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ABSTRACT 

This study was conducted with the aim of establishing a simulation method that 

corrects the scaling factor in order to improve the accuracy of the simulation software 

in the additive manufacturing process of Maraging Steel C300 powder material. For 

this study, two studies were conducted to achieve the aims. First, the shape of the 

Additive Manufacturing sample was analyzed through literature investigation on the 

existing Additive Manufacturing simulation research. And the sample shape for 

Additive Manufacturing simulation of this study was selected from the analyzed result. 

Second, based on the selected sample shape, the scaling factor was corrected through 

the manufacture and measurement of Additive Manufacturing samples and iterative 

simulation. The procedure for calibration of the scaling factor was performed through 

the manufacture of an AM sample, measurement of deformed distortion and iterative 

simulation, based on the selected cantilever beam shape. For the manufacture of the 

Additive Manufacturing sample, the C300 powder material of Maraging Steel and 

Powder Bed Fusion method equipment were used. The distortion measurement of the 

manufactured Additive Manufacturing sample was performed before and after removal 

of the support according to the simulation purpose. The parameters for powder 

materials and equipment required for sample manufacture were applied from the 

optimized environment provided by the manufacturer. All parameters for the powder 

material and equipment used to prepare the Additive Manufacturing sample were 

applied equally to the scaling factor simulation. Simulations for scaling factor 

correction were performed for Assumed Strain mode, Thermal Strain mode and Pattern 

Scanning mode respectively. In addition, the Pattern Scanning mode simulation was 



 

 

performed for the scanning (starting and rotating) angles of 0°, 90° and 67° respectively. 

Distortion was measured from each simulation result and the scaling factors SSF and 

ASC were calculated. These simulation and calculation process were repeated until the 

distortion error was less than 1%. The scaling factors SSF and ACS for the cantilever 

beam in this study are as follows: First, the correction value SSF of the optimized shape 

in the assumed strain and scanning mode is 15.89, while in the thermal strain mode, the 

SSF is optimized value is 8.3892. (at point A) Second, the correction value 𝐴𝑆𝐶∥ and 

𝐴𝑆𝐶⊥ of the optimized shape in the scanning mode is both 1, and the value of 𝐴𝑆𝐶∥ =

1.0048,𝐴𝑆𝐶⊥ = 0.9952in the thermal strain mode respectively. (at point A) Third, the 

correction value SSF of the optimized shape in the assumed strain mode is 33.41 scan 

pattern mode is 31.65, while in the thermal strain mode, the SSF is optimized value is 

17.3105. (at point B) Forth, the correction value ASC∥ and  ASC⊥  of the optimized 

shape in the scan pattern simulation is 𝐴𝑆𝐶∥ = 0.29, 𝐴𝑆𝐶⊥ = 0.71, and the value of 

𝐴𝑆𝐶∥ = 0.2962 , 𝐴𝑆𝐶⊥ = 1.7038  in the thermal strain simulation respectively (at 

point B). 

The final validation of the scaling factor derived through this study can be 

confirmed through shape compensation of the AM sample and manufacturing of the 

AM sample. However, it was not verified in this study. Therefore, this study needs 

additional research in the future. 

Keywords: Additive Manufacturing (AM) Simulation, Scaling Factor, Strain Scale 

Factor (SSF), Anisotropic Strain Factor (ASC), Metal 3D Printing, Powder Bed Fusion 

(PBF), Maraging Steel C300   
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Chapter 1 Introduction 

Additive Manufacturing (AM) is very useful for realizing advanced customization 

because it can be easily controlled to be implemented in a special feature or with 

different materials based on the basic design once designed. The ability to produce 

highly customized products at once can significantly reduce production costs and 

material waste, while significantly improving user satisfaction and corporate profits.  

In particular, the application of additive manufacturing technology in the 

development stage of metal products has been known to have great strategic and 

financial effects. However, it is not generalized to all companies and is mainly applied 

to large corporations such as airline companies that require high-cost and sophisticated 

product design. This is known to be because the printing equipment used for metal 

additive manufacturing is expensive, the cost of the material powder is remarkably high, 

and the failure rate is high in the early stage of technology, resulting in a large initial 

cost of building a development environment. Stefaan Motte (Materialize.Inc.) said that 

over 75% of the total cost of additive manufacturing using metal 3D printing goes into 

the printing process. it is also said that a lot of costs are incurred for test printing or 

failed printing. Especially, it is said that an average of 15% of printed outputs with 

complex geometric structures fail [1]. Siemens' Eckhoff said it would take an average 

of three to five attempts to complete the current metal printing job. And, said that as 

more and more companies and industries gradually adopt additive manufacturing as 

part of their production workflows, achieving the finished output at once is becoming 

more and more important [2]. In metal printing, the failure to produce finished prints at 
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once and repeated trial and error is due to the following factors in the introduction of 

new equipment or workflows. There may be a lack of accumulated technology, 

adjustment of unfamiliar manufacturing parameters, manufacturing errors resulting 

from lack of experience, and factors due to insufficient removal of unnecessary 

elements, etc. Trial-and-error failure can be reduced by minimizing or optimizing the 

aforementioned factors, and this can be mostly solved through the predictive simulation 

by software. 

Recently, simulation studies have been actively conducted in the AM field of metal 

3D printing in consideration of the function of the final product as in the traditional MC 

processing field. Failure rate of the additive manufacturing can be reduced by predicting 

and correcting problems that may occur in the pre-processing , the additive process, and 

the post-processing process in the AM process of metal 3D printing. 

 

1.1 Challenges and problems in development 

Today, 3D printing service is operating in an increasingly cost-competitive 

environment and are constantly looking for ways to increase productivity and efficiency. 

In a typical process of CAD to printed part, the actual printing, including machine and 

material costs, accounts for more than 75 percent of the total cost. As a result, running 

multiple test prints and printing failed or unsuitable parts is very costly. This is 

especially the case for metal 3D printing and the production of high-value, customizable 

metal components with complex geometries. On average 15 percent of these metal parts 

fail.  

In the metal additive manufacturing process, the substrate and the cladding layer 
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are prone to defects such as deformation, pores and poor fusion, and the solidification 

microstructure in the molten pool is also affected by process parameters. To obtain 

components with high forming accuracy, no internal defects, and excellent 

solidification microstructure control, it is necessary to conduct in-depth research on the 

thermal process of metal additive manufacturing and the internal transmission of the 

molten pool and the solidification microstructure. The complex interaction of laser, 

molten pool and powder in the metal additive manufacturing process makes it very 

difficult to use experimental analysis methods to accurately reveal the metal additive 

manufacturing process.  

Residual stress caused by this unique thermal cycle in metal AM is a critical issue 

for the manufactured parts since the steep residual stress gradients would generate part 

distortion. A during process part distortion may result in scraper blade damage in the 

case of Powder Bed Fusion, distortion of the final part would dramatically deteriorate 

its functionality.  

 

1.2 Investigation and analysis of existing research 

The use of computer simulation methods has become a study on the metallurgical 

and solidification behavior of metal additive manufacturing. With simulation, operators 

can predict and analyze the behavior of a part during physical production by creating a 

virtual prototype, helping optimize their build preparation and reduce the number of 

costly reprints and fails. And now there are many studies on the simulation of residual 

stress and deformation in order to enable the simulation results to be put into practical 

work. Distribution and evolution of residual stress in metal parts are very complicated.  
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Kruth et al. [3] conducted research on residual stress in metal additive 

manufacturing earlier. Research shows : (a) the residual stress along the laser scanning 

direction is much larger than the vertical scanning direction; (b) the residual stress 

presents a "tension-compression-tension" distribution from top to bottom; (c) the height 

of the workpiece, the thickness of the substrate, Heat treatment etc. have a great 

influence on the residual stress.  

Bass et al. [4] used SLM to form hollow and solid cylindrical Ni-based 625 alloys, 

and used neutron diffraction to measure the axial, radial and circumferential residual 

stresses at different heights. The results show that: (a) the axial and circumferential 

residual stresses are tensile stresses on the outer surface and compressive stresses on 

the inside; (b) the axial residual stress values are the largest, while the radial residual 

stress values are the smallest; (c) in the comparison of different heights, the axial and 

circumferential residual stress values of the upper surface of the formed part are the 

smallest; (d) the residual stress value of the hollow cylinder is smaller than that of the 

solid cylinder. 

Hodge et al. [5] of Lawrence Livermore National Laboratory used thermal finite 

element simulation to calculate the evolution of the residual stress of the L-shaped 

structure and found that the residual stress has a "tension-compression-tension" change 

trend along the depth direction. Especially the increase after the material manufacturing 

part is separated from the substrate, the residual compressive stress becomes more 

obvious. For L-shaped members, the residual tensile stress levels around the corners 

are significantly higher. 
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Su Rez et al. [6] laser cladding Co-based alloy satellite 6B on the surface of 304 

stainless steel, and used the energy scattering XRD method to measure the residual 

stress distribution along the height, which also showed "tension-compression-tension" 

The distribution characteristics.  

Brown et al. [7] used neutron diffraction to more completely show the changes in 

the three-dimensional residual stress of the SLM in the plane and height. The results 

showed that the stress distribution in the same plane was basically the same, but there 

were obvious changes along the height direction. It is the residual stress along the 

scanning direction that changes from tensile stress to compressive stress from top to 

bottom. In addition, the residual tensile stress value along the scanning direction is 

larger than other directions.  

Moat et al. [8] used the profile method to measure the residual stress distribution 

along the height direction, and verified the measurement results of the profile method 

with the neutron diffraction method. The results showed that the stress along the 

scanning direction gradually changed from tensile stress to compressive stress, and 

finally to tensile stress, while the residual stress along the height direction gradually 

evolved from slight tensile stress to compressive stress.  

Ding et al. [9] used neutron diffraction and finite element simulation to obtain the 

evolution of residual stress in the arc additive manufacturing layer 1, 2, and 3. With the 

increase of the accumulation layer, the residual stress on the upper surface along the 

scanning direction stress is slightly reduced, and the residual stress in other directions 

does not show a significant change.  
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Mukherjee et al. [10] used finite element simulation to compare the residual stress 

between 2 and 10 thin-walled stacks. It is obvious that as the number of stacked layers 

increases, the compressive stress area becomes larger and larger, and the largest appears 

at the “wall foot” residual tensile stress. 

From the process analysis, Alessandro et al. [11] used the deep hole method to 

accurately measure the residual stress value of the selected area of laser melting 

AlSi10Mg along the upper surface to a depth of 1 mm, and found that the stress relief 

annealing can effectively reduce the residual stress level.  

Bailey et al. [12] measured the residual stress of laser-melted-deposited H13 steel 

using the layer-stripping XRD method, and believed that a larger volume fraction of 

martensite caused the generation of compressive residual stress on the upper surface.  

Szost et al. [13] compared the residual stress state of laser melting deposition and 

arc additive manufacturing parts, and found that the three-dimensional residual stress 

distribution law of the two processes is basically the same, and the maximum tensile 

stress value of arc additive parts is slightly higher than that of laser melting the 

deposited pieces. 

 

1.3 Research method 

Modeling the additive manufacturing process can not only provide important 

insights into the competitive physical phenomena that lead to the final material 

performance and product quality, but also lay the foundation for manufacturing process 

certification, thereby providing design space and materials for functional products. The 

theoretical model and numerical simulation of laser material processing are developing 
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simultaneously with the application of laser. In the early days of experimental research 

on laser fusion and laser cladding, people have begun extensive theoretical research and 

numerical simulation. 

Whether it is selected area laser melting or laser three-dimensional forming, the 

manufactured parts usually have complex residual stresses. Among them, the tensile 

residual stress has an adverse effect on the performance of the parts, reducing the 

effective fatigue and tensile properties of the structure. In addition, the residual stress 

of the part can cause the part to deform, so that the shape of the part does not match the 

shape of the designed part. Computer simulation of the residual stress in the metal 

additive manufacturing process usually uses the finite element method to simulate the 

additive process in the form of finite element model elements. 

The basic theoretical research on the formation and evolution process of residual 

stress and deformation in the metal laser additive manufacturing process has been 

gradually improved. In order to realize the control of stress and deformation in the laser 

additive process, the current research mainly focuses on the simulation and prediction 

analysis of laser additive stress and deformation. Based on this, it provides guidance 

for subsequent stress and deformation control. The finite element simulation calculation 

has huge advantages for the stress calculation in the laser additive manufacturing 

process, but when the size of the part is large, the finite element calculation faces the 

situation that the calculation amount is too large to meet the actual needs. The 

simulation efficiency and accuracy of stress deformation still need to be improved, and 

multi-scale simulation technology should be continuously improved to meet the 
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prediction of stress and deformation of large-scale laser additive structures. 

In the research, we use the built-in AM module in ANSYS Additive Print software 

to study the macroscopic simulation of the process of AM components printed with 

C300. In the macro analysis of the manufacturing process, SSF and ASC are two 

important process parameters. By modifying the two process parameters, improve the 

accuracy of the finite element prediction model, which in turn affects the prediction of 

residual stress and deformation in the final result. 

The verification process of the research content is realized through the following 

steps as shown in Fig. 1: 

 

Fig. 1 Research process 

In addition，the Strain Scaling Factor (SSF) is a calibration factor used to account 

for differences in machines that you may use to improve the accuracy of your 
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simulations. And Anisotropic Strain Coefficients (ASC) are used to represent 

anisotropic strain behavior on coordinate systems aligned with the local longitudinal, 

transverse, and depth scan directions. Positive values result in compressive base strain 

(contraction), whereas negative values result in tensile strain (expansion) [37]. 

The first step in simulation is the material condition of the Additive Manufacturing 

(AM) samples, setting the same machine parameters and materials, and measuring and 

recording the amount of distortion of the AM samples at positions A and B. Similarly, 

the inherent Strain mode, Scanning Strain mode and Thermal Strain mode are used to 

running the first simulation of the sample. Three simulation models are used to calculate 

SSF and ASC using information from different positions of A and B. In order to 

optimize ANSYS' SSF and ASC values, we need to choose the results between 

Scanning the Strain mode and Thermal Strain mode. This choice will have a great 

impact on the optimization results. After the system has optimized the SSF and ASC, it 

will use these optimized values to obtain a compensated shape. And, download the 

calibrated the .stl file from the simulator to get the compensated shape. At this point, 

the optimization process has been completed. Send the compensated shape to the 

manufacturer to rebuild and measure the AM sample to confirm the optimized SSF and 

ASCs values. By measuring the distortion of the secondary-manufactured AM sample, 

the design shape and the additive manufacturing shape are compared to observe the 

influence of residual stress and thermal stress on the amount of deformation of the 

additively manufactured sample. At this time, the evaluation of the optimized SSF and 

ASCs values is completed. 
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Chapter 2 Background 

2.1 Metal 3D Printing AM Technology and Machine 

3D printing technology is a layering method in which a 3D shape is converted into 

digital CAD model data through computer modeling, cut into two-dimensional planes, 

and then powdered materials are stacked on the plane by a three-dimensional printer. 

by layer). While the conventional manufacturing technology was a subtractive 

manufacturing method that produces a three-dimensional object by cutting or shaving 

a three-dimensional material through machining, etc., in 3D printing, the method of 

stacking in a concept that is contrary to this is adopted. It is used in additive 

manufacturing (AM) or rapid prototyping (RP). The field of additive manufacturing 

began with polymer materials and recently expanded to metal materials, and 3D 

printing technology is rapidly developing. According to a report by Global Financial 

Group ING, by 2060, 50% of manufactured products will be printed on 3D printers, 

accounting for more than a quarter of the world's trade volume. Interest in the metal 3D 

printing AM field is expected to increase day by day. However, in the 3D printing AM 

process, there are a number of problems that must be solved first. Prototype production 

at the stage of developing a product with a complex shape has advantages in terms of 

cost and time, but at the level of the production stage, slow speed, low precision, low 

strength, and material limitations are the first to be solved. 

ASTM (American Society for Testing and Materials) and ISO (International 

Organization for Standardization) for metal 3D printing techniques are largely 

classified into two categories. It consists of a powder bed fusion (PBF) method in which 

a flatly laid powder area is fused with the selective thermal energy of a laser, and a 
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high-energy direct irradiation method (Directed Energy Deposition) in which a powder 

material is directly melted and deposited with the concentrated thermal energy of a laser 

beam. DED). As such, metal 3D printing techniques are largely divided into PBF and 

DED methods. They are further classified according to the type of material and type of 

power source, and are called by various names depending on the laser manufacturer. 

Table 1 shows the classification of the AM method according to the type of material, 

type of power source, and laser manufacturer.  

The PBF method irradiates a laser beam to a two-dimensional cross section of a 

three-dimensional shape to be processed on the powder (plastic, ceramic, metal) flatly 

supplied by a powder supply device (called a squeegee, blade and etc.). After sintering, 

the process of supplying new powder on it is repeated several times to create a desired 

three-dimensional shape. In this process, the thickness of the laminated powder is about 

30~150 um. Most of the laser beams used as heat sources use CO2 laser beams, and the 

size of the beam oscillated by the laser beam engine is about 500 𝜇𝑚. In the PBF 

method, the powder material mainly uses spherical powder in the range of 10 to 45㎛. 

In general, it is known that the shape of a powder material is better as it is closer to a 

spherical shape, and the layer ability is excellent as it has a composition of fine particles 

having a uniform size. However, if the powder particle size is too fine, micro-explosion 

may occur and the powder may be blown or carbonization may occur instead of 

sintering. As such, the selection of the size and shape of the powder particles is one of 

the major processes. 
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Table 1 AM method classification of material type, power source type, and according 

to laser manufacturer 

 Material 

type 

Power 

source 
AM Process 

PBF 

Powder 

based  

Laser 

SLS 

(Selective Laser Sintering) 

DMLS (Direct Metal Laser Sintering) 

SLM 

(Selective Laser Melting) 

Electron 

beam 

EBM 

(Electron Beam Melting) 

Laser 

LENS (Laser Engineered Net Shaping) 

DED 

DMD 

(Direct Metal Tooling) 

DMT 

(Direct Metal Tooling) 

CLAD (Construction Laser Additive 

Direct) 

Solid Filler 

based 

Electron 

beam 

EBAM (Electron Beam Additive 

Manufacturing 

GTSW, 

GMAW arc 

WAAM (Wire Arc Additive 

Manufacturing) 

GMAW arc 

DML 

(Direct Metal Lamination) 

ADED (Arc Directed Energy Deposition) 

Plasma arc 

IFF (Ion Fusion Formation) 

RPD 

(Rapid Plasma Deposition) 

GTAW arc 
STAM (Super-TIG Additive 

Manufacturing) 

 

The main process variables of the PBF method (example of W company equipment) 

include sample orientation (Horizontal/Vertical), building strategy (Island/Linear; 

Size-mm; Rotation-°), and laser power: W), hatch spacing ( 𝜇𝑚 ), scanning speed 

(mm/s), layer thickness: μm, energy density (j/mm 3 ), and the like. The PBF method 

has the advantage of being able to implement relatively high precision (compared to 

DED), expandability to various materials, and free design (complex) shape. In addition, 



13 

 

since the un-melted powder acts as a supporter, the simple shape also has the advantage 

that a separate supporter is not required. However, problems in the treatment of fume 

and dust generated inside the chamber during the lamination process (which affects the 

quality), the treatment and recycling of materials after lamination, and low durability 

of the laminated products are challenges to be solved. In addition, when the stacking 

shape is complex and the space is formed in a wide space, a supporter must be 

considered inevitably in order to stack a more precise product. Regarding the supporter, 

in the early days of additive manufacturing technology, it was analyzed that the 

influence on the supporter was insignificant compared to other process factors and has 

been ignored. Recently, the demand for the precision of products has increased, and the 

influence of structural deflection or thermal deformation on the precision of laminated 

products in the process of lamination has been verified, and has been considered 

important. 

 

2.2 Maraging Steel C300  

18Ni300 maraging steel is an ultra-high-strength steel with carbon-free or ultra-

low-carbon Fe-Ni martensite as the matrix and aging treatment to make the 

intermetallic compound precipitation hard enabled. The strength of this type of steel 

does not come from carbon, but from the precipitation of intermetallic compounds. The 

alloying elements that play a role in age hardening in steel are titanium, aluminum, 

cobalt, and molybdenum. After aging treatment, the thermal deformation is small, the 

machining and welding performance is excellent, the heat treatment process is simple, 

and the size shrinkage is uniform and stable. Therefore, the 18Ni300 maraging steel 
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material has been widely used in the mold field. However, impurities have a great 

influence on the performance of maraging hardened steel, and the effect on steel with 

higher yield strength is more obvious. 

Carbon-containing martensite is strengthened by austenite non-diffusion 

transformation into body-centered cubic metastable martensite. The main problem is 

the insufficient toughness of carbides, which makes the steel more brittle and limited 

in strength. When the maraging steel is heated to a high temperature, the alloying 

elements in the maraging steel are fully integrated into the single-phase austenite 

structure, and then the temperature is reduced to start martensite transformation, the 

lath martensite is a structure obtained at room temperature, then through aging 

treatment, the second phase intermetallic compound is precipitated in the 

supersaturated martensite to perform dispersion strengthening of the metal.   

18Ni30 is mainly used for precision forging dies to make high-precision, super-

mirror, complex cavity, large cross-section, mass production plastic molds. 18Ni300 

mold steel powder can print the front and back mold cores, inserts, sliders, guide posts 

and hot runner water jackets of injection molds, which has the advantages of reducing 

molding cycle, improving product quality, and more uniform mold temperature field. 

Industrially, maraging steel is designed to provide specific levels of yield strength 

ranging from 1030-2420 MPa. Some experimental maraging steels have yield strengths 

as high as 3450 MPa. 

The deformation of the mold after heat treatment is one of the three major problems 

of mold heat treatment (deformation, cracking, hardening). Pre-hardened plastic mold 
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steel solves the problem of mold heat treatment deformation, but the mold requires high 

hardness and causes difficulties in mold processing. Melting not only maintains the 

processing accuracy of the mold, but also makes the mold have higher hardness. For 

complex, precise, and long-life plastic molds, it is an important problem faced by mold 

materials. To this end, a series of age-hardening plastic mold steels have been 

developed. After quenching (solid solution), the mold parts become soft (hardness is 

about 28~34 HRC), which is convenient for cutting and forming, and then age 

hardening to obtain the required comprehensive mechanical properties. 

 

2.2.1 C300 Powder Material 

In this paper, gas (Argon) atomized and alloyed C300 powder of the maraging steel 

grade is used as the working material for the additive manufacturing (AM) samples. 

Fig. 2 (a) lists the diameter statistics of the powder particles used. The C300 powder 

has a wide diameter distribution from 0 to 150 μm. It can be seen that 50-70 μm 

occupies the highest proportion and the average powder size is around 60 μm. Fig 2 (b) 

highlights the particle shape and regularity of the powder materials used as observed 

using SEM. The two dissimilar particle shapes (irregular and spherical) are the result 

of the atomization process in the manufacturing process. It’s chemical composition is 

presented in Table 2. In order to better perform the simulation analysis process and 

accurately its simulation results, systematically investigated the mechanical properties 

of C300 powder and applied it to the simulation process. The physical properties of the 

material powder differ depending on the source and literature. This means that material 

testing and interpretation must be performed together for accurate interpretation. 
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Fig. 2 Powder size distribution and morphology（SEM） 

 

Table 2 Chemical composition of C300 powder 

 

 

2.2.2 Material parameters for the AM Simulation of C300 powder 

The parameters for AM simulation of C300 powder are shown in Table 3. This has 

been referenced from existing literature, and environmental parameters of the 

manufacturer's machine. The parameters presented here are used equally for AM 

sample preparation.  

The physical properties of the material powder differ depending on the source and 

literature. This means that material testing and interpretation must be performed 

together for accurate interpretation. By comparing the experimental value and 

theoretical value based on the sample, and then repeat the analysis for different target 

materials, so as to obtain the required powder mechanical property values [14]. Yan et 

al.[15] analyzed the microstructure and surface characteristics of four widely used 

steels (316L, H13, P20, and 18Ni300), and detailed the relationship between the 

microstructure of the powder and the laser absorption rate. XPS research results show 
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that all four steel powders have a layered surface structure, consisting of a thin layer of 

iron oxide on the outermost layer and a metal matrix on the inner layer. The existence 

of this oxide layer can improve the absorption rate of steel powder and is beneficial to 

their SLM process. 

 

Table 3 Material parameters for the AM simulation of C300 powder 

 

 

2.3 AM Simulation Process of ANSYS  

The metal AM process simulation process is largely divided into a geometry design 

and an additive process. The shape design simulation simulates a process of designing 

an over designed shape into a physically or structurally optimized shape and then 

validating it. AM build-up process analysis, and material characteristics and 

microstructure analysis. An example of AM process simulation workflow using 

ANSYS Additive Suite is shown in Fig. 3. The AM simulation processor using the 

Additive Suite first optimizes the shape to be additively manufactured using the 

Topology Optimization tool, and simulates the additive manufacturing (build-up) 
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process using the Additive Workbench or Additive Print tool.  

 

 

Fig. 3 AM process simulation flow chart with ANSYS Additive Suite [39] 

 

On the other hand, it is also necessary to simulate preferentially using Additive 

Science to analyze the properties of additive manufacturing powder materials. The AM 

process simulation processor using ANSYS Additive Suite is shown in Fig. 3. By using 

Topology Optimization, static structural analysis is first performed after loading 

conditions are applied to the overdesigned shape [40],[41]. Based on this, a topology 

(physical or structural) optimization simulation is performed by determining the 

allowable range for optimization elements (mass, deformation, etc.) in the topology 

optimization environment. In addition, the stack shape is determined after a verification 

process through another static structural analysis. AM process simulation using 

Additive Workbench consists of supporter analysis, thermal analysis and structural 

analysis. Settings for these simulation processors can be easily accessed using the 
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Additive Wizard in the workbench. The steps for AM simulation in the workbench 

consist of 12 steps, including using the Additive Wizard to set process parameters. 

These simulation steps include the creation of an analysis system, definition of the 

additive material, mesh for the additive shape using the Additive Wizard, contact, 

supporter, material properties, process conditions, equipment conditions, temperature 

conditions, and the build-up process. Based on this, the results are analyzed through 

transient thermal and structural simulation.  

 

 

Fig. 4 AM process simulation processor using ANSYS Additive Suite 

 

The AM simulation process using the Additive Workbench is shown detail in Fig. 

4 (b). AM processor simulation using Additive Print is performed for the shape build-

up process considering static structural analysis and transient thermal analysis. In 

addition, a simulation for easily determining the strain scaling factor (SSF) and 

anisotropic strain coefficients (ASCs) for the material is included. The AM simulation 
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process using the Additive Print is shown detail in Fig. 4 (c). 

There are three types of Additive Print AM simulation: Assumed Strain simulation, 

Scan Pattern simulation and Thermal Strain simulation. The AM simulation processor 

using Additive Print is shown more detail in Fig. 5. 

 

 

Fig. 5 AM simulation processor using Additive Print 

 

The Assumed Strain simulation assumes that constant isotropic deformation occurs 

at all positions inside the part, and the fastest simulation is possible. The Scan Pattern 

simulation uses the same average strain size as the assumed uniform strain, but the 

simulation time increases as the strain for each component is subdivided according to 

the local direction of the scan vector within the part. The thermal strain simulation 

predicts how the thermal cycle affects the strain accumulation at each location in the 

part, and therefore requires the longest computation time for the simulation because it 

requires thermal prediction for all scan vectors. Calibration of SSF and ASCs 
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coefficients using Additive Print consists of a calculation process and a verification 

process. In this process, the coefficients are determined by comparing and analyzing 

the simulation results, and the measurement results obtained through actual production 

using 3D printing equipment.  

 

2.4 Extracting Distortion Data 

Distortion data extraction should be made from the AM Sample measurement and 

the simulated geometry measurement. This must be measured respectively for the case 

where it is manufactured and simulated according to the scan pattern. And it should be 

done in two cases, the supporter maintained condition and the removed condition. A 

schematic representation of the distortion data extraction method is shown in Fig. 6 and 

Fig. 7, respectively. Fig. 6 represents the coordinates of the position points for distortion 

measurement, and Fig. 7 represents the distortion measurement method before and after 

removal of the support. 

The data point coordinates at the locations of interest, as shown in Fig. 6 are:  

Measurement A: (0, 5, 8.5) to (0, 5 ,12.5) Use X-displacement value, Measurement B: 

(0, 5, 12.5) to (50, 5, 12.5) Use Z-displacement value. The distortion on measurement 

A is the maximum X-displacement value. The distortion on measurement B is the 

maximum Z-displacement value at X = 50 mm. 
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Fig. 6 Schematic of the point coordinates for the distortion measurement 

 

 

Fig. 7 Schematic of the distortion data extraction method 

 

2.5 Scaling Factor Calculation 

The simulation process of SSF and ASC calibration is as follows: input shape 

information, input support information, input material attribute information, input 
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device parameters and simulation result output settings. The parameters for materials 

and equipment for the SSF and ASC calibration simulations are the same as those 

applied to the AM sample preparations. The voxel size is defined as 0.25 mm. 

Depending on the size of the voxel, the simulation may not be possible due to 

insufficient memory. SSF and ASC calculations follow the process flow of Fig. 8.  

 

.  

Fig. 8 Process flow for the SSF and ASCs calculations [38] 

 

The calculation of the scaling factor follows the format of the spreadsheet provided 

by ANSYS. And an example of a spreadsheet for calculating the scaling fact is shown 

in Table 4. The variables and subscripts displayed in the spreadsheet are the same as in 
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Table 5. The first step of the simulation sets up the first iteration of the simulation using 

the following default values: In Assumed Strain mode, set as  𝑆𝑆𝐹0 = 1, In Scan 

Pattern /Thermal Strain mode, set as 𝑆𝑆𝐹0 = 1, 𝐴𝑆𝐶||0 = 1.5, 𝐴𝑆𝐶⊥0 = 0.5. 

 

Table 4 Spreadsheet for calculating scaling factors (case of Scan Pattern) [38] 

 

 

Table 5 Variable & Subscripts of spread sheet 

Variable & Subscript Meaning 

𝛿𝑒 Experimental distortion 

𝛿𝑠 Simulation distortion 

r Ratio 

∥ Parallel to the scan direction 

⊥ Perpendicular to the scan direction 

n − 1 Setting before the most recent iteration 

n Setting of the most recent iteration 

n + 1 Setting for the next iteration 

0, 1, 2, … iteration 1, iteration 2, iteration 3, … 

m Modified version 

 

In the case of Assumed Strain mode, the target distortion value 𝛿𝑆0
 is extracted 

from the first stage simulation result. In the case of Scan Pattern/Thermal Strain mode, 
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the target distortion value 𝛿𝑆0||
 is extracted from the first simulation and 𝛿𝑆0⊥

 is 

extracted from the second simulation. Scaling factor is calculated sequentially as 

indicated in the spreadsheet Table 4. After the initial value simulation, new 𝑆𝑆𝐹1 and 

𝐴𝑆𝐶||1, 𝐴𝑆𝐶⊥1 are calculated, and after the next simulation, new 𝑆𝑆𝐹2 and 𝐴𝑆𝐶||2, 

𝐴𝑆𝐶⊥2 are calculated. 

 

In Assumed Strain mode, the SSF and ER (Error Rate) is calculated as follows: 

𝑆𝑆𝐹1 =
𝛿𝑒

𝛿𝑆0

, 𝑆𝑆𝐹0 ≒ 0.1 (select a large value)                     (A1) 

𝐸𝑅1 =
|𝛿𝑆0−𝛿𝑒|

𝛿𝑒
                                              (A2) 

In Scan Pattern/Thermal Strain mode, the SSF, ASCs and ER is calculated as 

follows:  

𝑆𝑆𝐹1 =
𝛿𝑒∥+𝛿𝑒⊥

𝛿𝑆∥1+𝛿𝑆⊥1

, 𝑆𝑆𝐹0 ≒ 0.1 (select a large value)                (E1) 

𝐴𝑆𝐶∥1 =
2

(1+
𝛿𝑒⊥
𝛿𝑒∥

)

≒ 1.999 (select a small value)                   (E2) 

𝐴𝑆𝐶⊥1 = 2 − 𝐴𝑆𝐶∥1                                          (E3) 

𝐸𝑅∥1 =
|𝛿𝑆∥1

−𝛿𝑒∥
|

𝛿𝑒∥

 (𝑛 ≥ 1)                                     (E4) 

𝐸𝑅⊥1 =
|𝛿𝑆⊥1−𝛿𝑒⊥|

𝛿𝑒⊥

 (𝑛 ≥ 1)                                    (E5) 

In the second step, after the first iteration simulation, the new SSF and ASC are 

calculated as follows.  

In Assumed Strain mode, the SSF and ER (Error Rate) is calculated as follows: 

𝑆𝑆𝐹2 =
𝛿𝑒

𝛿𝑆1

, 𝑆𝑆𝐹1 ≒ 0.1 (select a large value)                     (A3) 

𝐸𝑅2 =
|𝛿𝑆1−𝛿𝑒|

𝛿𝑒
                                              (A4) 

In Scan Pattern/Thermal Strain mode, the SSF, ASCs and ER is calculated as 
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follows:  

𝑆𝑆𝐹2 =
𝛿𝑒∥+𝛿𝑒⊥

𝛿𝑆∥2+𝛿𝑆⊥2

, 𝑆𝑆𝐹1 ≒ 0.1 (select a large value)                (E6) 

𝐴𝑆𝐶∥2 =
2

(1+
𝛿𝑒⊥
𝛿𝑒∥

)

≒ 1.999 (select a small value)                   (E7) 

𝐴𝑆𝐶⊥2 = 2 − 𝐴𝑆𝐶∥2                                          (E8) 

𝐸𝑅∥2 =
|𝛿𝑆21−𝛿𝑒∥

|

𝛿𝑒∥

 (𝑛 ≥ 1)                                     (E9) 

𝐸𝑅⊥2 =
|𝛿𝑆⊥2−𝛿𝑒⊥|

𝛿𝑒⊥

 (𝑛 ≥ 1)                                   (E10) 

In the third step, after the second iteration simulation, the new SSF and ASC are 

calculated as follows.  

In Assumed Strain mode, the SSF and ER (Error Rate) is calculated as follows: 

𝑆𝑆𝐹3 =
𝛿𝑒

𝛿𝑆2

, 𝑆𝑆𝐹2 ≒ 0.1 (select a large value)                     (A5) 

𝐸𝑅3 =
|𝛿𝑆1−𝛿𝑒|

𝛿𝑒
                                              (A6) 

In Scan Pattern/Thermal Strain mode, the SSF, ASCs and ER is calculated as 

follows:  

𝑆𝑆𝐹3 =
𝛿𝑒∥+𝛿𝑒⊥

𝛿𝑆∥3+𝛿𝑆⊥3

, 𝑆𝑆𝐹2 ≒ 0.1 (select a large value)                (E11) 

𝐴𝑆𝐶∥3 = (
𝛿𝑒∥

𝛿𝑒⊥

−
𝛿𝑒∥1

𝛿𝑒⊥1

)
(𝐴𝑆𝐶∥1−𝐴𝑆𝐶∥0)

(
𝛿𝑒∥2
𝛿𝑒⊥2

−
𝛿𝑒∥1
𝛿𝑒⊥1

)
+ 𝐴𝑆𝐶∥0 ≒ 1.999               (E12) 

𝐴𝑆𝐶⊥3 = 2 − 𝐴𝑆𝐶∥3                                          (E13) 

𝐸𝑅∥3 =
|𝛿𝑆3−𝛿𝑒∥

|

𝛿𝑒∥

 (𝑛 ≥ 1)                                      (E14) 

𝐸𝑅⊥3 =
|𝛿𝑆⊥3−𝛿𝑒⊥|

𝛿𝑒⊥

 (𝑛 ≥ 1)                                     (E15) 
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Chapter 3 AM Simulation Geometry Review 

The shape of the product to be applied to the additive manufacturing process is 

very complex, and it is the case that difficult to manufacture by cutting or classical 

techniques. Even in AM process simulation, in order to achieve the purpose of the 

simulation, it is necessary to deal with a shape close to the actual product, not a simple 

shape. In other words, it is necessary to study the generalization of the layered shape in 

AM process simulation. In general, the additive manufacturing shape is composed of 

various geometries. Residual stresses or distortions in additive manufacturing products 

will be generated by geometric interactions composed of various shapes. Therefore, in 

order to further increase the accuracy of shape correction in AM simulation software, 

it is desirable to correct the SSF and ASC coefficients for the generalized shape. Here, 

the generalized shape means a sample shape that can respond to all additive 

manufacturing parts. That is, regardless of the shape, size, complexity, and difficulty of 

fabrication of the additive manufacturing parts, when a simulation is performed by 

applying a generalized shape, the result is a shape that can guarantee reliability. From 

this point of view, the existing AM simulation studies were investigated and the sample 

shape was analyzed. The shape of the AM simulation sample of the previous study is 

summarized in the Table 6. 

As shown in previous AM simulation studies, the length is long and the shape is 

simple. Most of these shapes have a beam or bridge shape. These shapes seem to be 

because they are the simplest shapes in the additive manufacturing process and are 

easily deformed, and they are also shapes that allow easy measurement of distortion. 
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It can be seen that the existing AM simulation studies mainly consist of inherent 

strain, residual stress and distortion, and thermal compensation. This means that these 

factors cause the most problems in the manufacture of AM  parts. That is, it can be 

seen that the key point to be solved in manufacturing AM parts is to minimize distortion 

due to residual stress. This problem can be solved by improving the additive 

manufacturing environment that minimizes residual stress or by compensating for the 

distortion of the AM shape by predicting the distortion in advance. 

 

Table 6 Review of AM simulation sample shape in existing research 

AM sample geometry AM sample simulation  AM sample product Remark 
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inheren

t 

strains 
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and 

distorti
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[16] 

residual 

stress 

    

 

 

 

[17] 

residual 

stress  
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- 

[19] 
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- 

[19] 
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and 
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- 

[21] 
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[24] 
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distorti

on 

 

 

 

[25] 

residual 

stress 

and 
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- 

[26] 

Residu

al 
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ation 

 

The AM simulation shapes applied in the previous study were reviewed through 

AM simulation analysis. The simulation mode was applied as Scan Pattern, and the 

scanning start and rotational angle were set to (0, 0 In this simulation result, the 

distortion represents the displacement in the longitudinal direction without removing 
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the supporter. The simulation results according to the shape of the AM sample are 

summarized in Table 7. Summarized in the simulation results for the AM simulation 

shapes applied in the previous study are as follows: The thinner the thickness of the 

AM sample shape end, the smaller the longitudinal distortion. The longer the length, 

the greater the distortion in the height direction. The larger the size of the part, the 

greater the distortion. The more complex the shape, the smaller the distortion. 

As described above, specificity was shown according to the shape of the AM 

sample, but no significant singularity was found for the criteria of selection for the AM 

sample. 

 

Table 7 Simulation result according to AM sample geometry  

Shape Type AM sample geometry Simulation result Distortion 

Twin-Cantilever-

Beam-100mm 

 

 

Max 

0.683 

Twin-Support-

Cantilever 

Beam-120mm 

 

 

Max 

1.296 

Cantilever-

Beam-120mm 

 

 

Max 

0.789 
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Mix type 

Cantilever 

Beam-100mm 

 
 

Max 

0.399 

Bridge 40mm 

 

 

Max 

0.459 

Bridge 20mm 

 

 

Max 

0.291 

Block array-

100mm 

 

 

Max 

0.206 

Canonical-

Square 

(25.5x32.6x32.6) 

 

 

Max 

0.659 

Cross- 

Thickness 10 

 

 

Max 

0.926 

Cross- 

Thickness 2.5 

 

 

Max 

0.887) 
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Cross- 

Thickness 0.5 

 

 

Max 

0.879 

 

The possibility to generalize the shape of the AM sample was examined by 

including all the basic geometric shapes that make up the shape of the AM sample. 

After redesigning the shape of the AM sample suggested in the previous study, and 

performing simulation using Additive Print, the distortion was measured. The 

simulation was performed for three methods: Assumed Strain, Scan Pattern, and 

Thermal Strain. And the parameters of the machine and the material were performed 

under the same conditions. The simulation results according to the AM shape and 

simulation mode are summarized in Table 8. 

And the graph of the maximum distortion according to the AM shape and AM 

simulation mode is shown in Fig. 9. The influence on distortion according to AM 

sample shape and simulation mode is as follows: Distortion is greatly affected by the 

scan pattern. It is affected by length. It is affected by the cooling area. There is little 

effect on the complexity of the shape. Solid type is more affected than latex type. The 

thicker the thickness, the more affected. It was found that the effect of distortion was 

more influenced by thermal stress than geometric shape, and most affected by scan 

pattern than thermal stress. As a result, the necessity for generalization of sample shape 

for AM simulation could not be confirmed. 
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Table 8 AM simulation result according to AM shape and simulation mode 

 Assumed Strain Scan Pattern Thermal Strain 

Model 1 

(Basic 

Len-50) 
 

 
 

Model 2 

(Len-100) 

  
 

Model 3 

(Len-100) 

 

 
 

Model 4 

(Len-100) 

 
 

 

Model 5 

(Len-100) 

 

 

 

Model 6 

(Len-100) 
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Fig. 9 Maximum distortion according to AM shape and AM simulation mode 
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Chapter 4 Experiment 

4.1 AM Sample Geometry 

Cantilever beam sample shape file and corresponding supporter as STL format be 

provided. AM sample dimensions (50 x 10 x 12.5 mm) are shown in Fig. 10. The 

sample and the corresponding supporter are marked together in Fig. 11, and the red 

dotted line indicates the supporter cutoff position. 

 

 

Fig. 10 Cantilever beam dimensions [38] 

 

 

Fig. 11 Cantilever beam with support[38] 

 

 

4.2 AM Sample Manufacture 

4.2.1 Parts Layout 
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AM samples for calibration must be built on the same base plate. This is because 

three cantilever beam samples with different scan patterns must be manufactured under 

the same conditions. The layout of the AM sample should be implemented in 

consideration of the gas flow direction. It is necessary to ensure that there is sufficient 

measurement space between the parts before cutting the AM sample on the base plate. 

Since AM samples should be measured while fixed to a plate, consideration should be 

given to maintaining sufficient space between adjacent samples. The layout according 

to the scan pattern for additive manufacturing of AM sample is shown in the Fig. 12.  

 

 

Fig. 12 Layout of AM sample for the additive manufacturing 

 

A detailed description of the scan patterns (a), (b), and (c) shown in Fig. 12 is as follows: 

Scan Pattern (a): Bi-directional scan with a starting angle of 0° and a layer rotation 

angle of 0°. The scan line is 0° or 180°. (See Fig. 13)  

(a)

(b)

(c)
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Scan Pattern (b): Bi-directional scan with a starting angle of 90° and a layer rotation 

angle of 0°. The scan line is 90° or 270°. (See Fig. 14)  

Scan Pattern (c): Use the scan pattern you want to use to make the actual 

component. In this guide, we use a rotating stripe scan pattern with a starting angle of 

0° and a rotation angle of 67°. (See Fig. 15) 

Here, the angle represents the laser direction, not the stripe direction.. The X axis 

should always be parallel to the length of the cantilever. If the machine uses a different 

coordinate system, it should be checked that the scan pattern (a) (0°, 0°) makes the laser 

scan parallel to the length of the cantilever. To achieve this, it may be necessary to set 

the stripe width to be greater than or equal to the length of the cantilever (50 mm). For 

scan pattern (b) (90°, 0°), the stripe width should be set to be at least the cantilever 

width (10 mm). 

 

 

Fig. 13 Scan pattern (a) (0°, 0°) [38] 

(a)
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Fig. 14 Scan pattern (b) (90°, 0°) [38] 

 

 

Fig. 15 Scan pattern (c) (rotating stripe) [38] 

 

4.2.2 Build-up Parts 

The metal 3D printer for the additive manufacturing of AM samples used Mx3 

(WinForsys, Seoul Korea) equipment of the Powder Bed Fusion method. The build-up 

parameters for the materials and equipment of the additive manufacturing process 

applied optimized values provided by the manufacturer. The build-up parameters of 

additive manufacturing equipment used for AM sample manufacturing are shown in 

Table 9.  

 

(b)

(c)
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Table 9 Build-up parameters 

 
 

 

 

Fig. 16 AM Sample before wire cutting 

 

                   Value

WinForsys

Baseplate Temperature（°c） 50

Layer Thickness（μm） 30

Staring Layer Angle（°） 0,90,0

Layer Rotation Angle（°） 0,0,67

Hatch Spacing（μm） 70

Slicing Stripe Width（mm) 10

Laser power(W) 190

Scan Speed(mm/s) 1000

Powder Temperature(°c）

Gas Temperature（°c）

Gas Convection Coefficient（W/mm².°c）

Paremeter
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Fig. 17 AM Sample after wire cutting 

 

Distortion measurement for AM samples for simulation of the scaling factor should 

be performed in two ways. One is the measurement of distortion in the condition before 

removing the support, and the other is the measurement of distortion in the condition 

after removing the support. The AM sample manufactured for distortion measurement 

is shown in Fig. 16 and Fig. 17. Fig. 16 shows the AM sample before wire cutting, and 

Fig. 17 shows the AM sample after wire cutting.  

 

4.3 Taking Distortion Measurements 

The measurement of distortion for the AM sample can be done in a variety of ways 

to obtain the best resolution. For this study, Vernier-calipers and 3D scanning method 

were used. The measurement of distortion by Vernier-calipers is summarized in Table 

10. And the measurement of distortion by 3D scanning is summarized in Table 11. 

When using the Coordinate Measurement Method(CMM) by 3D scanning, many points 

along the selected surface of the cantilever beam are measured with lines. Find the 

maximum deflection for the measuring position. 
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Table 10 Distortion measurement of AM sample by vernier calipers 

 

 

Table 11 Distortion measurement of AM sample by 3D scanning 

 

 

The maximum X-deformation of measurement a usually occurs at the interface 



43 

 

between the beam and the support, but it is good practice to compare the measurements 

along the height. Also, The maximum Z-strain of measurement usually occurs at the 

cantilevered beam end, but it is good practice to compare the measurements on the top 

surface.  

If you are using a laser scanner you can get a point cloud or scanned STL file and 

measure the distortion at the X and Z positions of interest. The distortion measurement 

data of the AM sample by 3D scanning  shows in Table 12.  

 

Table 12 3D scan sample measurement results of point A and B 

 
Scan Pattern (a) 

(0°, 0°) 

Scan Pattern (b) 

(90°, 0°) 

Scan Pattern (c) 

(0°, 67°) 

Z-distance: A 

(mm) 
50.537 50.536 50.523 

X-distance: B 

(mm) 
12.68 13.42 13.39 

 

4.4 Simulation approach 

The Additive Manufacturing (AM) simulation software packages ANSYS 

Additive Print and ANSYS Additive Suite are intended to simulate the PBF process to 

avoid unplanned machine downtime and improve part quality. By predicting 

deformations and stresses in AM parts during the manufacturing process, these tools 

form the basis for assessing their design integrity. Residual deformations of AM 

components can be predicted and compensated prior to starting the actual 

manufacturing process. Especially, the corrected SSF and ASC using Additive Print 

significantly improve the calibration accuracy of the simulation software, not only 
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improving the chance of a successful build, but also reducing trial and error costs. 

For this study ANSYS version 2020R1 was used. The software simulation 

procedures and methods described below follow the approach provided by ANSYS. 

The conditions and parameters for geometry, material, and machine used in the 

simulation setup were applied in the same as the AM sample production environment. 

There are three types (Assumed Strain, Scan Pattern, or Thermal Strain) of 

simulation for Scaling Factor correction using Additive Print software. For this study 

the scan pattern type was mainly used.  

The simulation setup screen for the scaling factor correction of Additive Print 

software shows in Fig. 18. In the Fig. 18 (a) and (b) show the imported status of the 

build parts and the support parts, respectively. As shown in (a) of Fig. 18, the Voxel 

Size selection of the build parts is directly related to the simulation failure and success. 

If the Voxel Size is too small, a lot of memory is required and the simulation takes a 

long time. Sometimes it can lead to simulation failure. When the Voxel Size is increased, 

the simulation time is short and the probability of success is increased. However, the 

accuracy is lowered. Voxel Size should be selected in consideration of user PC 

environment and simulation level. In this study, a Voxel Size of 0.25 mm was selected 

and applied. 

In Additive Print simulation, the setting of Outputs is also a very important pointer. 

This is because the required output data may vary depending on the simulation purpose. 

In Additive Print simulation, Outputs can set the following items: On-plate residual 

stress/distortion, Supports residual stress/distortion, Distortion compensated STL file 



45 

 

(after cutoff), Layer by layer stress/distortion, ANSYS mechanical files to detect 

potential blade crashes due to distortion. 

 

 

 
Fig. 18 Simulation setup screen for scaling factor correction 

 

In Additive Print simulation, the setting of outputs is also a very important pointer. 

This is because the required output data may vary depending on the simulation purpose. 

In the Additive Print simulation, outputs is allowed to set the following items: On-plate 

residual stress/distortion, residual stress/distortion, Distortion compensated STL file 

(after cutoff), Layer by layer stress/distortion, ANSYS mechanical files, Detect 

potential blade crash due to distortion. 

Simulation result data can be checked directly through a dedicated view as shown 

in Fig. 19 or can be analyzed externally by exporting it as a geometry file or raw data. 

Fig. 19 (a) and (b) show the distribution of stress and strain through a dedicated view, 

respectively. And (c) and (d) of Fig. 19 show examples of distorted pointer data and 

distortion-compensated surface data through an external analysis program of the 

extracted file, respectively. For this study, as an external analysis program to measure 
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distortion was used software ParaView. 

 

 

Fig. 19 Extract data from AM simulation outputs 
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Chapter 5 Results and discussion 

5.1 Calibration of SSF and ASCs for the measurement Point A 

According to simulate the manufacturing process of the printed model through the 

Assumed Strain mode, Scanning mode and Thermal Strain mode in the ANSYS 

analysis software. During the printing process, the layer transition angle was set to 0°, 

90°, and 67° for simulation comparison. After simulating the analysis results of three 

models and three scanning angles, then compared with the actual sample, and measured 

the deformation values of point A and point B of the sample. Hear, point A is the 

deformation value before the support is removed and point B is the deformation value 

after the support is removed. 

The calculation of SSF and ASCs at Point A is as follows: In the Assumed Strain 

mode, the initial simulation was kept at a certain angle(starting angle 0, rotation angle 

0) between layers without rotation using only one mode. The SSF result calibrated by 

Assumed Strain simulations based on the distortion value measured from the fabricated 

AM sample and the distortion value measured from the shape of the simulation result 

is shown in Table 13. When SSF is set to 1 for the first time, the deformation of point 

A obtained by simulation is 0.0266327 mm. After numerical optimization, the 

deformation of point A after the first macro-optimization is 0.437.(See Fig. 20) In the 

simulation process using the third scan mode, under the initial setting value, only small 

deformations of the two room-second modes are shown, which are 0.03798 mm and 

0.015128 mm, but they also represent huge Simulation error. From Table 13, it can be 

seen that the error has decreased to 0.1% after performing two simulations. 
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Table 13 Calibration of SSF by Assumed Strain simulation 

  

 

 

  

Fig. 20 Distortion of Assumed Strain simulation 

 

In the scanning mode, the initial simulation was kept at a certain angle(starting 

angle 0, rotation angle 0) and(starting angle 90, rotation angle 0) using two mode. Table 

14 shows the distortion value based on the distortion value measured from the 

manufactured AM sample and the distortion value measured from the shape of the 

simulation result, and SSF and ASC results calibrated by scanning simulation. 

 

Table 14 Calibration of SSF and ASCs for Scan Pattern simulation 

 

 

Distortion (mm)

0.4

Geometry Nominal

Measurement

(1st simulation distortion measurement)  (2nd simulation distortion measurement)  

(0.027, 0.0, 0.006)  (0.437, 0.0, 0.113)  
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Fig. 21 Distortion of Scan Pattern simulation 

 

In the thermal strain mode, the initial simulation was kept at a certain angle(starting 

angle 0, rotation angle 0) and(starting angle 90, rotation angle 0) using two mode. Table 

15 shows the results of calibrating the results of SSF and ASC based on the thermal 

strain simulation based on the deformation values measured from the manufactured AM 

samples and the deformation values measured from the shape of the simulation results. 

A macro-optimization was performed in the thermal strain mode. It can be seen from 

Figure 22 that when the rotation angle between the layers is 0°, the obtained 

deformation is 0.437 mm, and the scanning angle between the layers is 90°, and the 

deformation measured at point A is 0.436 mm . Although different scanning modes will 

produce different thermal gradients and cooling rates, in the manufacture of C300 

(0.037, 0.0, 0.001)  (0.015, 0.0, 0.003)  

(0.437, 0.0, 0.113)  (0.437, 0.0, 0.113)  

(0.437, 0.0, 0.112)  
(0.437, 0.0, 0.112)  

(2st simulation distortion measurement0°)  

(3st simulation distortion measurement0°)  

(2st simulation distortion measurement90°)  

(3st simulation distortion measurement90°)  

(1st simulation distortion measurement0°)  (1st simulation distortion measurement90°)  
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powder bed, the change of heat distribution does not affect the final deformation and 

has a great impact. 

 

Table 15 Calibration of SSF and ASCs for Thermal Strain simulation 

 

 

 

 

 

Fig. 22 Distortion of Thermal Strain simulation 

 

In the initial simulation, the SSF and ASC values were set to 1, 1.5 and 0.5 

respectively, which are the directions parallel and perpendicular to the scanning 

direction. Although the final deformation obtained in the two scanning modes is 

0.072601 and 0.028739. But the simulation structure executed in this mode has larger 

errors, which are 83.4% and 93.4% respectively. However, when the interlayer is 0°, 

(0.072, 0.0, 0.021)  (0.028, 0.0, 0.005)  

(0.435, 0.0, 0.117)  (0.439, 0.0, 0.113)  

(1st simulation distortion measurement0°)  (1st simulation distortion measurement90°)  

(2st simulation distortion measurement0°)  (2st simulation distortion measurement90°)  
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the value of the ANSYS module seems to be much larger than the actual deformation, 

and the simulation result with a scanning angle of 90° between layers shows that the 

deformation is smaller than the actual value. 

In the second simulation, a deformation of 0.44 mm was generated in both scanning 

modes. The error is reduced to 0.4%, and the optimized value will provide data support 

for the next step of fine optimization. 

 

5.2 Fine calibration of SSF and ASCs for the measurement Point A 

After using three deformation models to simulate the macro adjustment of SSF and 

ASCs parameters, the layer rotation is set to 67° to fine-tune the process parameters. 

While optimizing the process parameters, the deformation result is closer to the true 

value. 

The calculation of SSF and ASCs fine-tuning at Point A is as follows: In the 

assumed strain mode, only one mode is used to maintain the initial simulation at a 

specific angle between the layers (starting angle 0, rotation angle 67) without rotating. 

The SSF result calibrated by Assumed Strain simulations based on the distortion value 

measured from the fabricated AM sample and the distortion value measured from the 

shape of the simulation result is shown in Table 16. In the process of using micro-

control, the deformation amount is assumed to be 0.423 mm in the strain model with 

67° rotation between layers. Compared with 0.437 mm after the first optimization, the 

obtained deformation is closer to the actual value, and the reference value is set. (See 

Figure 23) 
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Table 16 Calibration of SSF for Assumed Strain simulations 

 

 

 

 

Fig. 23 Fine tuning distortion of Assumed Strain simulations 

 

In the Scan Pattern mode, only one mode can be used to maintain the initial 

simulation at a specific angle between the layers (starting angle 0, rotation angle 67) 

without rotation. Table 17 shows the SSF results based on the scan mode simulation 

calibration based on the distortion value measured from the manufactured AM sample 

and the distortion value measured from the shape of the simulation result. In the scan 

mode, use the interlayer scan rotation 67° for simulation, and use the first optimized 

SSF and ASC values of 16.44, 1.00 and 1.00 for the third simulation process 

optimization. The final deformation is 0.42 mm. (See Figure 24) 

 

Table 17 Calibration of SSF and ASCs for Scan Pattern simulation 

 

Distortion (mm)

0.423

Geometry Nominal

Measurement

Distortion (mm)

Rotating stripe scan pattern
(or user-customized)

0.42

Geometry
Measurements

Extract distortion value at the location of interest from 
models built with third scan pattern (rotating stripe)

(0.437, 0.0, 0.112)  (0.422, 0.0, 0.109)  

(1st simulation distortion measurement67°)  (2st simulation distortion measurement67°)  
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Fig. 24 Fine tuning distortion of Scan Pattern simulation 

 

In the Thermal Strain mode, the initial simulation was kept at a certain 

angle(starting angle 0, rotation angle 67) between layers without rotation using only 

one mode. The SSF result calibrated by the Thermal Strain simulations based on the 

distortion value measured from the fabricated AM sample and the distortion value 

measured from the shape of the simulation result is shown in Table 18. 

 

Table 18 Calibration of SSF and ASCs for Thermal Strain simulation 

 

  

Distortion (mm)

0.423

Geometry
Measurements

Rotating stripe scan pattern
(or user-customized) Extract distortion value at the location of interest from 

models built with third scan pattern (rotating stripe)

Fig. 25 Fine tuning distortion of Thermal Strain simulation 

 

(0.437, 0.0, 0.112)  (0.422, 0.0, 0.109)  

(0.433, 0.0, 0.12)  (0.422, 0.0, 0.117)  

(1st simulation distortion measurement67°)  (2st simulation distortion measurement67°)  

(1st simulation distortion measurement67°)  (1st simulation distortion measurement67°)  
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In the fine-tuning simulation of the Thermal Strain, the deformation of the first 

simulation resulted in a deformation error of 2.5%. This value was input for the last 

numerical optimization. The final SSF and ASCs values were 8.3892 and 1.0048, 

0.9952. This value is closer to the actual value than the parameter simulation result 

adjusted in the Thermal Strain mode. 

 

5.3 Calibration of SSF and ASCs for the measurement Point B 

In the metal 3D printing process, residual stress usually has a great impact on the 

part when the support is removed, such as warping, deformation or even cracking. 

Macroscopic shape control and microscopic control have always been serious problems 

in the research of metal additives. Due to the removal of the support structure, the 

residual stress in the part can be released unrestrictedly, and the deformation of the part 

will have a different effect than before the support is removed. Therefore, after 

removing the support, a hypothetical strain model and thermal strain model simulation 

were performed in the Scan Pattern mode at point B. 

It is to predict and optimize the SSF and ASC parameters in the AM process to 

increase confidence in the simulation software. The calculation of SSF and ASCs at 

Point B is as follows: In the Assumed Strain mode, the initial simulation was kept at a 

certain angle(starting angle 0, rotation angle 0) between layers without rotation using 

only one mode. The SSF result calibrated by Assumed Strain simulations based on the 

distortion value measured from the fabricated AM sample and the distortion value 

measured from the shape of the simulation result is shown in Table 19. The initial 

simulation deformation in the strain model is 0.026633, but the secondary simulation, 
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the deformation of point B is 0.18 mm. The deformation is large, but the error is close 

to zero. (See Fig. 27) 

 

Table 19 Calibration of SSF Assumed Strain simulations 

 

 

 

 

Fig. 26 Distortion of Assumed Strain simulations 

 

In the Scanning Pattern mode, the initial simulation was kept at a certain 

angle(starting angle 0, rotation angle 0) and(starting angle 90, rotation angle 0) using 

two mode. The SSF and ASCs result calibrated by scanning simulations based on the 

distortion value measured from the fabricated AM sample and the distortion value 

measured from the shape of the simulation result is shown in Table 20. This simulation 

was performed two iterations using 0 degrees and 90 degrees between layers in the Scan 

Pattern mode. In this process, the value of SSF was optimized from 1.00 to 20.71 and 

20.57, and at the same time, the value of ASC parallel to the construction direction 

optimized from 1.5, 0.5 to 0.33 and 1.67. The error values were optimized to 30.5% 

and 6.0% of 78.9% and 98.4% in the initial simulation respectively. However, in the 

Distortion (mm)

0.2

Geometry Nominal

Measurement

Simulation settings New settings

SSF SSF

1st 0.026633 1 6.7585 85.2%

2nd 0.18 6.7585 6.7585 0.0%L
in

e
a
r 

E
la

st
ic

Simulation
iteration

Simulation
number

Distortion (mm) Error%

(0.027, 0.0, 0.007)  (0.18, 0.0, 0.046)  

(1st simulation distortion measurement)  (2st simulation distortion measurement)  



56 

 

third simulation, the error was greatly reduced and the SSF and ASC parameters were 

optimized. 

 

Table 20 Calibration of SSF and ASCs for Scan Pattern simulation 

 

 

 

 

 

 

Fig. 27 Distortion of Scan Pattern simulation 

 

In the Thermal Strain mode, the initial simulation was kept at a certain 

angle(starting angle 0, rotation angle 0) and(starting angle 90, rotation angle0) using 

Distortion (mm)

0.18

0.92

Geometry
Measurements

‖ direction

Ʇ direction
Extract distortion value atthe location of interest from 
models built with scan patterns 1 and 2 ( ‖ and Ʇ )

(90,0)(0,0)

SSF ASC ‖ ASC Ʇ SSF ASC ‖ ASC Ʇ

‖ direction 0.037984 78.9%
Ʇ direction 0.015128 98.4%
‖ direction 0.236587 31.4%

Ʇ direction 0.870858 5.3%

‖ direction 0.23 30.5%

Ʇ direction 0.86 6.0%

Simulation
iteration

1.00 1.50 0.50

Simulation settings New settings

20.711st

Distortion (mm) Error%
Simulation

number

3rd

20.71 0.33 1.67

20.71 0.29 1.71

1.670.33

1.67

Li
n

ea
r 

El
as

ti
c

2nd 20.57 0.33

20.57 0.33 1.67

(0.379, 0.0, 0.01)  (0.015, 0.0, 0.002)  

(0.236, 0.0, 0.033)  (0.87, 0.0, 0.254)  

(0.236, 0.0, 0.033)  (0.864, 0.0, 0.252)  

(1st simulation distortion measurement0°)  (1st simulation distortion measurement90°)  

(2st simulation distortion measurement0°)  (2st simulation distortion measurement90°)  

(3st simulation distortion measurement0°)  (3st simulation distortion measurement90°)  
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two mode. The SSF and ASCs result calibrated by the Thermal Strain simulations based 

on the distortion value measured from the fabricated AM sample and the distortion 

value measured from the shape of the simulation result is shown in Table 21. In the 

Thermal Strain mode, the initial SSF and ASCs values were set to 1.0, 1.5, and 0.5. 

Simulation analysis for the same scan angle between layers and 90° rotation between 

layers was performed. The error values were reduced from 59.7% and 96.9% to 25 % 

and 4.4%. 

 

Table 21 Calibration of SSF and ASCs for Thermal Strain simulation 

 

 

 

 

 

Fig. 28 Distortion of Thermal Strain simulation 

 

5.4 Fine calibration of SSF and ASCs for the measurement Point B 

The calculation of SSF and ASCs fine-tuning at Point B is as follows: In the 

Distortion (mm)

0.18

0.92

Geometry
Measurements

‖ direction

Ʇ direction

(90,0)(0,0)
Extract distortion value at the location of interest from 
models built with scan patterns 1 and 2 ( ‖ and Ʇ )

SSF ASC ‖ ASC Ʇ SSF ASC ‖ ASC Ʇ

‖ direction 0.072601 59.7%
Ʇ direction 0.028739 96.9%

‖ direction 0.23 25.0%
Ʇ direction 0.88 4.4%

1.70382nd 10.8545 0.3273 1.6727 10.8069 0.2962

L
in

e
a
r
 E

la
s
t
ic Simulation settings New settings

Error%

1st 1 1.5 0.5 10.8545 0.3273 1.6727

Simulation
number

Simulation
iteration

Distortion (mm)

(0.072, 0.0, 0.021)  (0.028, 0.0, 0.005)  

(0.225, 0.0, 0.035)  (0.879, 0.0, 0.257)  

(1st simulation distortion measurement0°)  (1st simulation distortion measurement90°)  

(2st simulation distortion measurement0°)  (2st simulation distortion measurement90°)  
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Assumed Strain mode, the initial simulation was kept at a certain angle(starting angle 

0, rotation angle 67) between layers without rotation using only one mode. The SSF 

result calibrated by Assumed Strain simulations based on the distortion value measured 

from the fabricated AM sample and the distortion value measured from the shape of the 

simulation result is shown in Table 22. In the process of using micro-control, the 

deformation amount of the assumed strain model with 67° rotation between layers is 

0.89 mm. Compared with the 0.18 after the first optimization, a deformation amount 

closer to the actual value is obtained, and a reference was set. 

 

Table 22 Calibration of SSF Assumed Strain simulations 

 

 

 

 

Fig. 29 Fine tuning distortion of Assumed Strain simulations 

 

In the Scan Pattern mode, the initial simulation was kept at a certain angle(starting 

angle 0, rotation angle 67) between layers without rotation using only one mode. The 

SSF result calibrated by the Scan Pattern simulations based on the distortion value 

measured from the fabricated AM sample and the distortion value measured from the 

Distortion (mm)

0.89

Geometry Nominal

Measurement

Simulation settings New settings

SSF SSF

1st 0.18 6.76 33.42 79.8%

2nd 0.890064 33.42 33.41 0.0%L
in

e
a
r 

E
la

st
ic

Simulation
iteration

Simulation
number

Distortion (mm) Error%

(0.18, 0.0, 0.046)  (0.89, 0.0, 0.229)  

(1st simulation distortion measurement67°)  (2st simulation distortion measurement67°)  
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shape of the simulation result is shown in Table 23. In the fine-tuning simulation of the 

Scan Pattern mode, the deformation of the first simulation resulted in a deformation 

error of 34.6%. This value was input in simulation software for the last numerical 

optimization. The final SSF and ASCs values were 31.65 and 0.29, 1.71. This value is 

closer to the actual value than the parameter simulation result adjusted in the Assumed 

Strain mode. 

 

Table 23 Calibration of SSF and ASCs for Scan Pattern simulation 

 

 

 

  

Fig. 30 Fine tuning distortion of Scan Pattern simulation 

 

In the Thermal Strain mode, the initial simulation was kept at a certain 

angle(starting angle 0, rotation angle 67) between layers without rotation using only 

one mode. The SSF result calibrated by the Thermal Strain simulations based on the 

distortion value measured from the fabricated AM sample and the distortion value 

measured from the shape of the simulation result is shown in Table 24. In the fine-

tuning simulation of the Thermal Strain, the deformation of the first simulation resulted 

Distortion (mm)

Rotating stripe scan pattern
(or user-customized)

0.89

Geometry
Measurements

Extract distortion value at the location of interest from 
models built with third scan pattern (rotating stripe)

SSF ASC ‖ ASC Ʇ SSF ASC ‖ ASC Ʇ

34.6%

0.0%31.65

rotating

rotating

0.58241

Distortion (mm)

0.89 1.71

Simulation
iteration

Simulation
number

direction
Simulation settings New settings

Error%

1st 20.71 0.29 1.71 31.65 0.29 1.71

2nd 31.65 0.29 1.71 0.29

(0.582, 0.0, 0.154)  (0.89, 0.0, 0.236)  

(1st simulation distortion measurement67°)  (2st simulation distortion measurement67°)  
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in a deformation error of 37.6%. This value was input in simulation software for the 

last numerical optimization. The final SSF and ASCs values were 17.305 and 0.2962, 

1.7038, respectively. This value is closer to the actual value than the parameter 

simulation result adjusted in the Scan Pattern mode. 

 

Table 24 Calibration of SSF and ASCs for Thermal Strain simulation 

 

 

 

 

Fig. 31 Fine tuning distortion of Thermal Strain simulation 

  

Distortion (mm)

0.89

Geometry
Measurements

Rotating stripe scan pattern
(or user-customized) Extract distortion value at the location of interest from 

models built with third scan pattern (rotating stripe)

SSF ASC ‖ ASC Ʇ SSF ASC ‖ ASC Ʇ

37.6%

0.0%

1.7038

2nd 17.3105 0.2962 1.7038 17.3105 0.2962 1.7038

Distortion (mm)
Simulation settings New settings

rotating

rotating

0.555625

0.89

L
in

e
a
r
 E

la
s
t
ic Simulation

iteration
Simulation

number
direciton Error%

1st 10.8069 0.2962 1.7035 17.3105 0.2962

(0.556, 0.0, 0.154)  (0.89, 0.0, 0.248)  

(1st simulation distortion measurement67°)  (2st simulation distortion measurement67°)  
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Chapter 6 Conclusion 

6.1 Research results 

This research aims to establish a simulation method for correcting SSF and ASC 

factors to improve the accuracy of the simulation software in the additive 

manufacturing process of maraging steel C300 powder material. 

For this study, two studies were conducted to achieve the aims. First, the shape of 

the AM sample was analyzed through literature investigation on the existing AM 

simulation research. And the sample shape for AM simulation of this study was selected 

from the analyzed result. Second, based on the selected sample shape, the scaling factor 

was corrected through the manufacture and measurement of AM samples and iterative 

simulation. 

For the sample shape analysis for AM simulation of the existing research, analysis 

of the sample shape applied to the simulation, analysis of the result derived from the 

simulation, simulation and result analysis using the existing AM sample shape, 

verification for generalization of AM simulation sample shape, and comparative 

analysis of distortion according to length in the same AM sample shape were conducted. 

In the analysis study of the sample shape for AM simulation, the following results were 

obtained. 

In the existing AM simulation studies, the shape of the AM sample is mostly long 

and shows a simple shape structure. Most of these geometric structures represent a 

beam or bridge shape. It can be seen that these structures are the simplest shapes in 

additive manufacturing, and are easily deformed, and are easily measured for distortion.  

The existing AM simulation studies mainly focus on inherent strain, residual stress 
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and distortion, and thermal compensation. This means that their physical properties 

cause the biggest problem in the additive manufacturing process of AM components. 

In other words, it can be solved by minimizing distortion due to residual stress in 

manufacturing AM components. The residual stress problem can be solved by 

optimizing the AM environment through AM simulation or by predicting distortion and 

compensating for the AM shape. 

In AM simulation, the influence of the scaling factor is considered to be more 

affected by the length and thermal effect of the AM sample geometry than the 

equipment and materials used. In particular, when the height of the AM sample is high 

and the thickness is thin, it is highly affected by distortion. It is more affected when it 

is a solid type than a latex type. In addition, the distortion is largely influenced by the 

scan pattern, part's thickness and length, and cooling area, but it seems to have little 

effect on the complexity of the shape. 

Based on the AM simulation shapes applied in previous studies, was analyzed as 

follows from the simulation results performed directly: The thinner the thickness of the 

AM sample shape end, the smaller the distortion in the longitudinal direction of the part. 

The longer the shape of the AM sample, the greater the distortion in the height direction. 

The larger the size of the part, the greater the distortion. The more complex the shape, 

the smaller the distortion. As described above, specificity was shown according to the 

shape of the AM sample, but no significant singularity was found about the selection 

criteria of the AM sample shape. 

In the additive manufacturing module of ANSYS, we used three simulation modes: 
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assumed strain mode, thermal strain mode and scanning mode. The initial simulation 

of SSF and ASC factor correction was carried out by applying the assumed value, and 

the initial 0° and 90° °After the scanning mode of interlayer rotation, it was compared 

with the sample printed by additive manufacturing, and the fine simulation parameter 

adjustment of 67° interlayer rotation was performed. The actual deformation of the 

sample was measured using two methods of 3D scanning with vernier calipers. 

The calibration result of the scaling factor by measuring the distortion of point A 

is as follows: This result is only applicable when using W Company's PBF equipment 

and maraging steel C300 powder material. 

(1) The correction value SSF of the optimized shape in the assumed strain and 

scanning mode is 15.89, while in the thermal strain mode, the SSF is optimized value 

is 8.3892.(In the case of using W company's PBF equipment and maraging steel C300 

powder material) 

(2) the correction value 𝐴𝑆𝐶∥ and 𝐴𝑆𝐶⊥ of the optimized shape in the scanning 

mode is both 1, and the value of 𝐴𝑆𝐶∥ = 1.0048,𝐴𝑆𝐶⊥ = 0.9952in the thermal strain 

mode respectively. 

After the deformation of point B, we obtain the optimization results of the process 

parameters SSF and ASCs in the three simulation modes as follows: 

(1) the correction value SSF of the optimized shape in the assumed strain mode is 

33.41 scan pattern mode is 31.65, while in the thermal strain mode, the SSF is optimized 

value is 17.3105. 

(2) Using W the correction value ASC∥ and  ASC⊥ of the optimized shape in the 
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scan pattern simulation is 𝐴𝑆𝐶∥ = 0.29 , 𝐴𝑆𝐶⊥ = 1.71 and the value of 𝑆𝐶∥ =

0.2962,𝐴𝑆𝐶⊥ = 1.7038in the thermal strain simulation respectively. 

The final validation of the scaling factor derived through this study can be 

confirmed through shape compensation of the AM sample and manufacturing of the 

AM sample. However, it was not verified in this study. Therefore, this study needs 

additional research in the future. 

According to this AM simulation study, the effect of scaling factor for simulation 

software was found to be insignificant. This was found in the manufacturing and 

measurement process of the AM sample. As in this study, since the AM sample 

manufactured by the PBF method has a rough surface, it was difficult to accurately 

measure the distortion. And since it was a small AM sample, there was almost no 

distortion. 

If the distortion is small as in this study, the reliability of the simulation 

experienced that significantly lowered due to a measurement error occurring in the 

process of measuring the distortion of the AM sample. In order to obtain the effect of 

AM simulation, it was found that it is possible when the size of the AM simulation 

shape becomes more than a certain level. The scaling factor obtained through AM 

simulation seems to be valid only when the used equipment, material, shape, size, etc. 

are specified. It seems difficult to generalize the scaling factor in AM simulation. 
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6.2 Future research topics 

(1) A study is needed to compensate the shape of the AM sample using the scaling 

factor derived in this study and to verify it through the manufacture of the AM sample. 

(2) In order to increase the accuracy of shape correction for AM sample simulation, 

it is necessary to study the properties of the molten pool according to materials and 

equipment, and the effects on the mechanism of formation of defects and mechanical 

properties in the thermal stress distribution process. 
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