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Abstract 
 
The process of shaping flat sheets of metal into necessary shapes without any flaws is known as sheet metal making. 
Nowadays, there is a growing demand for micro goods and microdevices due to the popularity of miniaturization across 
many industries. The manufacturing method known as micro forming creates tiny components for various engineering uses. 
Micro-forming can be found in a variety of fields, including automotive, biomedical, and aerospace engineering. Whenever 
the sheet material’s thickness corresponds to ingrained length distribution of the material being used during the micro-
forming process, the deformation behavior is different from what is anticipated for the macroscopic sheet material. A 
material's ability to be formed is one of the crucial processes, and one of the crucial parameters for determining a material's 
formability is its forming limit curve or as forming limit diagram. The purpose of this study is plotting Forming Limit 
Curve for SS316L biomaterial using numerical simulation and experimentation. For the purpose of determining the forming 
limit curves, a controlled experiment of thin SS316L sheet of 60 µm thickness with different angles in relation to rolling 
directions (0°, 45°, 90°) is conducted in the present research. In accordance to ASTM-2218-14 standard test, Nakajima test 
for micro-forming is done using a specimen of uniaxial, uniaxial intermediate, plane, biaxial intermediate and biaxial strain 
paths to measure limiting strains. The limit diagram for SS316L is formed using the numerical software Simufact Forming 
V15, and the findings are then compared with the Nakajima test. The comparisons between the experimental method with 
the numerical simulations show good accordance. To examine the physics of the sheet, micro structural studies are also 
carried out on the test object both prior to and after forming. It was shown that FLC produced by numerical simulation are 
designed to be 5% to 12% less than experimental work and are safer. The microstructural study explains the characteristics 
of the sheet. 
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1. Introduction  
 
Sheet metal forming refers to a procedure that involves 
applying force onto metallic sheet in order to form into 
desired shape. While forming process, the sheet may be 
twisted, stretched, and moulded in a variety of complex forms 
[1]. A force is applied during this process, causing the material 
to deform plastically. The sheet may therefore be stretched, 
bent, or distorted into various kinds of forms. Sheet metal 
forming is extensively utilized in the aerospace industries, 
automotive industries, home appliances, biomedical fields 
and a variety of different industrial domains that demand an 
accurate forming process [2]. The following Fig. 1 describes 
some metal forming techniques: deep drawing, stretch 
forming, shearing, bending, etc. 
 

 
Fig. 1. Sheet Metal Forming Processes 
 

 During the forming process, a sheet is compressed 
through the chamber of the die, that is used to mould metal 
into shapes like cups. Deep drawing is a metal sheet forming 
technique in which a sheet metal blank is mechanically pulled 
radially through a forming die by the action of a punch. As a 
result, it is a shape modification process with material 
retention. In this process, a flat metal plate is stretched in 
some regions to generate a cup shaped hollow or concave 
shape. The edge of the workpiece is linked to the form, 
whereupon the punch is forced into the metallic sheet. 
 The primary goal is understanding the formability of the 
material chosen, correlating the experimental and numerical 
investigations and evaluating the microstructural behaviour of 
the material. 
 Because of its greater throughput, higher material 
utilization, and superior characteristics, the micro-forming 
technique is a viable way of manufacturing micro-parts, 
particularly in the fields of electronics, energy, and medical 
applications[3]. The intrinsic length scales of the sheet 
material used in micro-forming may be on the order of one of 
the sheet metal's dimensions. Along with other mechanical 
characteristics of the sheet metal, the forming behaviour will 
be impacted by these conflicting length scales. The macro 
forming method and its parameters may not be directly 
applicable to the micro forming process due to size effects [3]. 
 The effective formability limit of a metal sheet is reflected 
in its formability. Because metal sheet formability is limited, 
each material's specific formability should be assessed before 
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manufacturing the components. Such a formability constraint 
prevents the deployment of arbitrary size in the formed 
portions of the pieces. As a result, a measure must be used to 
estimate a safe range for deformation values below which no 
failure will occur[4]. 
 Such a metric may be used to characterise the formability 
of sheet metal to prevent failure, and it is known as the 
forming limit diagram (FLD), that includes the safe, critical, 
and failure zones. The FLD is the most widely used criterion 
for predicting sheet metal formability and the likelihood of 
successful or unsuccessful sheet metal forming operations[4]. 
A key tool for evaluating sheet metal forming is the forming 
limit diagram (FLD) or forming limit curve (FLC). A 
graphical depiction of major strain as well as minor strain at 
each point on a component is a forming limit diagram. As 
shown in Figure 2, the green dots represent the strains for the 
forming curve while the red line curve depicts the strain paths 
in the forming curve. 

 
Fig. 2. Schematic diagram of FLC[5] 
 
 
 Analytical, numerical, and experimental are the methods 
which can be used to plot the limit curves. Sheet metal has a 
very narrow thickness range of 0.1 to 5 mm, with the majority 
of sheets used for forming operations having a thickness of 
less than 1.5 mm; hence, surface strain has a significant 
influence on strain measurement. Surface strain measuring is 
a challenging challenge as well. To identify surface strain, 
several grid patterns are put on the sheet[6]. Because of its 
simplicity, grid marking is one of the most routinely used 
strain measurement methods for strain analysis in sheet metal 
forming operations. The method of grid marking involves 
printing line patterns at the desired location on a blank of 
sheet metal.[7] In the experimental technique, a grid of tiny 
circles with a centre-to-centre spacing in the same range and 
a diameter of 1 or 2 millimetres are printed on a blank surface. 
The circle will be transformed into ellipses depending on 
strain routes throughout the formation process. Major and 
minor strains may be estimated from these ellipses, and if 
surface strains are known, thickness can be determined using 
the volume constancy principle [1]. The out of plane 
experiment (e.g., Nakajima test), during which a sheet metal 
sample is secured within circular dies and stretched using a 
hemispherical punch, is one of the most renowned tests to 
achieve the FLD experimentally. Under all the deformation 
paths, it is discovered that as the punch diameter increases it 
leads to the increase in the failure plastic strain. Also, the 
failure plastic strain reduces as the deformation speed 
increases[8]. The region of potential necking failure (unsafe 
zone) is shown by the FLD as a curve across the critical 

combination of the major and minor strains of a component 
which is undergoing deformation. Different strain ratios, from 
uniaxial compression to equibiaxial tension, would be plotted 
on the FLD. [4]. 
 When the feature size of a component is decreased to less 
than 1mm, a phenomenon known as size effect occurs, 
causing traditional forming process knowledge in regards to 
empirical as well as analytical know-how to be inapplicable 
in the micro-forming environment. Many efforts have been 
made to demonstrate that material behaviour at the micro-
scale differs to the macro-scale[9]. Hence, the aim of this 
study is to perform experiments at micro level i.e., 60 microns 
thickness. There are three types of scale effects: density-
based, shape-based, and texture-based. Micro-friction, the 
size of the grain, the orientation, its thickness, tool geometry, 
the spring back effect, the coarse grain effect, and many other 
factors influence these final two categories.[10]. The 
material's grain size has a significant impact on the material's 
formability. More or larger grain size, means reduced 
formability. The material's ideal grain size, which is between 
10 and 11 µm, exhibits higher formability attribute. When a 
material with a larger grain size is deformed dislocations 
move more easily than when a material with a lower grain size 
is deformed. Because less force is required and there are fewer 
grains, larger grain-size materials fail much faster than 
smaller grain-size materials[9]. All materials' measurements 
of grain size demonstrate that the grain size is about in the 
same region. A metallographic microscope is utilized for 
identifying faults in metal surfaces as well as to assess grain 
boundaries, grain size, and phase analysis. 
 This study intends to demonstrate the capacity of Bio-
material Stainless Steel (SS316L) to develop using one of the 
inquiry methodologies, FLC. In the current study, the 
thickness of the biomaterial employed is 60 µm. 
 In this research, forming limit curves were drawn using 
the ASTM-2218-14 Limiting Dome Height Test[11]. The 
specimens used are uni-axial, uni-axial intermediate, plane, 
bi-axial intermediate and bi-axial strain pathways. Micro 
forming experimental setup is devised and developed. Limit 
dome height tests on 60 µm thin SS316L sheet were done for 
three distinct orientations for rolling directions (0°, 45°, and 
90°). In comparison to rolling directions of 45° and 90°, thin 
foil with a 0° rolling direction provides a higher safe zone. 
Foil has the smallest safe zone when rolling in a 90° direction 
[12]. All three orientations were chosen to investigate the 
influence of rolling direction upon formability. In a similar 
way the procedure has been numerically simulated using 
Simufact Forming software and limit curves have been 
formed for three distinct orientations for rolling directions 
(0°, 45°, and 90°). 
 
 
2. Materials and Methodology 
 
For industrial micro forming applications, knowing the 
process's limiting factors is crucial. The unique properties of 
the micro formation may be connected to the limiting 
factors[13], [14]. 
 Size effects are well known to play a vital part in micro 
forming techniques, as well. When handling microscale parts 
or work-pieces, several unanticipated alterations happen as a 
result of size effects. Investigations and evaluations of each 
material utilised in any microform-related process, especially 
microstamping, must be regarded as crucial to fully 
understand their behaviour and relate it to the process [15], 
[16]. 
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To investigate the influence of foil thickness on the 
forming behaviour of SS316L austenitic stainless steel, 
economically feasible foil about thickness of 60 µm was 
employed. Table 1 shows the chemical composition of this 
material. 
 The human body uses biomaterials in many different 
places, including hip and knee joints, Oro dental structures, 
artificial heart valves, artificial shoulders replacement 
implants, and artificial knee and elbow joints[17]. 
 Particularly titanium alloys, Co-Cr alloys, along with 
stainless steel alloys are frequently used as materials for 
orthopaedic implants. Due to its superior resistance to 
corrosion, good mechanical qualities, ease of fabrication, and 
low cost in comparison to titanium alloys, stainless steel 316L 
has emerged as one of those most frequently utilised 
biomaterials in the implementation of implants[18], [19]. 
 SS-316L has a higher molybdenum concentration 
compared with other chromium-nickel austenitic stainless-
steel alloys, which enhances corrosion resistance. 316L 

stainless steel has long been a popular alloy in most implant 
sectors, including cardiovascular, dental, orthopaedic, and 
otorhinolaryngology. Because of its ability in replacing the 
functions of hard tissues, it is suited in bone fixation process 
like plate, screw as well as artificial joints in the orthopaedic 
sector. It consists of electronics, pharmaceuticals, 
automobiles, medical implants such as pins, screws, and 
orthopaedic implants as like the replacements in hips and 
knees. The higher the percentage of Cr, the better the 
corrosion resistance and as a result, this material is well suited 
for use in the biomedical industry. 
 Also, for the chosen material at thickness 60 µm, research 
work is yet to be done. Secondly, the thickness 60 µm is 
selected as for biomedical materials such as SS316L, forming 
limit curves are not available for thin foils below 100 µm. It 
has been noted that in all research, the formability and 
forming processes were examined on a macro scale i.e., more 
than 100 µm. 
 

 
Table 1. Chemical Composition of SS316L 

Element Fe Cr Ni Mo Si Mn Co P S C 
Content 
(% wt.) 

67.690 16.630 10.850 2.00 1.28 0.38 0.21 0.045 0.03 0.018 

 
 
2.1 Specimen Preparation 
Screen printing was used to create SS316L specimens with a 
circular grid, as illustrated in Figure 4. The circular grids are 
printed straightaway on the metallic sheet with help of 
suitable ink resistant to the process of metal forming in this 
approach[20]. The thus produced circle measures 01 mm in 
diameter, and there is a 02 mm center-to-center distance 
between adjacent circles. During micro forming, those circles 
are going to deform to an elliptical shape; deformations are 
monitored in the main and minor axis directions for plotting 
the FLC [21]. The sheet is then cut into the desired forms 
making use of Wire-Cut EDM in accordance with the ASTM 
E2218-14 standard. WEDM is a very precise technique that 
results in excellent precision and a high level of surface 
polish[22]. The machine method aids in lowering the 
material's overall stress concentration [23]. Because the 
specimen is already small, any other method of obtaining the 
form will result in a stress concentration region at some point 
[24],[25]. If there is a concentration of tension in one location, 
the results achieved will be impeded; hence, this procedure is 
applied [26]. Figure 3 depicts the tensile specimens cut by 
WEDM in mentioned rolling orientations. 

 
Fig. 3. Tensile specimens in Rolling directions (0°,45°,90°) 
 
 Throughout the rolling process, the material experiences 
plastic deformation, which causes the grain structure to start 

elongating in the rolling direction. The rolled material's 
mechanical properties are anisotropic as a result of this 
occurrence, with higher stiffness along the rolling direction 
than the transverse direction. The anisotropy is thus defined 
in relation to rolling direction as r’ = !!"#!"#"!$!

$
[21]. Where, 

𝑟%, 𝑟$&, 𝑟'% are the rolling directions.  
 Three of the six produced specimens provide uniaxial 
strain paths, plane strain paths, and biaxial strain paths, while 
the rest of three provide intermediate paths within them. The 
total diameter of all the specimens is 10mm. The samples in 
the current research are produced in accordance with the 
Nakajima test, as demonstrated in Figure 5.  

  
a)                                                            b) 

Fig. 4. Circular grid preparation on specimen SS316L [21] a) Circular 
grids of 1mm diameter and b) Circular grids printed on sheet 
 

2.2 Experimental Investigation 
Experimentation began with the design and assembly of a tool 
setup [27] [28]. The tool is made up of two die sets, one upper 
and one lower, with a cavity in between to provide the 
pressure plates to be fitted into and room for the blank. This 
tool is uniquely constructed with a hemispherical punch with 
a diameter of 4mm and a diameter of 4.5mm in the die sets. 
Bolts are utilized to fasten the connection of top and bottom 
dies. The pressure plates are used for holding of blank in 
place. The blank is sandwiched among the pressure plates and 
the dies. To execute the Nakajima test, the entire tooling setup 
is installed onto the Universal Testing Machine (UTM) with a 
5.0 KN capability. Figure 6 depicts this tool configuration.  
During the studies, the crosshead speed is 2mm/min. 
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Fig. 5. Specimen preparation: ASTM E2218-14 standard 
 

 
Fig. 6. Experimental tool configuration 
 
 Six distinct specimens were subjected to the ASTM 2218-
14 norm, often known as the Nakajima experiment. As shown 
in Fig. 3, the specimens used for the experiment had already 
been screen-printed with a circular grid. During deformation 
phase, each specimen is moved towards the creation of a 
single fracture. In this procedure, three trials for all six 
specimens of each rolling direction were carried out. The 
average value of the major and minor strains of three trials is 
taken. To boost the accuracy, major and minor stresses were 
measured wherever the fracture was evident using a vision 
measuring device. The measurements were taken precisely 
where the necking had happened. Minor strains were 
anticipated by evaluating minor axis nearby necking area, 
while major strains were anticipated by evaluating major axis. 
Major along with minor strains were established using a 
simple formula that defines strain as a ratio of length change 
to original length. This aids in the representation of the FLC 
of the material. The experiment concluded in each of the six 
strain paths, as seen in Figure 7. The specimen's dome 
structure has a minor crack, which clearly shows ductile 
failure. 

 
Fig. 7. Formed Samples after Nakajima Test for all strain paths 
 
2.3 Tensile Test 
A tensile test truly necessary to document the material's 
characteristics. The tensile test results provide information 
about the material's properties that includes its tensile 

strength, elongation %, yield stress, also the peak load. This 
information needs to be provided for inputs for the simulation 
software to do the numerical analysis. The tensile test 
specimen is developed in accordance with the ASTM standard 
E8/E8M − 13a [29] showed in Figure 8. 

 
Fig. 8. Standard Tensile Test Specimen as per ASTM standard E8/E8M 
− 13a [29] 
 
 To decrease stress concentration, WEDM is utilized to 
prepare specimen for the tensile test. This test was performed 
on a 5.0 KN UTM machine equipped with a custom fixture 
developed for holding the specimen. The tensile test was 
performed over constant velocity of 9 mm/min. Fig9 depicts 
the tensile test conduct of a 60 µm SS316L thin foil. The 
material’s mechanical properties were determined by the test's 
conclusion. 

 
Fig. 9. Tensile Test on SS316L thin foil 
 
2.4 Numerical Investigation 
A numerical simulation of strain distribution and blank 
dimensions can be helpful in making a precise prediction of 
deformation. Through the use of finite element analysis, 
numerical platforms have become the most used tools. This 
will provide process insight without requiring immediate 
testing.  
 
2.4.1 CAD Modelling 
In the CAD software, models of the tool itself and blank are 
created. Autodesk Fusion 360 software was used in the CAD 
design of the punch, die and the specimens used for the 
experimental work. Fig10 shows the CAD model of the tool 
setup used for simulation. 
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Fig. 10. CAD model of tool setup 
 

2.4.2 Finite Element Modelling 
Using a pre-processor, boundary conditions have been 
described plus documented in an information database. The 
boundary conditions used are symmetry lines or clipped 
edges. Plastic strains have been taken into account since 
plastic deformation is always present during forming. The 
ductile damage criteria were applied. The material parameters 
and data supplied to the software, including density, yield 
stress, Poisson's ratio and FLD damage criterion, were 
imported through the tensile test. As a result, in this study, 
Simufact Forming software was used for the numerical 
simulation. Simulated strain paths include bi-axial, bi-axial 
intermediate, plain, uniaxial intermediate 1, uniaxial 
intermediate 2 and uniaxial. Simufact Forming's database has 
a wide range of materials. New user-defined materials, on the 
other hand, may be provided to the database. Here, both major 
and minor strains were taken into consideration as outcomes. 
Fig. 11 displays the FE model of the tool for simulation of 
Biaxial strain path in 0° rolling direction. 
 

 
Fig. 11. FE model of tool setup for Biaxial strain path in 0° rolling 
direction 
 
 The Nakajima test parameters for the Biaxial strain path 
in 0° rolling direction are presented in Table 2. 
 
Table 2. Test Parameters for Nakajima Test Simulation 

Hemispherical Punch 
Diameter 4.00 mm 

Bottom Die Inner Diameter 4.25 mm 

Biaxial Specimen Material SS316L 
Biaxial Specimen 

Thickness 0.06 mm 

Velocity of Punch 2 mm/min 
Stroke for Punch 1.62 mm 

Friction Coefficient 0.1 
Element Type Hexahedral Sheetmesh 

Element Size of Blank 2 mm 
Rolling Direction of 

Specimen 0° 

 
Likewise, the FE models of the other strain paths in all three 
distinct rolling directions (0°, 45°, 90°) were created and the 
boundary conditions, material properties of the strain path 
specimens, mechanical properties and required information 
were used for the numerical simulation in Simufact Forming 
software. 
 
 
3 Results and Discussions 
 
All six specimens had their strain paths examined, and a 
vision measuring tool was utilized to evaluate the major as 
well as minor strains. Each specimen establishes a location on 
the graph that finally provides the material's FLC. During the 
Nakajima test, the specimen was transformed into a dome 
shape, and onsite necking was observed.  
 Figure 12 shows how circular dots on the specimens were 
turned into ellipses at necking. The most crucial areas for 
determining limiting strains are the circles at the fracture 
zone. Surface strain has been measured using the lengths of 
the major and minor axes of ellipses. An optical microscope 
was used to take the readings. 
 

 
Fig. 12. Deformed Sample 
 
 Equations (1) and (2) are applied in order to compute the 
specimen’s major as well as minor strain. 
 
𝑀𝑎𝑗𝑜𝑟	𝑠𝑡𝑟𝑎𝑖𝑛 = 	%&'()	&+,-	./0123	4	(),1,0&.	5,)5./	6,&%/2/)

(),1,0&.	5,)5./	6,&%/2/)
∗ 100       (1) 

 
𝑀𝑖𝑛𝑜𝑟	𝑠𝑡𝑟𝑎𝑖𝑛 = %,0()	&+,-	./01234(),1,0&.	5,)5./	6,&%2/)

(),1,0&.	5,)5./	6,&%/2/)
∗ 100      (2) 

 
3.1 Experimental Results 
The primary goal of experimenting is to produce and plot 
limit curves. Forming limit curves was developed based on 
testing for desired thickness and varied rolling directions. The 
region underlying the forming limit curve is regarded the safer 
zone for a certain thickness technique of forming, whereas the 
area over its forming limit curve is referred to the failure zone. 
Table 3 displays the values of all six strain paths of 60 µm 
SS316L sheet in three distinct directions of rolling (0°, 45°, 
90°) at the position of the crack in the sample. Figure 13 
depicts the FLC plotted for experimental procedure of all 
strain paths in different rolling directions (0°, 45°, 90°). It has 
been shown that failure limit curves for higher major strains 
are produced by orientation about 0° to the rolling direction. 
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Table 3. Experimental measurement of strain paths 
Rolling 

Direction Specimen  Minor 
Strain 

Major 
Strain 

0° 

Uniaxial -0.1479 0.4713 
Uniaxial Intermediate I -0.0970 0.3265 
Uniaxial Intermediate II -0.0692 0.2173 

Plane 0.00459 0.1409 
Biaxial Intermediate 0.1113 0.3685 

Biaxial 0.1707 0.4692 

45° 

Uniaxial -0.1257 0.4644 
Uniaxial Intermediate I -0.082 0.3065 
Uniaxial Intermediate II -0.054 0.1623 

Plane 0.00469 0.1099 
Biaxial Intermediate 0.1116 0.3385 

Biaxial 0.1711 0.4429 

90° 

Uniaxial -0.1235 0.4774 
Uniaxial Intermediate I -0.092 0.3061 
Uniaxial Intermediate II -0.0589 0.1573 

Plane 0.00437 0.0809 
Biaxial Intermediate 0.1064 0.3285 

Biaxial 0.1693 0.4809 
 

 
Fig. 13. Forming Limit Curve by Experimental method of SS316L 
 
 From the above experimental results for all the three 
rolling directions, it has been observed that, for the SS316L 
foil, 0° rolling direction has higher safer zone compared to the 
45° and 90° directions.  The foil with 90° direction has the 
least safe zone. 
 
3.2 Numerical Results 
Figure 14 shows both major and minor strains accounting of 
all strain paths according to each of the rolling directions (0°, 
45°, 90°) for a 60 µm foil specimen.  

The results are depicted in Table 4. This data has been 
used to generate limit curves. Figure 15 depicts the FLC 
plotted for numerical simulation of all strain paths in different 
rolling directions (0°, 45°, 90°). 

 
Table 4.Numerical Simulation measurements of six strain 
paths 

Rolling 
Direction Sample Type Minor 

Strain 
Major 
Strain 

0° 

Uniaxial -0.1338 0.4407 
Uniaxial Intermediate I -0.0931 0.3068 
Uniaxial Intermediate II -0.0663 0.2006 

Plane 0.00441 0.1231 
Biaxial Intermediate 0.1042 0.3345 

Biaxial 0.1574 0.4490 

45° 
Uniaxial -

0.11513 0.4379 

Uniaxial Intermediate I -0.0750 0.2884 
Uniaxial Intermediate II -0.0580 0.1811 

Plane 0.00454 0.0979 
Biaxial Intermediate 0.1011 0.3178 

Biaxial 0.1521 0.4296 

90° 

Uniaxial -0.1121 0.4362 
Uniaxial Intermediate I -0.0911 0.281 
Uniaxial Intermediate II -0.0622 0.1455 

Plane 0.00427 0.0767 
Biaxial Intermediate 0.0995 0.3142 

Biaxial 0.1574 0.4511 
 

 
Fig. 14. Major and Minor Strains for all strain paths 
 
  

 
Fig. 15. Forming Limit Curve by Numerical Simulation of SS316L 
 
 The numerical simulation findings for all three rolling 
directions show that the 0° rolling direction has a larger safety 
zone than the 45° and 90° directions for the SS316L foil.  The 
foil with a 90° angle has the smallest safe zone. 
 
3.3 Microstructural Study 
An optical microscope was used to analyse the 
microstructure. It is required to prepare the specimens before 
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utilising optic and scanning electron microscopy. Wire cut 
machining process in the defined rolling directions was used 
to cut the samples. The samples' surfaces were polished 
afterwards utilizing a Selvyt cloth for lapping and colloidal 
silica gel after their grinding with fine paper of an 800-grit 
size. Lastly, electrolytic etching was performed by immersing 
in a 10% oxalic acid dissolved in a H2O solution for 30 
seconds at 15 Volts for the optical microscope observation. 
The microstructural image of SS316L specimen is shown in 
Figure 16. 
 

 
Fig. 16. Microstructural image of SS316L 
 
 The measurement of grain sizes and phase analysis are 
carried out using image analysis software, as illustrated in 
Table 5 and Table 6. The granular size of SS316L was 
examined according to ASTM - E 112-13/E 1382-97 standard, 
which measured 10.24 µm. 
 
Table 5. Grain size measurement of SS316L 

Parameter Value 
ASTM Grain Size 10.24 
Single Field Area 0.82 mm2 

No. of Fields 1 
 
Table 6. Phase analysis of SS316L 

Parameter Value 
Austenite (γ) 79.65% 

Delta – Ferrite (δ) 20.35% 
 
 The phase analysis was done in compliance to the ASTM 
- E562-11 standard, and it was discovered that austenite (γ) 
and delta-ferrite (δ) phases have been identified in the 
microstructure, with austenite accounting for 79.65 % & 
delta-ferrite accounting for 20.35 %. 
 Based on the microstructural analysis carried out, it can 
be stated that that a material's strength is lower when its grain 
size is larger than it is when it is smaller. And as a result, 
reduces the formability of the material. In this research, the 
average grain size is found to be 10.24 µm which is an ideal 
value which lies within the range of 10-11 µm. 
 
 
4 Comparison of both methods 
 
The following Fig. 17, Fig. 18 and Fig. 19 for a 60 µm sheet 
show how the two techniques compare to one another. It is 

clear that the numerical technique produces results that are 
almost identical to the experimental data. 
 In experimental work, the plane strain for 60 µm with 0° 
rolling direction was determined to be 0.1409, whereas the 
numerical technique found it to be 0.1231. This demonstrates 
that the FLC obtained through the experimental technique is 
greater than the FLC obtained using the numerical simulation 
method. Numerical FLC appears to be lower for SS316L, 
ensuring a safer design. The experimental area provides a 
safer region. 
 

 
Fig. 17. Comparison of FLC: Experimental and Numerical 
 
 During experimental work, the plane strain for 60 µm 
sheet with 45° rolling direction was determined to be 0.1099, 
whereas the numerical technique found it to be 0.0979. This 
demonstrates that the FLC obtained through the experimental 
technique is greater than the FLC obtained using the 
numerical method. Numerical FLC appears to be lower for 
SS316L, ensuring a safer design. The experimental area 
provides a safer region. 

 
Fig. 18. Comparison of FLC: Experimental and Numerical 
 

 
Fig. 19. Comparison of FLC: Experimental and Numerical 
 

 In experimental work, the plane strain for 60 µm with 90° 
rolling direction was determined to be 0.0809, whereas the 
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numerical technique found it to be 0.0767. This demonstrates 
that the FLC obtained through the experimental technique is 
greater than the FLC obtained using the numerical simulation 
method. Numerical FLC appears to be lower for SS316L, 
ensuring a safer design. The experimental area provides a 
safer region. 
 

5 Conclusions 
 
The paper covers the micro-forming procedure, the forming 
limit diagram, and the SS316L material employed. The 
material SS316L is employed in several biomedical fields. 
Using an experimental and numerical technique, forming 
limit curves are drawn. Experimental research employed the 
hemispherical punch test. The experiment is carried out in 
three distinct rolling directions. To determine the mechanical 
characteristics of the material that is to be used in the 
simulation, a tensile test is conducted on the material. 
Simufact Forming is used for the numerical simulation. 
Comparative of FLC from simulation and experimental work 
is carried out. Utilizing an optical microscope, 
microstructural analysis is observed to understand the 
behaviour of the material. The behaviour of the material is 
further studied using grain size analysis as well as phase 
analysis. To better understand the behaviour of formability, 
materials are subjected to microstructural investigation. It has 
been effectively proven that the experimental work for the 
behaviour of ductile damage and deformations has a high 
safer region. It is possible to conclude from experimental 
method as well as numerical simulation of SS316L thin foil 
sheet that, 
 

1. Using six distinct strain paths, the FLCs for the 
micro-forming behaviour of SS316L are effectively 
plotted. This broadens our understanding of the 
forming process. 

2. The SS316L foil with a 0° rolling direction offers a 
larger safe zone than the foil with a 45° or 90° 
rolling direction. 

3. The numerical simulation model for modelling 
deformations and ductile damage behaviour has 
been effectively put together. 

4. The comparable behaviour of the Forming Limit 
Curves displayed numerically and experimentally 

shows that the numerical model created provides 
extensive insight into the physical aspects of the 
process. 

5. By plotting FLD, this study sets a significant 
standard that will aid researchers in part design & 
micro forming manufacturing, notably regarding 
biomedical applications as well as other uses of 
SS316L. 

6. Study has been done on the microstructure analysis 
for the micro forming and the grain size, phase 
analysis has been evaluated. 

 
 As a result of the foregoing conclusions, it is clear that 
having a material with the suitable composition is crucial for 
producing a high strength. In order to develop an implant 
material with the best possible qualities, it is important to 
thoroughly understand how each element affects phase 
transformation and the resulting microstructure. 
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