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Abstract In this study, the austenitic grain size in bead-on-plate heat-affected zone
(HAZ) are predicted as grain size has been widely known as an important factor
affecting the deformation mechanism of materials, its microstructures and mechan-
ical properties. At the first stage, a numerical model of bead-on-plate process using
Goldak’s double ellipsoid heat source model is used to assess the temperature distri-
bution during and after welding of austenitic stainless steel SS316L filler wire and
plate. The numerical computation is conducted based on temperature-dependant
materials properties using commercial FEM software MSC Marc/Mentat with user
subroutine. Further, a numerical model is developed by using ordinary differential
equation (ODE) for calculating the free grain growth algorithm combined with the
presence of growing precipitates. The initial grain size (D) value was obtained from
optical microscopy observation while other values such as modified kinetic constant
(Mp) and activation energy (Q,) are defined through experimental investigation with
various temperature ranges and holding times. It can be concluded that the austenite
grain growth prediction algorithm during the bead-on-plate welding thermal cycle
was successfully executed. As the outcome, grain sizes were predicted and compared
with experimental investigation.
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1 Introduction

The microstructure and mechanical properties of the heat-affected zone (HAZ) of
welded metal is significantly affected by the continuous welding heat input. This will
affect the grain structure that affects the strength, toughness, ductility and corrosion
resistance of the alloys [1]. The high operating temperature leads to change of grain
size. Therefore, the attempt to predict the grain size is crucial to evaluate the effect of
grain growth to degree of sensitization (DOS) as the inverse co-relationship of grain
size and DOS was conclude in [2]. The modelling of the microstructural changes
within the welded parts are the upmost important for engineers to save time and
cost of fabrication. It should be noted that certain software, based on thermal and
metallurgical modelling have been developed to predict the grain size at HAZ’s
in multipass welding and their effects on mechanical properties. The objective is
to predict the changes in the material properties especially the grain size and if
applicable used the numerical simulation for additive manufacturing application.
Thus, it is important to distinguish the temperature-dependant material behavior
value that is affecting the grain size directly.

Due to its good weldability, corrosion resistance and adequate high temperature
mechanical properties, austenitic stainless steel (ASS) is used in different indus-
tries, such as petrochemical, shipbuilding, and nuclear industries. These steels are
non-magnetic, stable at room temperature, and cannot be hardened by heat treat-
ment [3, 4]. In recent years, significant contributions have been made to predict the
grain behaviour of surface treated component rather than welded components using
simulation software [5—7]. As a preliminary investigation towards grain behaviour of
welded components using simulation software for welding process, material informa-
tion is very important as grain behaviour is highly dependent on the material chemical
composition. Different technique and models have been employed to simulate arc
welding process with various physical phenomena was observed and predicted. H.
Jamshidi have investigate the grain growth kinetics of SS304 to predict the grain
size [8]. Investigation of grain size after Gas Metal Arc Welding on dissimilar mate-
rial SS304 and SS316 (filler) has proven that alloy segregation and prolong cooling
time also generate coarse austenite grain structures next to the sensitized region at
the fusion zone, and it became weaker than the surrounding structure [9]. Thus, the
prediction of the grain size will focus at the HAZ zone as it is the area adjacent to
the weld that was heated high enough to affect its microstructure but not enough to
melt it. By undergoing microstructural changes, the HAZ has different mechanical
and physical properties than the weld and the adjacent base metal.

In this study, an attempt has been made to estimate the grain size at the HAZ of
bead-on-plate using similar material SS316L for base plate and filler wire. Grain size
of SS316L has been experimentally determined to obtain the preliminary modified
kinetic constant (M,) and initial grain size (G,) of the said material. Then, a subrou-
tine for MSC Marc/Mentat grain size calculation have been developed based on the
average grain size in free grain growth algorithm.
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2 Numerical Computational and FEM Simulation

2.1 Numerical Computation for Grain Growth Prediction.

The grain size behaviour of type 304 stainless steel in low cycle fatigue at elevated
temperature was investigated by Yada based on the smooth specimens with various
grain sizes [10]. As default the grain size calculation within MSC Marc/Mentat
are based on Yada’s model is more suitable for forming process as the temperature
range is within the cold and hot forming region. As welding process temperature
is at an elevated temperature higher than material melting temperature range, the
yada grain size model is deem unsuitable for predicting the grain size of multi-layer
welding process. However, the capability to use a different analytical modelling of
grain growth is available by developing a grain size prediction subroutine integrated
within MSC Marc/Mentat software. As such, there is a need to implement a new
mathematical model to simulate this phenomenon. The mathematical model for low
carbon stainless steel grain growth has been selected from [11-13]. Since the HAZ
is heated to temperature approaching the solidus temperature of the alloy, many
precipitates that are present in the base metal may dissolve. Carbides and nitrides
are the most likely precipitate form in the HAZ of austenitic stainless steel [14, 15].
This preliminary investigation focuses on the grain growth in the absence of alloying
elements/precipitates (free grain growth) as the welding process duration is short
thus carbide precipitate didn’t accumulate at the grain boundary [16—18].
General equation for grain growth.

1
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where

M  Modified kinetic constant (Lm?s™").
Qupp Activation energy (kJ mol™").

R Gas constant (8314 J K~! mol™!).

T Absolute temperature (K).

g Average/initial grain size ()um).

The gy, value depends on the different cases.
The grain growth in the absence of alloying elements/precipitates (free grain
growth),

where

ro Initial radius of precipitate (Lm).
fo Initial volume fraction of precipitate.

Ziim = 00, due to gim' = k2
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Table 1 Data used for type predicting SS316L grain size
n Qupp kI mol™") | AH (kI mol™") | Q4 (kI mol™") | Do (um) | M, (pm?s~1)
0.5 | 224" 60" 240™ 11.1° 2000 x 1097

*Value obtained from experiment; “*Value obtained from miscellaneous sources; *** Value obtained
from experiment and are temperature dependent

LI Qa1 G-
ar Moo [ RT(t)][E} @

The implementation of the mathematical model is established by writing a user
subroutine to be used by the finite element analysis (FEA) software. The newly
developed grain growth model based on the models of Zener, Hellman and Hillbert
and Gladman estimate the limiting austenite grain size Dy, in the transformed parts
of the weld HAZ when the oxygen and sulphur contents of the as-deposited weld
metal are 0.04 and 0.01 wt%, respectively [7]. The grain growth model was suitable to
be used as the material selected was the same category as type 316 austenitic stainless
steel. The data used was compiled from miscellaneous source and experiment shown
in Table 1.

Towards finding the material parameters of grain size for SS316L austenitic stain-
less steels, a series of experiment has been conducted. A series of experiment with
different temperature range is needed to identify and verify the data used based on the
raw material used for the investigation. Firstly, the specimens as shown in Fig. 1 had
been through heat treatment process using DIL 805A/D quenching and deformations
dilatometers. This regulated experiment controls the exposed temperatures for the
heat treatment process were 1200 °C (peak temperature) with a holding time of 30 s.
Afterwards an epoxy mount has been used for the specimens. After 12 h, the speci-
mens were grinded by forcipol grinding machine. The specimens were polished for
better surface texture. Then a metallographic observation was conducted, the speci-
mens were etched with V2A solution for 10 min and consequently the grain size of
the 316 stainless steel specimens were defined.

Fig. 1 SS316L specimens
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2.2 FEM Simulation for Grain Growth Prediction
on Bead-On-Plate Using MSC Marc/Mentat

The thermo-mechanical simulation of the welding process is applied using MSC
MSC Marc/Mentat. The simulation is divided into 3 stages; preprocessing, solving
and post-processing. The general flow of the simulation is displayed in Fig. 2, where
the first seven stages are preprocessing followed by solving and post processing. The
chosen type of meshing is quad-mesh due to the geometric shape of the work piece
to be relatively simplified. Since not much strain and change of shape is expected,
using simplified mesh is done to save computing time and ease the modelling effort.

2.2.1 Geometrical Modelling

A schematic illustration of Finite Element (FE) models of bead on plate is displayed
in Fig. 3. To build the model as accurate as possible the entire FE model of bead
on plate components consists of a table (rigid solid), the substrate material (60 mm
x 140 mm x 4 mm) and weld beads was developed. A rectangular-shape model of
90 mm of length along with 6 mm in width was modelled as weld filler. Simulating the
experiment, the welding trajectory is located at the upper layer of the base plate. The
location and forces of the clamping conditions is important to be as identical to the
experiment also has been included in the simulation. This is important as clamping
conditions such as clamping location, clamping forces and clamping connection has

Geometric . . Define contact
modelling and Material selection e o

; ies : :
meshing and propertie interactions

Determine weld Defining boundary

path and DC
orientation condition

Creating load cases Results and post
and jobs for FEA processing

Fig. 2 General flowchart of simulation procedure using MSC Marc/Mentat [19]
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Fig. 3 FEM geometrical modelling

been previously studied will affect the distortion value of multi layered welding
process [20, 21]. Finer elements also have been considered along the welding HAZ
for research purposes.

2.2.2 Material Characterisation and Modelling

SS316L Stainless Steel has been used as the filler material, and the base plate mate-
rial to predict the grain size. The chemical composition of the plate was analysed by
Arc Spectrometer (Q4 Qantas) as stated in Table 2. In this simulation both thermo-
physical and thermo-mechanical material properties should be imported into FEM
simulation using existing database from the software library, but as SS316L mate-
rial wasn’t in the default database, it has been added manually by using JMATPro
software by using the chemical composition obtained from the physical experiment.
The mechanical and physical properties are as presented in Table 3.

Table 2 QMatrix analysis results for SS316L stainless steel plate (wt%)
C Si Mn P S Ni Cr Mo Fe

0.017 0.340 1.475 0.026 0.069 10.19 16.76 2.148 68.44
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Tablg 3 Mechapical and Properties Values

physical properties of SS316L
Yield strength (MPa) 25,000
Ultimate tensile strength (Mpa) 70,000
Poisson’s ratio (V) 0.275
Melting range (°C) 1390-1440
Modulus of elasticity (GPa) 200

Table 4 Welding parameters Welding parameters Value
Current, I (A) 172
Voltage, V (V) 20
Travel speed, v (mm/s) 5.0

2.2.3 Welding Parameter and Heat Source Model

Table 4 displays the parameters which are implemented on the commercial software
MSC Marc/Mentat. Therefore, the Current (I) and the Voltage (V) are considered
under the power equation. The assigned travel speed was based on the experimental
welding speed to have a more accurate model.

In a welding simulation using FEM, an important factor to be considered is the
heat source model. The Goldak double ellipsoid model is mostly used as the heat
source model in a typical simulation of an arc welding process as in Fig. 4. This
is due to its accuracy and reliability in representing the shape and distribution of
the heat flux proposed by Goldak et al. [22]. The heat input model is by no mean
constrained to the double ellipsoid. A thorough description of this heat source model

\ Front half ellipsoid
Rear half ellipsoid

Fig. 4 Goldak’s double ellipsoid heat. Source model
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Fig. 5 Bead on plate temperature distribution

can be found in [23]. The schematic of the heat source model is shown in Fig. 4. The
heat source parameters were obtained from previous studies [24].

3 FEM Simulation on Bead-On-Plate

3.1 Temperature Distribution

Temperature distribution of bead-on-plate process is presented in Fig. 5. The temper-
ature by previous studies suggest that the cooling time from peak temperature until
900 °C of the welding process is the most influential temperature for grain size
transformation [25, 26]. However, the grain size transformation has been calcu-
lated successfully by implementing a numerical model for predicting the grain size
transformation for various temperature specifically to understand the grain growth
behavior of austenitic stainless steel SS316L.

4 Results and Discussion

Grain size prediction using the numerical model has been conducted successfully for
various temperature range is shown in Table 5. The selected temperature for initial
temperature and final temperature were selected from previous studies related to
grain growth in welds.

Comparing the grain size in from the table above, it can be obtained that as the
material exposure to heat input increases with time the influence on grain size is
more obvious. The most preferable model will be from the peak temperature until
900 °C as the error percentage is within the acceptable range. As many previous
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Table 5 Grain size prediction

Initial temperature
(°C)

Final temperature
°O)

Final grain size
(jum)

Experimental
grain size (Lm)

Error percentage
(%)

Peak temperature | 900 25.6
(highest)

Peak temperature | 500 30.2
(highest)

Peak temperature | Cooling 38.8
(highest) temperature

(Tgs5) 800 500 16.5

232

10.34

30.17
67.24

28.2

researchers before indicating that the austenitic stainless steel grain growth rate will
increase rapidly with time and temperature but the short exposure time of elevated
temperature due to the selected bead-on-plate process has limit the opportunity of the
austenitic stainless steel to grow. At peak temperature range to cooling temperature
provides ample time for the grains to grow up, thus the grains size has obviously
increased. As alloying elements are added in the carbon steels, the grain growth
rate usually decreases due to the solute dragging effect of the alloying elements
segregated into austenite grain boundaries. If the alloying elements precipitate as
carbides or nitrides in austenite, the precipitates also lower the grain growth rate by
pinning the grain boundaries. The result from the selected temperature of Tg/s from
previous studies shows also a low error percentage, as the low carbon content in
SS316L didn’t permit the grain size to increase with enough time within the time
range. Grain coarsening will lead to adverse effects such as strength reduction, so
it is important to avoid significant grain grow in welding process. It is important to
note that as reported by Shu Xin and Shaoying, no chromium carbide was observed
after 100 h of 650 °C temperature exposure of heat treatment, this indicate that the
austenitic stainless steel with low carbon content [27, 28].

5 Conclusions

The main objectives of this research are to analyse the capability of MSC/Marc
Mentat FEM software with integrated subroutine in predicting the final grain size
of multi-layer welding process. The success of this basic investigation for bead-
on-plate process will allow the further step of predicting additive manufacturing
component grain size using the same material but within a more complex temperature
environment such as wire arc additive manufacturing (WAAM). Thus, the prediction
of the final grain size allows the prediction of the material strength even before the
fabrication occur to save time and cost. As WAAM is becoming more preferred
choice for fabrication due to its higher deposition rate suitable for bigger structure,
investigating the capability of FEM software to support the prediction of the material
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strength for additive manufactured component will be an advantage for engineers and
the industry. As conclusion, following contributions can be summarized.

1. The numerical analysis for bead-on-plate process final grain size of SS316L filler
wire and substrate material at the HAZ has been successfully executed.

2. The simplified bead model in rectangular form will allow reduction of the
computational time.

3. The well-known Goldak’s double ellipsoid heat source model can be improved
for rectangular mesh geometry to simulate multi-pass welding or additive
manufacturing.

4. The difference in temperature result might be resulted due to material inhomo-
geneity, parameters fluctuations etc.

As further recommendations, following suggestions are to be proposed:

1. Rectangular heat source models should be investigated to reduce the computa-
tional time while maintaining an acceptable value of percentage error.

Other material final grain size model should be explored within the same cate-
gory and compared to better understand the austenitic stainless-steel grain growth
behaviour.
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