kemp as A3).
Axzign the parameter of previous grain sixe as 8102
Indtiadize the grin calcuintion by setting the siorting valies
fior the parmmeien.

I iternfion = |
Hepeal

o: Define the maximuom lemperaiune, A1 5],

LIS il the ciement lemperaiire, A1) is between Emp] and
Lempl

11: Select relevomt ML, by referming to Table 2

12 Calcaluse gron sive using Equation (15) hased on Equa
timm [T}

13: elie i the cuarrent temmperaiire, Al ) is between emp2
mnid berepd

14: Selace relevam MO, by referning o Tahls T

15 Calculate graim sirs psing Equation (15) hased on Egqua-
tiim [ 1],

1 else il the carrenl temperature, A1} is between tempd
ol pEsmpel

17 Select relevani MO, by referring to Tabls 2.

1 Calculate gmin stte wsng Equation (15) hased on Bt
B [ 14].

1% ehue il the corment (empemtures, 81001} is greater (han empd

Fo | & Select relevam M, by referming i Table 2

21z Calcalate gramn size odng Eguanon (15 based on Egun-
timm [T}

¥ i elie i the cuarrent tesmpemaiire, Al )} is lower than t=mp]

23: Mo pradn grivacth.

- e

75 Cirmin si7e i same o the initial size.

2hc emd il

¥ itemtion +— iembon + 1

2K uwntil the maxirmum mumber of ileratiom is completed

e end procedome
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