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Sheet steels are thin steels with excellent formability and good strength, which have 

various applications in industrial production. Hole expansion tests, which measure the 

hole expansion ratio (HER), can represent the formability of sheet steel, especially for 

highly advanced strength steel. Meanwhile, to increase the accuracy of the test, estima-

tion program is an efficient method which used to predict or examine the test result. 

However, the feasibility of estimation programs always has fluctuation and due to some 

inherent defects of programing and training methods, the simulated results from estima-

tion programs might have some extent of differences compared with the test results. 

Thus, thorough analysis of these differences and accuracy improvement of estimation 

programs are essential. In this master thesis, five different sheet steels and seven HER 

estimation programs are selected to analyze the feasibility of the estimation programs. 

The thesis includes theoretical, experimental and discussion parts. Theoretical parts will 

introduce theoretical backgrounds which relate to the thesis topic. Experimental parts 

comprise tensile tests, hole expansion tests, HER program estimations and microscopy. 

Except hole expansion tests and part of tensile tests, which were conducted at SSAB 

Europe (Hämeenlinna), the other experiments were performed at material science de-

partment of Tampere University of Technology. The test materials were provided by 

SSAB.  

According to the test results, none of the estimation programs are feasible for all steels. 

However, some certain programs can predict the HER for certain sheet steel with high 

accuracy, for example the program 6 for DX56D, which showed almost the same result 

as the test result. Based on the fracture and microstructure analysis, the ductility of sheet 

steels seems to be the main factor which affects the feasibility of an estimation program. 

Furthermore, the input selection of estimation program can also affect the estimation 

accuracy. According to the analysis, ultimate tensile strength (UTS) is a possible param-

eter which ensures the accuracy of estimation program. 
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1. INTRODUCTION 

Sheet steels have been applied in various industrial areas such as automotive, aircraft 

and building constructions due to its noteworthy merits, especially the outstanding 

formability. Meanwhile, hole expansion test is an effective mechanical test which al-

ways be utilized to characterize the flange formability of sheet steels. However, in order 

to obtain higher accuracy and reliable experimental data, large amount of repetitive tests 

are necessary which can cause increasing of the cost and reducing of the efficiency. In 

this case, estimation program is attracting more attentions to be as a verification or pre-

diction method for the test results. As a result, the cost savings and accuracy of the test 

can be increased. [1-3] 

The purpose of this thesis is to study and analyze the feasibility of several estimation 

programs. Theories on sheet steels, flangeability measurements, and artificial neural 

network (ANN) will be introduced first in this thesis. In the second Chapter, some 

common sheet steel grades and the application of sheet steels are introduced. In the third 

Chapter, introduction of parameters which related to formability, their measurements 

and influence factors of measurements are presented. After that, a Chapter of ANN in 

material research and the relation between tensile data and flangeability is introduced.  

In the experiment part, a formable metal coated interstitial free (IF) sheet steel and four 

types of advanced high strength sheet steels are characterized by hole expansion test. 

The four types of advanced high strength steels (AHSS) include DP600, DP800, CP600 

and CP800 where DP refer to dual phase steels and CP refer to complex phase steels. 

On the other hand, seven different hole expansion ratio (HER) estimation programs are 

selected to acquire a group of simulated HER values. All these programs are trained by 

using an ANN program called Generate44. Inputs of these estimation programs are de-

rived from the tensile tests of the studied materials. In order to compare the microstruc-

ture and the fracture differences among selected materials, the fracture edges of hole 

expansion samples are studied by both optical and electrical microscope. Moreover, 

microstructures of selected sheet steels are studied by scanning electron microscope 

(SEM).  

Final feasibilities of estimation programs are discussed by comparing the error ratios of 

each program. The analysis of feasibility is mainly focused on microstructure compari-

son and comparison between edge fractures of hole expansion samples. On the other 

hand, effect of program inputs selection and defects of ANN are further discussed in the 

discussion part. 
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2. SHEET STEELS 

As a basic form in the metalworking industry, the application of sheet steels can be 

traced back to 1480 when the first rolling mill was designed, which used two cylindrical 

rollers to control the thickness of metals. Attributing to the low cost and excellent com-

bination of strength and formability, sheet steel became widely applicable in the engi-

neering field from the 18
th

 centuries. Despite there are various small thickness steels 

such as plate or foil, however, the definition of a work piece to be considered as sheet 

steel should have a thickness range from 1.83 to 76.2 mm. Meanwhile, the thickness of 

sheet steels is often presented according to its gauge number, which the thickness of the 

work piece is increased with gauge number promotion. Some common sheet steels and 

relevant applications will be introduced in this Chapter. [4-6] 

2.1 Common type of sheet steels 

Most steels can be manufactured into sheet steels form by rolling. Various materials are 

manufactured into the sheet form in order to satisfy the different applications. In this 

section, some types of steels which are commonly used in sheet steel industry will be 

briefly introduced. 

2.1.1 Advanced high strength steels 

As the name implies, advanced high strength steels (AHSS) refer to the steels which 

provide excellent yield strength (>300 MPa) and tensile strength (>600MPa). As Figure 

1 illustrates, AHSS can be categorized into several types. Among these different types 

of AHSS, dual phase (DP) and complex phase (CP) steels are two of the most common 

types of AHSS which have been utilized as sheet steels form. The high strength grades 

of AHSS sheet steels are appropriate for high strength and applications requiring form-

ability. Meanwhile, attributing to the excellent energy absorption potential, AHSS sheet 

steels are usually used for safety applications in automotive industry. [7][8] 

Microstructures of DP steels are mainly comprised by two phases. The hard phase is 

martensite and soft phase is ferrite matrix, which martensite provides high hardness and 

strength to the steel while ferrite ensures the steel with a good ductility and toughness 

[9]. In order to fulfill different application demands, the mechanical properties of the 

DP steels can be adjusted by changing the ratio between two phases. Various phase pro-

portion can be achieved through different heat treatments. In general, DP sheet steels 

have low yield ratios (YR) and high strain hardening rates which are attributed to the 

combination of ferrite and martensite. [10] [11] 
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Figure 1.Mechanical properties of AHSS (red marked): transformation-induced plastic-

ity (TRIP), dual-phase (DP), complex-phase (CP), twinning-induced plasticity (TWIP), 

martensitic steels (MS) and boron-based hot-forming steels (MnB+ HF). [12] 

Unlike DP steels, CP steels have more complicated microstructures which are typically 

comprised of martensite, bainite and limited amount of ferrite. Meanwhile, the volume 

of martensite in CP steel may be smaller than that of the same tensile strength DP steel. 

The biggest advantage of CP steels is fabricated good formability which attributes to 

fine structure and small hardness difference between diverse hard phases. In addition, 

CP steels always represent higher yield ratio and lower elongation when compared with 

the same tensile strength DP steel. [6][10]  

2.1.2 IF steels 

Interstitial free (IF) steels are also known as ultra-low carbon steels which provide ex-

cellent formability, deep drawing ability and no aging effect. Based on these properties, 

IF steels are ideal materials for the automobile industry. Generally, IF steels have high 

elongation and r value (> 40% and >2.0, respectively). [13] 

A vital influential factor of IF steel is the content of free interstitial C and N. Large 

number of studies have revealed that the formation of {111} recrystallization textures in 

sheet steels has a positive effect on the deep drawing ability, i.e. a high r-value can pro-

vides better draw ability. However, free interstitial C and N atoms can lead to incoher-

ent second phase precipitates such as titanium-carbides and aluminum-nitrides at grain 

boundaries of the grains, which are obstacles for {111} textures nucleation. Furthermore, 

free interstitial atoms can dramatically increase the aging effect of the steel which is 

harmful for deep drawing. Consequently, the content of free interstitial C and N has 

negative effect on the final formability of IF sheet steels. [14,15] 

To avoid the effect of free interstitial C and N atoms, several micro alloying elements 

are added into IF sheet steels such as Ti and Nb which can stabilize the C and N as car-
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bides and nitrides. However, both Ti and Nb are expensive for mass production, in order 

to reduce the cost of production, the original volume of C and N in IF steels are both 

lower than 40 ppm. Based on the low amount of C and N, the demand of Ti and Nb can 

be also decreased. In the industrial production, vacuum degassing is used as an ap-

proach to decrease the content of C and N. With low original content and alloying ele-

ments, almost all free interstitial C and N atoms can be eliminated from the basic ferrite 

matrix. Subsequently, {111} recrystallization textures can be formed to ensure there is 

no aging effect during the drawing process, as a result, the formability of IF sheet steels 

can be improved. [16] 

2.1.3 Metal coated sheet steels 

Except the bare AHSS and IF steels, metal coated AHSS and IF steels can also be man-

ufactured as sheet steels. As Figure 2 illustrated, metal coated steels have a basic sub-

strate steel with other metal coated on the surface. Commonly, the coating surface can 

be acquired by the following two methods. First is hot dip which immerses the steel in 

the melted coating metal to acquire the coating film. An example is the Galfan anti-

corrosion coating which acquires by immersing steel in a 95% zinc bath with nearly 5% 

aluminum and other certain amount rare earth mischmetal[17]. Another method is elec-

tro galvanizing process which deposits the coating metal by electrolytic reactions such 

as the general zinc coating surface of sheet steels.[18] 

In order to meet different application demands, various materials were chosen as the 

metallic coating and the substrate steel. For instance, Zn-Al-Mg alloy can be used as a 

corrosion resistance metal coating through hot-dip galvanized approach, while TiAlN 

was applied as an abrasive resistant metal coating by surface deposition.[19][20] More-

over, the formability and strength of metal coated sheet steels can be adjusted by using 

different coated metal in some specific situations. 

 

Figure 2.Schematic of metal coated sheet steel [21] 



5 

2.2 Application of sheet steels 

As a common material in our daily life, sheet steels have generated broad interest for 

using in manufacturing industry and construction fields. The good formability of sheet 

steel is suitable for manufacturing industry in order to get different shape work pieces. 

Meanwhile, high strength and durability of sheet steels can ensure the mechanical de-

mand and sustainable improvement in the construction industry. Two main application 

fields of sheet steels will be introduced in this section, which provide basic information 

about the interests from the sheet steels. 

2.2.1 Automobile industry 

The automobile industry is the most important field which sheet steels are widely used 

in. In the 20
th

 centuries, the development of automobile industry has leaded to a great 

progress of the sheet steel forming technique. [3] In general, the materials applied in the 

automobile industry have to satisfy two requirements. The first requirement is relative 

low strength to weight rate, in order to reduce the weight of vehicles. Meanwhile, an-

other point to consider is preferable strength and formability, which ensure the safety 

demand and convenient for manufacture. Sheet steel especially AHSS sheet steel is a 

good choice which can fulfill these requirements.  

As Figure 3 shows, sheet steels always be used to fabricate the body panels and struc-

tural parts of the car. The light weight of the sheet steel can greatly reduce the fuel con-

sumption thus increase the economic efficiency. On the other hand, high strength and 

formability of sheet steels provide the vehicle with a high energy absorption value 

which increases the safety and crash worthiness of the vehicle. Besides, the good form-

ability of sheet steel makes it suitable for special shape components fabricating. [22-25] 

 

Figure 3.Application of sheet steels in Automobile application. [26]  

2.2.2 Construction market 

In addition to vehicle fields, sheet steels are widely used in the construction market. For 

instance, sheet steels can be utilized to build the outer surface such as side walls and 
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roofing of buildings. Sheet steels have a profound history in the construction application, 

however, it became widespread in the 20
th

 century because of the three main benefits as 

the following: cost effective, beautiful appearance and long life circle. [27]  

Figure 4. (a) shows a house which the roof consists of sheet steels. As a construction 

material, sheet steels have both light weight and satisfied strength grades (usually up to 

350 MPa yield strength), which improves the stability of the building. Moreover, the 

excellent formability of sheet steel enables the erection of building become more con-

venient. On the other hand, general roofing steels include additional protective coating 

which provides better corrosion resistance or other special abilities such as fire re-

sistance or heat insulation properties for the building. Moreover, the sheet steels can be 

machined into different shape for the corresponding case. It can be an entire flat sheet 

steels or sometime be formed as corrugated shape as Figure 4. (b), which enhance the 

structure of the roof with the overlapping joints and low-pitch between each other. [28] 

 

Figure 4.Sheet steel application in buildings. A house with sheet steel roofing (a) two 

types of corrugation sheet steel (b) [29] 

With development of the architecture industry, material in nowadays construction field 

should not only satisfy the conventional mechanical demands of steels, but also be envi-

ronmentally friendly. Carbon neutral steel building systems (CN-SBS) is a project 

which aims to improve the greenhouse gas emission from the construction industry. 

According to the research report of CN-SBS, the building industry provides around 30% 

greenhouse gas in the entire national emission amount of Canada each year. Some new 

sheet steel processing technologies have been provided to reduce the energy cost during 

the steel manufacturing process and increase the durability of the sheet steel. Therefore, 

the sheet steel in the future market should put more concentration in the environment 

field. [30] 
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3. FORMABILITY PARAMETERS OF SHEET 

STEELS AND RELEVANT MEASUREMENTS 

Formability indicates the ability of sheet steel to undergo permanent plastic deformation 

without damage and/or failure. However, formability is a macroscopic conception to 

assess the material performance under all kinds of deformation circumstances. Thus, 

according to different plastic deformation and failure modes, specific parameters are 

used to represent the formability under certain circumstances.  

In addition, an efficient and appropriate measurement is essential to determine a forma-

bility parameter in an accurate and convenient way. In Chapter 3, several parameters 

which related to formability and the corresponding effect factors will be introduced. 

Furthermore, two testing methods are also introduced after the parameter introduction. 

3.1 Formability parameters of sheet steels 

3.1.1 Tensile properties 

Tensile properties are the most fundamental parameters for virtually all kinds of materi-

als, which indicate the strength and ductility of sheet steels under a controlled tensile 

condition. The tensile test has a long history since the first systematic tensile test ma-

chine was designed by Petrus van Musschenbroek in the 18
th

 century. After that, several 

scientists especially Thomas Young and George Rennie have improved the testing sys-

tem. In nowadays, the standards and techniques of tensile test have become more ma-

ture, which have a highly efficient testing system with accurate testing output. [31]  

Load-elongation curve is the direct result from tensile tests which usually translated as a 

stress-strain curve for further analysis. By analyzing the stress-strain curve, several ten-

sile properties can be acquired and the ductility of sheet steel can be determined. These 

tensile properties are vital factors when considering the forming performance of a sheet 

steel. [32] 

Tensile curves may have slight differences among different steels. Figure 5 presents two 

typical stress-strain curves. Apparently, the difference between them is that low carbon 

steel shows a fluctuation stage between elastic and plastic deformation stages. This fluc-

tuation stage is called yield point elongation which affected by free interstitial atoms. 

For the material such as mild steel which has distinct yield point, the maximum and 

minimum stresses during the yield process are called upper and lower yield point, re-
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spectively. While for some materials such as IF steel, the critical yield point is hard to 

be determined. Therefore, for this kind of ductile material, the yield strength point can 

be varied according to different measurement criteria. Generally the yield strength point 

is the point on the stress-strain curve which has 0.2% plastic strain. The measurement of 

yield strength (YS) will be presented in Chapter 6. The stress on the yield point is 

known as yield strength, meanwhile, the corresponding strain is yield strain.  

 

 

Figure 5. Load-elongation curves of a low carbon steel (above) stress-strain curve of a 

ductile steel (below). [33, 34] 

Ultimate tensile strength (UTS) is the maximum stress value on the stress-strain curve, 

which refers the strength limitation of the material. The stress value on the peak point of 
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the tensile curve is UTS which is also the starting point of necking transition. After the 

peak stress, stress decreases with the increasing of strain and leads to the final fracture. 

While for some brittle steel, the UTS may be equal to the breaking strength since the 

brittle materials have no or little necking phenomenon.  

The other parameter which is highly related to the formability of sheet steel is elonga-

tion. Elongation is the change in length of the extensimeter divided by the gauge length, 

which value is expressed as a percentage form and can be utilized to assess the forma-

bility of sheet steels under some normal forming processes such as rolling. For small 

elastic materials, the values of elongations are usually equal to the corresponding engi-

neering strains. Generally, there are three important elongations on a tensile curve. The 

strain value at the ultimate tensile point is called uniform elongation while the strain 

value after that is called post-uniform elongation and the elongation value at fracture 

point is called total elongation. Unlike YS and UTS, elongation is not the internal char-

acter of sheet steel, which can vary according to the gauge length difference. The reason 

is that the plastic deformation of ductile materials is mainly concentrated in the necking 

area of the tensile sample. As a consequence, an extensimeter with smaller gauge length 

can measure larger localized strain. [35,36] 

To characterize the forming property, n-value and r-value are utilized in the research of 

steels. During tension process, the correlation between strain and stress follows the 

Equation 1  

σ = K
n
                                                                   (1) 

The σ represents the stress,  refers to strain, K is the strength coefficient of the material 

and n is the n-value. The n-value usually approximately equals the strain at UTS, i.e. the 

initial point of necking. For sheet steels, n-value represents the uniform ability of the 

sheet steel during plastic deformation, which steel with higher n-value has better stretch 

forming performance. While r-value is the plastic strain ratio which calculated by Equa-

tion 2 

r=εw/εt                                                                   (2) 

The εw and εt are true strain on wide and thickness ranges, respectively. Generally, the r-

value of steel refers the ability to resist thickness change during a tension or compres-

sion deformation. In industrial application, r-value has already been used as an indicator 

to estimate the deep drawing ability of sheet steel, which the higher r-value indicates 

better deep drawability.  

3.1.2 Flangeability  

As the previous segment mentioned, general formability of sheet steels can be deter-

mined from the tensile test, while in some large deformation and special shaping pro-
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cesses such as stamping, hole-flanging or deep drawing, tensile properties are not 

enough to characterize the formability of materials. Figure 6 is the schematic of the 

stamping process which illustrates the deformation condition at the shear edge of steel 

sheets. As the figure shows, during the stretch flanging process, the cross thickness frac-

ture occurs at the sheared edge of the sheet steel. To measure the steel formability under 

similar circumstance, flangeability is utilized as a parameter which indicates the diffi-

culty that sheet steel can be made into a complex flanged shape in a fabricating process. 

[37-39] 

 

Figure 6.Stamping procedure of 780 MPa high strength DP steel sheet and the fracture 

in stretch flanging. [40] 

3.2 Parameters effect on flangeability 

During the past decades, many researchers have been discovered that flangeability can 

be affected by several factors. By controlling the effect parameters and changing the 

processing approaches, the formability of the sheet steel can be adjusted for different 

applications. 

In addition, sheared edge condition which is affected by the previous machining process 

can also affect the flangeability of steel sheets. According to the research from Ken-

ichiro et al., the unevenness and hardness of the sheared edge have negative effect on 

flangeability. [40] Furthermore, sheet steels with the burr at the edges always show 

worse flangeability than the steel with better edge condition. These kinds of external 

parameters can be improved by applying new advanced processing methods into the 

sheet steel fabrication. Such as use sharp tools for steel machining instead of worn tools. 

[43] Some external parameters such as blank hold force and punch location of the 

punching process can also affect the forming ability of the sheet steel.[41] 

Except for the above external factors, it is well-known that microstructures can affect 

the formability of the steels as an internal factor. Several researchers have revealed that 

the larger amount of the soft phase in sheet steel, the better formability the sheet steel 
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can be acquired. For instance, the uniform of the microstructures and hardness among 

different phases are both principal factors for the flangeability. The research of Koh-ichi 

et al. revealed that excellent flangeability of sheet steels can be acquired with a uniform 

fine lath structure matrix and stable retained austenite (RA) films. [42] Thus, heat 

treatment and micro alloying are efficient methods in order to acquire excellent flangea-

bility of sheet steels. 

On the other hand, as a parameter which indicates the flangeability, the hole expansion 

ratio (HER) can increase with the improvement in the unity of the sheet steel micro-

structure. In this case, the unity of microstructures refers to two aspects, the phase di-

versity and the hardness difference between various phases. [43,44] Figure 7 illustrates 

the relationship between microstructure unity and HER. Apparently, bainite single 

phase microstructure provides higher HER than bainite multi-phase microstructure. An 

example is the IF steel with the ferrite single phase which is similar with bainite single 

phase always shows excellent edge flangeability compared with same grade CP steel. 

On the other hand, despite TRIP steel has much diverse phase composition than DP 

steel, the TRIP steel still shows better HER than DP steel. An explanation is the RA in 

TRIP steel which can transform to martensite thus decrease the hardness difference 

among various phases, as a result, HER of the TRIP steel is higher than DP steel. The 

research from Z.Z. Zhao et al. also indicated that RA can improve the compressive 

stress on the ferrite and bainite matrix to impede the crack propagations thus increase 

the edge flangeability of sheet steels. [24] 

 

Figure 7.HER among several sheet steels with different microstructures. [43] 
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3.3 Measurements of flangeability 

3.3.1 Hole expansion test 

The hole expansion test is the most common method which is used to measure the 

flangeability of sheet steels. The direct result of the hole expansion test is HER which 

the higher HER value represents the better flangeability. [45] 

Based on ISO/TS 16630-2003, specimens for hole expansion are a thin plate sample 

with a punched hole in the middle of the sample. As Figure 8 illustrates, during the hole 

expansion test, the specimen is first fixed by the punching die. One thing need to be 

mentioned is that the center of the punching hole should be aligned with the puncher 

chip as much as possible to ensure the accuracy of the test.   

The test can be started while all the parameters are set and the sample is fixed. During 

the test, a puncher with a conical head keeps moving with a constant speed to flange the 

hole in the sample until a cross thickness fracture can be seen at the edge of the hole, 

then the whole testing machine will be turned off and the puncher stop to stretch the 

hole. [37] 

 

Figure 8 Schematic of hole expansion test. [46] 

The hole diameter is measured before and after the punching procedure. Then, the HER 

value is calculated by the Equation 3 as follow: 

HER = (D – d) / d × 100 [%]                                               (3) 

Where D represents the diameter of the punched hole after the test and d is the original 

hole diameter. [47]  
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3.3.2 Testing variabilities 

As all the experiments, the result of the hole expansion test can be affected by both the 

absolute error from the measurement system and the personal error from the operational 

deviation. Therefore, results of the hole expansion tests may have differences even for 

the same specimen under the same test standard. Several influential factors and corre-

sponding solutions are discussed in this section. 

 Blank holder 

The blank holder is the part of equipment for the hole expansion test, which is used to 

provide clamping force for fixing samples on a rigid position. The effect of the blank 

holder on the final HER result in some extent can be determined by the condition of the 

measurement. The research from Obermayer et al. demonstrated that the accuracy of the 

hole expansion test can be improved by using the elastic blank holder instead of the 

traditional normal sample holder. [41] One explanation is that the state of the defor-

mations around the hole edge are not homogenous during the expansion process. The 

elastic blank holder can improve the forming conditions around the edge by adjust the 

stress and strain state at each point on the hole edge to enhance the reliability of the 

HER. 

 Penetration speed 

The penetration speed defines the raising speed of the puncher. According to the re-

search of Chiriac et al., different penetration speed can lead to various hole expansion 

results even for the same material. [37] To be more specific, three different AHSS were 

studied in their research, and the result showed that with the increasing of the test speed, 

HER values of the steels were improved. However, the accuracy of the test cannot be 

unilaterial determined by the increasing of HER value.  

 Alignment 

As the Section 3.2.1 mentioned, the alignment between hole center and the puncher axis 

is a vital premise before the test start. Several reports have indicated that the HER value 

will decline with the increasing of offset value, especially for the high strength sheet 

steels. In other words, a well alignment device provides higher HER values. The reason 

is that a sample which is set with offset can aggravate the inhomogeneous condition at 

the hole edge, thus leads to an uneven plastic deformation phenomenon around the 

punching hole. As a result, the final outcome of the hole expansion test is not accurate. 

One of the solutions to enhance the alignment of the test is to improve the testing sys-

tem. For example, the Self Alignment System (SAS) is a system which can improve the 

alignment condition of the hole expansion test. The principle of SAS is to apply a pre-

load on the specimen from the sample holder, which fixes the specimen under a loose 
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condition. After that, the conical puncher pushes the specimen slowly without any plas-

tic deformation. Considering the specimen is on a loose condition, the sample is aligned 

with the puncher automatically when the puncher hit it. The next step is to remove the 

puncher and release the specimen fall back to the sample holder. Meanwhile, the sample 

holder fastens the sample with a higher clamping force. Then, the whole alignment pro-

cess is completed thus the hole expansion test can perform with higher accuracy. [37]  

 Determination criteria of cross thickness fracture 

The effect of operator is also an important factor which can affect the test result. Con-

sidering the hole expansion test is stopped when any cross thickness fracture arises at 

the hole edge, so the determination criteria of the cross thickness fracture have huge 

influence on the HER values. In most cases, several cross thickness fractures appear 

simultaneously, which increase the difficulty of crack determination especially for na-

ked eyes. As a consequence, the moment when the first cross thickness fracture arises is 

hard to determine accurately.  

To optimize the accuracy of the hole expansion test, several improvements were invent-

ed. The digital record and measurement system (DRMS) has been proved as a good 

method which can effectively improve the accuracy of the cross thickness fracture de-

termination. The principle of DRMS is to use a high speed camera for the image record-

ing of the hole edges at each moment during the hole expansion test so that the edge 

condition on each second can be shown as a real-time image on the screen. After the test 

stop, each frame of the recorded images can be replayed again. The image of the first 

cross thickness fracture appearance can be selected from all the images. The next step is 

to use measurement software to characterize the hole diameter on the selected image for 

the final HER value calculation. [37] However, materials always have different extent 

elastic recovery which leads diameter differences between the final sample and the mo-

ment when the first crack appears, thus, the DRMS is only suitable for the steels which 

have small elastic recovery.  
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Figure 9.Penetration force-displacement curve of CP600 sheet steel [48] 

Similarly, the method penetration force-depth diagram can also precisely acquire the 

first cross thickness fracture. As Figure 9 illustrates, it is a typical diagram to show the 

correlation between penetration depth and penetration force during the hole expansion 

test. Special camera and sensors are applied to monitor the required data for the diagram. 

After the test, the peak of the curve is determined to be the critical point when the first 

cross thickness fracture appears. Then, HER is calculated by using the diameter infor-

mation at that point. [46] 

3.3.3 Forming limit diagrams 

The forming limit diagram (FLD) is another significant approach which is used to as-

sess the forming behavior of sheet steel. The FLD is determined by repeating several 

formability experiments under different condition such as the hole expansion test. Gen-

eral the procedure to draw a FLD is introduced as the following. 

First, the testing specimens are marked with meshes on the surface before perform the 

mechanical test, as Figure 10 illustrates. When a test is completed, the next step is to 

find the critical mesh circle which crossed by cracks or close to the fracture area and 

measure the diameter of the mesh circle in two orthogonal directions which along the 

meshes. Meanwhile, the original diameter of the circle is measured from a mesh circle 

which has no deformation. Furthermore, the major and minor strains at each critical 

point are calculated from Equation 4 and 5. 

e1 = (d1 – d0) / d0 × 100%                                                     (4) 

e2 = (d2 – d0) / d0 × 100%                                                     (5) 
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Where the e1, e2 refer to the major and minor engineering strains, d1, d2 refer to the diam-

eters on major and minor strain directions and d0 represents the original diameter of the 

mesh circle. If the strains in curve use the true strain values, the values are calculated 

from Equation 6 and 7 

                                                ε1 = ln
𝑑1

𝑑0
= ln (1 + 𝑒1)                                                         (6) 

                                                ε2 = ln
𝑑2

𝑑0
= ln (1 + 𝑒2)                                                         (7) 

Where ε1 and ε2 represent the true strains on major and minor directions. 

 

Figure 10. Example of FLD and the hole example specimen which applied for FLD 

analysis. [49][50] 

After the strain data under a certain circumstance determined, the test needs to be re-

peated several times under different sample shape or loading conditions. Groups of 

strain data under different conditions can be acquired after several repeating tests. With 

the groups of strain data, the FLD can be drawn as Figure 10. Considering the data on 

the curve are dispersive, there is a critical band in FLD which divide the curve into three 

parts. Large amount of tests demonstrated that, when the deformation area of a work 

piece is above the critical band, the material will have fractures. In the contrast, if the 

deformation area is below the critical band, fractures will not appear. Therefore, the 

fracture condition of sheet steel can be predicted by using FLD. Apparently, the FLD 

can only predict the deformation limitation of a material under certain strain condition. 

While the exactly mechanical properties such as HER can not be derived directly from 

FLD. However, the character of FLD still makes it always be used for some further es-

timation analysis such as finite element analysis (FEA). [51-53]  

As an important analysis approach, the first FLD was proposed by Keeler and Backho-

fen in the year 1964 and Goodwin improved it at 1968. FLD is meaningful to sheet steel 

deformation analysis. If the FLD of specific type sheet steel is acquired, the strain con-

dition of the sheet steel during a certain forming process can be predicted in advance, as 

a consequence, the failure of the work piece can be prevented. [54,55] 
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3.4 Estimation of Hole Expansion Ratio 

Since the hole expansion test has several variabilities which affect the accuracy of the 

test, meanwhile, FLD cannot predict HER directly, some extra estimation methods have 

gained interests in the research field. An effective way to predict HER is to use some 

estimation programs which can estimate a test result by using some certain mechanical 

properties into empirical equations. Generally, the interior principles of estimation pro-

grams are some empirical equations as following [56, 69]: 

HER = 1.7 (rm) (et(%))+15                                                          (8) 

HER = 478 t + 2.56 et(%) + 35.3 rm - 58.2                                  (9) 

HER = 85.7 rm – 31.4 nt - 23.6                                                (10) 

where rm and nt are r-value and n-value, respectively, t is the sample thickness, et(%) is 

the percent of transverse total elongation. 

In this thesis study, some estimation programs are selected to estimate the HER by us-

ing tensile test data as the program inputs. The training method of estimation programs 

and relation between tensile data and HER will be introduced in the fourth Chapter. 

All the estimation programs in this research are selected from the Materials Algorithms 

Project (MAP) Library. MAP is an online database which is created by the University of 

Cambridge and the National Physical Laboratory. MAP includes various modelling 

programs which can be employed in the materials science application. 

As Figure 11 shows, according to the type of materials, MAP Library classifies all the 

resources into several categories, which are convenient for model searching. Besides the 

completed programs, some other relevant information such as subroutines and modules 

can also be found in this database. In addition, the programs in MAP can be written in 

any program languages. As a consequence, some special operation systems might be 

needed in some cases such as the Linux operating system. 

After finding the appropriate programs, the executive programs and the source code can 

be downloaded in corresponding links. Some essential introductions and instances are 

illustrated under the program pages. Also the contact information of the author can be 

found in case there is necessary to contact the programmer.  
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Figure 11.Interface of MAP Library [57] 
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4. ARTIFICIAL NEURAL NETWORK IN MATERI-

ALS SCIENCE  

Modelling as an important method in theoretical study has been extensively used in ma-

terials science. In the research of material science, large amount of properties and phe-

nomena have been revealed by massive experiments, some experiments results even 

show the qualitative correlation. For instance, the HER of C-Mn sheet steel is increasing 

with the tempering temperature rise in a range from 200
o
C to 300

o
C, however, the quan-

titative correlation between the temperature and the HER value is unknown. [52] In this 

case, a modelling analysis is necessary to show the result in a quantitative way, so that 

tempering temperature can be decided in a real industrial manufacture process. On the 

other hand, modelling can be used as a method which can predict some specific charac-

ters of a material. If the modelling result is highly precise, a modelling program can 

even replace a laboratory test in order to reduce the research cost. 

An appropriate model should have the ability which can simulate a result by using sev-

eral specific parameters as the model inputs. Meanwhile, the model should be feasible 

among a certain input range so that the similar case which input within the range can 

use this model to get the simulated result. A good example is the crystallographic theory 

of martensite which can predict the final phases from the original crystal structures. [58] 

For a model establishment, first, an empirical equation should be built. Then, the model 

needs to be verified with plenty of experimental data to correct and improve the equa-

tion of the model. Final step is to select the most feasible model which can be applied 

from a certain case to general conditions. [59] 

Various methods and algorithms can be used to build a model in materials science re-

search. Considering the estimation programs in this master thesis are trained by the arti-

ficial neural network (ANN) model with tensile data, the principle and applications of 

ANN, relevance between formability and tensile properties will be presented in this 

Chapter. 

4.1 Principle of artificial neural network  

The artificial neural network (ANN) is a type of machine learning arithmetic model 

which is inspired by the human brain learning and summarizing behavior. With an ap-

propriate training process which uses large amount of experimental data, the neural 

network can summarize the statistics and find a regular pattern between several varia-



20 

bles and the target result parameters or simplify a present empirical model. As a result, 

the correlation between those variables and the result can be determined. [60] 

As Figure 12 illustrates, the structure of an artificial neural network can be categorized 

into input layers, hidden layers and output layers. The circles in the figure are called 

neuron, which input variables can export an output result by using a certain algorithm 

through the neuron. The data which is guided into the input layers serves as the input 

parameters (Xi in Figure 12) of the whole estimation program. After the processing of 

input layers, the outputs from the input layers will be selected as the inputs for the next 

layers, and the final model establishing is based on the regression of all these neurons 

processing procedures. Each layer includes an uncertain amount of neurons and the 

basic principle of it is similar to biology neural network which signals are processed 

through these neurons step by step. The final result of the whole ANN is achieved by 

this procedure and acts as the “cost” in Figure 12. [61] 

 

Figure 12.Schematic of artificial neural network. [62] 

When training an ANN, the input and output of the ANN are both acquired from exper-

imental data which input variables are selected experimental parameters and the corre-

sponding output results can be checked directly from the experimental data. With sever-

al inputs and outputs data, the correlation equation can be built by neurons with linear 

fitting analysis. Based on this training mechanism, the accuracy of the final model can 

be improved by using large amount of training data. On the other hand, as the input be-

tween each neuron is randomly selected in a certain training case, the weight of each 

neuron in the final equation creation is different according to the contribution of each 

neuron to the final output of the whole ANN. [63] Once a modelling program is trained 

by ANN, it can be applied into the material research with several selected parameters to 

estimate the target parameter which is the output of the modelling program.  
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4.2 Relevance between Tensile Properties and formability 

The estimation programs of HER in this thesis study are all using tensile properties as 

the model inputs. Therefore, the relevance between tensile properties and formability of 

sheet steels is introduced in this segment. 

As a most common mechanical test, the tensile test is an effective way to acquire the 

basic mechanical properties of sheet steels. Since the tensile test is easy to perform and 

the testing process is controllable with high experimental accuracy, tensile data are suit-

able to be selected as the inputs of an estimation program.  

According to Section 3.1, both ductility and flangeability are indexes which indicate the 

formability of sheet steel. Meanwhile, ductility and flangeability are characterized from 

tensile test and hole expansion test. As a consequence, an assumption can be proposed 

that the tensile data and hole expansion behavior of sheet steels have a close relationship. 

In fact, large amount of researchers have discovered the qualitative relevance between 

tensile properties and hole expansion properties during the past decades. For example, 

elongation is derived from a tensile test, which shows corresponding deformation at 

each moment during the tensile process, and it can be acquired from the load-elongation 

curve directly. Hole expansion tests among various sheet steels demonstrated that under 

a same testing standard, a material which shows a higher elongation usually has higher 

HER values. [64-66] 

As one of the parameters which can be obtained from a tensile test, strength also shows 

a strong relevance to HER. Considering HER is also an index which represents the duc-

tility of sheet steel under specific plastic deformation condition, the relation between 

HER and strength of the sheet steel is in accordance with the trend of the ductility, 

which declines with the increasing of strength. Furthermore, the strength of the sheet 

steel is highly affected by the chemical component of the material. This is because alloy 

elements provide various microstructures and phases for the sheet steel. For instance, 

Fang et al. indicated that carbon content in C-Mn steel can strongly affect the HER of 

the material due to the carbide which is generated by carbon. With the increasing of 

carbon proportion, HER of C-Mn steel is decreased. Meanwhile, the hardness between 

harder and softer phases can also affect the HER values, which HER is decreased with 

the enlargement of hardness difference, and this is reflected as the changing of strength 

as well. [51][65][67]  

According to the introduction in 3.2.1, both n-value and r-value are related to the form-

ability of steel. Therefore, it has high possibility that n-value and r-value can affect the 

HER values. Kuo T Y et al. have demonstrated that the HER value is increased with the 

promotion of n-value and r-value. [63][65][66]  
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5. EXPERIMENTAL PROCEDURE  

The experimental parts of this master thesis include the following four tests: hole ex-

pansion test, tensile test, microstructure analysis and fracture analysis. All the speci-

mens for these tests were produced from SSAB Europe (Hämeenlinna). However, only 

the hole expansion test and part of tensile tests were carried on in the research centre in 

Hämeenlinna. Other experiments were all preceded in materials science department of 

Tampere University of Technology. 

The details of the laboratory experiments include testing parameters, testing devices and 

testing procedure will be introduced in Chapter 5. Moreover, introductions of estimation 

programs for the hole expansion ratio estimation test are also presented in the following. 

5.1 Materials 

5.1.1 Compositions 

Five different sheet steels were chosen in this study, and all of them were provided by 

SSAB Company. The steel grades of these sheet steels were DX56D, DP600, DP800, 

CP600 and CP800 steels. In these selected materials, DX56D was a formable zinc-

coated interstitial free (IF) sheet steel, and other four steels were 600 MPa and 800 MPa 

grades dual phase (DP) and complex phase (CP) sheet steels, respectively. The main 

chemical components of these materials were listed in Table 1. 

Table 1. Nominal chemical compositions (w%) of selected sheet steels according to the 

standard: SFS-EN 10346 

Steel 

grade 

Main chemical compositions (%) 

C 

max. 

Si 

max. 

Mn 

max. 

Cr+Mo  

max. 

Nb+Ti 

max. 

DX56D 0.12 0.50 0.60 0.02 0.30 

DP600 0.17 0.80 2.20 1.00 0.15 

CP600 0.18 0.80 2.20 1.00 0.15 

DP800 0.18 0.80 2.50 1.00 0.15 

CP800 0.25 0.80 2.20 1.20 0.15 
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5.1.2 Microstructures  

Microstructure images under 500× and 5000× magnifications of these steels are pre-

sented in this section. Considering the microstructure of DX56D has much difference 

than other steels, an image under the 2000× magnification of DX56D is also presented. 

Figure 13. (a) and (b) are images of CP800 microstructures. Vast quantity of hard phas-

es such as bainite, retained austenite and martensite can be observed in Figure 13. (a). 

Furthermore, parts of the hard phases are aligned along a certain direction which 

demonstrates the microstructural banding in CP800. On the other hand, the grain 

boundaries are hard to distinguish with 500× magnification as Figure 13. (a) shows. 

However, grain boundaries can be identified with higher magnification as Figure 13. (b).  

 

Figure 13.SEM images of CP800 under different magnifications.  

 

Figure 14.SEM images of DP800 under different magnifications.  

Similarly, the microstructure of DP800 steel also contains a lot of hard phases and 

alignment as Figure 14 illustrates. The difference is the less diversity of hard phases and 

the amount of second phases is smaller than CP800 steel. Martensites are the main con-

tent of these hard phases, the rest phases are small amount of bainite. Moreover, the 
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microstructural banding phenomenon in DP800 is more apparent. Furthermore, there 

are less hard phases and grain boundaries appear in Figure 14. (b). In addition, the edges 

of those hard phases have some fluctuation and sharp edges which directions of those 

edges are the same.     

For CP600 steel, despite hard phases still show the microstructural banding tendency, 

but on the whole image aspect, hard phases are more disorder than 800 MPa grade 

steels. In Figure 15. (b), an apparent difference with 800 MPa grade steel is that CP600 

steel contains significant less martensite. Similarly, grain boundaries of CP600 in one 

visual field are less than 800 MPa grade steels. One possible result can be estimated is 

that the grain size of CP600 is larger than the previous two steels. Different with CP800 

steel, the edges of hard phases in CP600 show some fluctuation along a certain direction, 

but those edges are smoother than edges of hard phases in DP800 steel.   

 

Figure 15.SEM images of CP600 under different magnifications.  

Generally, the microstructure of DP600 is similar with CP600 which also has large 

grain particles with second phases disperse in the basic ferrite matrix. The difference is 

that DP600 steel has a larger density of hard phases. In Figure 16. (b), the edges of hard 

phases are sharper and point in diverse directions when it compared with CP600 steel. 

  

Figure 16.SEM images of DP600 under different magnifications.  
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Compared with the above steels, DX56D steel shows totally different microstructure as 

Figure 17 illustrates. As a single ferrite phase alloy, first, there are no hard phases ap-

pear among different grain particles. Second, only parts of the grain particles have in-

ternal hard structures and those structures have better and clear alignment than the pre-

vious steels. Meanwhile, these hard structures are mainly consisted by stabilized car-

bides and nitrides which are different structures than AHSS. Last, the grain particles are 

much larger than other steels while carbides and nitrides inside the grains are smaller 

than hard phases in other AHSS steels. This type of microstructures are mainly contrib-

uted by the formation of {111} texture during the recrystallization process. 

 

 

Figure 17.SEM images of DX56D under different magnifications.  

5.2 Tensile test  

The tensile test was performed in this research work, which aims to acquire the tensile 

properties of each material as inputs to the program estimations. Considering that sheet 

steel has anisotropy character, each material should take tensile test on rolling direction, 

transverse direction and 45° from the rolling directions, respectively. Tensile tests on 

rolling and transverse directions have already done in SSAB Company. Consequently, 

the experiments which are introduced in this section were performed in department of 

materials science of Tampere University of Technology and the microstructures samples 
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in the tensile tests were taken from sheet steels along 45° directions according to ISO 

6892-1:2009 standard.  

5.2.1 Specimens and Test Device 

All the tensile test specimens were machined from the end of the sheet steel coil with 

longitudinal axis inclined with 45
o
 to the rolling direction. Compared with the front and 

middle part of the sheet steel coil, the end of a coil has better ductility. This is because 

the end of a steel coil reaches the cooling unit late during the cooling process of sheet 

steel. Testing samples were prepared with the same length and width, and the precise 

dimension is illustrated in Figure 18.   

 

Figure 18.Specimen of the tensile test along 45°direction from the rolling direction 

The testing system of the tensile test was Instron 8800 servohydraulic testing system as 

Figure 19 shows. Both dynamic static and static testing can be applied with this testing 

system and the axial force capacity of the system is ± 100 kN. Two gauges with gage 

length 80mm were applied in the tensile tests which are used to measure the dimension 

change of the samples in both length direction and transverse direction.  

The whole tensile test was controlled by the connected computer with corresponding 

controlling software. Besides setting the experimental parameters, the software can also 

present the following four different real-time curves during the experiment process. 

These real-time curves are Load-time curve, position-time curve, load-strain curve and 

load-position curve, where the load refers to the tension load value, time refers to exper-

iment time and position refers to the instant gauge position compared with the original 

position. 
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Figure 19.Instron 8801 servohydraulic tensile machine and the grip. [68] 

5.2.2 Experiment Procedure  

Despite all the specimens were machined with the same dimension, the thicknesses of 

samples between different materials were various due to the different thicknesses of 

original sheet steels and the operating deviation in the machining process. In order to 

improve the accuracy of the test, all the specimens were measured manually before set 

on to the experimental devices. 

Samples can be fixed on the tensile machine after dimension measuring. Two exten-

someters were attached along the length direction and width direction, respectively, 

which were used to measure the dimension changes on these two directions. 

The next step was to set the experimental parameters into the controlling computer pro-

gram. The testing temperature was room temperature and tension piston movement kept 

constant during the whole test. Furthermore, all the strain values were balanced before 

the test started.  

The tensile test was stopped after sample breaks. Meanwhile, test results were presented 

in Excel format which represents position, load, strain values on each time point. Once 

the experimental data saved, the broken sample was released and gauges were detached.  

To maximize the accuracy of tensile strength, each material took three parallel experi-

ments and the final value of each mechanical property was the average value which de-

rived from those three parallel tests. 
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5.3 Hole Expansion Test  

The hole expansion test as the main experiment in this thesis research, the principles 

and affection factors of it has already been introduced in Chapter 3. The main purpose 

of the hole expansion test in this research is to acquire the testing data of the hole ex-

pansion test for comparison with simulated HER values. Testing device and samples of 

the hole expansion test are presented in this section. 

5.3.1 Specimens and Test Device 

The same with tensile test samples, specimens for the hole expansion test were also tak-

en from the end of the sheet steel coil. Considering the specimens were taken from the 

same area on the sheet steel, the effect of the mechanical variety between different part 

in sheet steel can be minimized.  

Research of R.J. Comstock et al. revealed that the HER increase with an increase in the 

thickness of test samples. [69] However, because of the thickness limitation of different 

sheet steels, the thickness of each sample was various. For sheet steel which has better 

ductility such as DX56D, DP600 and CP600 steels, the sample thickness were 1 mm. 

While for higher strength grade sheet steel DP800 and CP800, the sample thicknesses 

were 1.5 mm and 1.3 mm, respectively. Despite the thickness of each sample was dif-

ferent, according to ISO/TS 16630-2003 standard, the hole size and the length of side 

was the same. As Figure 20 illustrated, all the specimens were machined into a square 

shape which length and width were 107 mm with a 10 mm punching hole at the center 

of each sample. 

 

Figure 20.Schematic of the hole expansion sample and dimensions.  
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Erichsen 142-40 testing machine was chosen to carry the hole expansion test. It is a ma-

chine which is designed for several mechanical tests of sheet steels, such as the hole 

expansion test and deep drawing test. The machine is electro-hydralic drive with maxi-

mum 400 kN drawing force, and maximum 220 kN blank holder pressure. In addition, a 

video camera was fixed above the punching hole which was utilized to observe the hole 

expansion condition from the vertical side. The output of the video camera was dis-

played on a connected monitor screen which showed the real-time images of the test. 

5.3.2 Experiment Procedure 

Considering there were some operation deviations during the machining process, the 

diameter of the punching hole was measured again before each specimen set into the 

testing chamber. In order to improve the accuracy of the test, each hole was measured in 

two different directions and the final value of the diameter was the average value of 

those two values. One thing should be emphasis is that the center of the punching hole 

should align with the center of the puncher so that the punching condition at each point 

on the hole edge was the same. Meanwhile, to eliminate the effect from burrs, the coni-

cal puncher punched the hole from the opposite side of the surface which contains burrs 

at the hole edge, thus, there is no contact between burr and conical puncher during the 

hole expansion process. The whole test was taken under the room temperature condition. 

After the specimen fixed and the testing chamber closed, press the corresponding bot-

tom to clamp the sample. The pressure for the sample clamping was a fixed value which 

was 50 kN and the moving speed of the puncher was 15 mm/min. 

Hole expansion test started after all the parameters was set down and the sample fixed. 

As Figure 21 shows, there were four main windows on the control panel of the testing 

machine which displayed punching location, punching force, clamping force and punch-

ing speed, respectively. The clamping force and punching speed kept constant during 

the hole testing process while the punching location and punching force were increased 

during the process. It is because the punching location indicates the location of the 

puncher which value was 0 at the beginning and increased steady with the movement of 

the puncher. Similarly, for punching force value which needs larger load to continue the 

punching process, as a result, the value was also increased during the experimental pro-

cedure. The test was ended by pressing the stop bottom on the control panel once the 

cross-thickness fractures appeared on the monitor screen. 

After the test, the final diameter of the punching hole was measured for the hole expan-

sion ratio calculation. The diameter of the punch hole after the test was also measured 

on two different directions, and the final value of the hole diameter was the average 

values of these two diameters. On the other hand, three parallel experiments were taken 

for each material in order to minimize the experiment deviations. The final HER value 

was determined by calculating the average value of the three parallel experiments re-

sults for each material. 
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Figure 21.Control panel and the monitor screen during the hole expansion test process. 

5.4 Estimation of hole expansion ratio  

Another important part of this research is the program estimation of HER. After the hole 

expansion test completed, the testing result should compare with the predicted results 

for further analysis. Several estimation programs were chosen to calculate the HER. The 

database of algorithmic programs already introduced in Section 3.4 and the selected 

estimation programs will be introduced in Section 5.4. 

5.4.1 Estimation programs 

Estimation programs which applied in this thesis have been programmed by S Chatter-

jee from University of Cambridge in December 2006. In the estimation work, seven 

different programs with various input parameters were applied. The inputs of those pro-

grams are listed as the following:  

Inputs parameters of Program 1: Yield strength (YS), Ultimate tensile strength 

(UTS), Yield ratio (YR), Uniform elongation (UEL), Product of UTS and UEL (UTS-

UEL) 

Inputs parameters of Program 2: UTS, UEL 

Inputs parameters of Program 3: YS, UEL 

Inputs parameters of Program 4: YS, UTS, YR, Total elongation (TEL), Product of 

UTS and TEL (UTS-TEL) 

Inputs parameters of Program 5: UTS, TEL 

Inputs parameters of Program 6: UTS, UTS-TEL 

Inputs parameters of Program 7: UTS-TEL 
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All the programs have already been trained by an ANN called Generate44. Consequent-

ly, estimation programs can generate simulated results directly without any additional 

training processes. Considering the different relevance level between those mechanical 

indexes and HER, final HER values of prediction programs can be various. Thus by 

comparing the differences among each simulated result, the optimal prediction program 

for a certain material can be chosen. 

Those programs had two different type versions which can run under PC or LINUX 

operation systems. Meanwhile, the details of the programs might have slight difference 

within these two versions. While in this research work, all the programs were performed 

under PC operation system.  

5.4.2 Modelling process 

The data of input parameters were acquired from tensile tests which already be intro-

duced in Section 5.2. Considering that sheet steels might have anisotropic property, 

each material had three groups of prediction tests, which used the tensile data on trans-

verse, rolling and 45
o
 from the rolling directions as the program inputs. Estimation tests 

started after all the demand inputs acquired and the procedure is introduced as the fol-

lowing.  

First, all the tensile data should be tapped into a DAT file named test which is the file of 

estimation program inputs. After inputs fixed, the program can execute by clicking the 

executive program named model. One thing need to be emphasized is that the format of 

parameters in the test file should correspond with the format in the example of the pro-

gram in MAP, otherwise, the program will be terminated.  

If the program runs smoothly, the program windows will display each ongoing stage 

through the estimation process. After the estimation process finish, the result can be 

checked in the model_result DAT file. In the result file, the first line of values was pre-

dicted HER, and followed by a line of sigma modelling uncertainties which had no ef-

fect on this research. There was also file named error_mess which can be used to check 

if there were any error occurs during the estimation process. 

5.5 Microscopy 

The research part of this thesis work is to analyze the factors which cause the difference 

between testing results and predicted tested results. Considering that different materials 

have different microstructures and the fracture mechanisms, optical and electron micro-

scopes are essential to analyze the difference from these two aspects. Testing devices 

and sample preparation processes are introduced in Section 5.5. 
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5.5.1 Optical microscope 

In this research, the optical microscope was chosen to study the cross thickness frac-

tures of the hole expansion samples on a low magnification level for the crack analysis. 

The optical microscope used in this work was Leica MZ75 stereomicroscope. As a ste-

reomicroscope, it has two eye pieces which can increase the accuracy of the image by 

adjusting the images from each eye pieces. As Figure 22 shows, MZ75 has two adjusta-

ble light sources, which illumination directions are changeable. The whole microscope 

was controlled by the attached computer which can set parameters and make labels on 

images. By using the controlling software in the computer, fractures can also be ob-

served on the computer screen. 

 

Figure 22.Leica MZ75 stereomicroscope 

In this research, zoom drive parameter for all samples were 1.00 × while the main ob-

jective magnifications were 2.0 × or 0.5 × according to different samples. The fractures 

can be clearly seen from the eye lens or the computer screen after all the adjustments 

completed. Meanwhile, fracture images were saved with the controlling software. The 

crack size was directly measured from the images by using the control software, and the 

scale bar was also added on the image before the image saving. 

5.5.2 Scanning electron microscope 

The scanning electron microscope was applied for the microstructure analysis of each 

sheet steel and the fracture analysis of hole expansion samples. Philips XL-30 SEM was 

chosen for microstructure observations. Figure 23 is the configuration of Philips XL-30 

SEM. 
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Figure 23.Philips XL30 scanning electron microscope and the control computer unit. 

[70] 

Compared with the optical microscope, XL-30 has higher magnification which can re-

veal more details of the sample. Moreover, the depth of field is deeper than optical 

scope. In addition, SEM sample preparation is easier than a transmission electron mi-

croscope sample preparation, and the scanning speed of XL-30 is faster than other elec-

tron microscopes. 

All the samples were cleaned by ultrasonic cleaning before set into the observation 

chamber. The samples were immersed in 16
o
C technical ethanol solutions to do the ul-

trasonic cleaning for 3 min. After that, the observation surface was washed by ethanol 

again and a blower was used to dry the sample. Once the sample cleaned, it can be fixed 

into the chamber of SEM. XL-30. SEM. XL-30 has a sample holder which can fix sev-

eral samples at one time, as a consequence, the chamber has no need to open frequently 

for the sample changing. Before the test, the observation chamber was vacuumed for 

scanning. When the observation completed, all the data and images were saved by the 

controlling computer unit. 

5.5.3 Sample preparation 

The surface of the sample for microstructure study needs special treatment before ob-

servation under the electron microscope. However, in the fracture observation experi-

ment, the original dimension of the sample was too large to set into the observation 

chamber of the electron microscope. To solve these problems, all the samples were pre-

pared by several processes before set into the SEM chamber. Operation processes of the 

sample preparation and testing devices are introduced in this Segment. 
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 Cutting 

Cutting was the first process of sample preparation which cut the large sample into 

small pieces to fit the dimension demand of SEM. In this research, samples of micro-

structure and fracture observation were both machined with the cutting machine Struers 

discotom-5. This cutting machine is appropriate for small sample cutting and it can 

move the sample stage either in manual or automatic way during the cutting process. 

Furthermore, the cutting plate is changeable according to different hardness samples. In 

this test, 60A25 cutting plate was chosen for the sample cutting. Meanwhile, speed of 

sample stage remained 0.2 mm/s under the automatic moving mode. The cooling liquid 

was irrigating the sample automatically during the cutting process in order to keep the 

whole process under the room temperature condition. 

Samples for the microstructure and the fracture observation were taken from different 

part of the steel. As Figure 24 illustrates, samples for the fracture observation were pre-

pared from the specimen after the hole expansion test. In the image, the black lines de-

note the cutting lines. Meanwhile, the parts which are covered by red dashed line denote 

the area where the sample was taken. One thing should be emphasized here is that the 

sample area should have at least one cross thickness fracture. After the sample cutting, a 

mark was carved on the backside of the sample which indicated the rolling direction of 

that sample for the further fracture analysis. There were no other special treatments for 

the fracture observation samples, the samples can directly set into SEM chamber for 

further analysis after cutting. 

Unlike fracture analysis samples, the microstructure observation samples were prepared 

from the tensile test specimens. Figure 25 indicates the sample area of the microstruc-

ture samples which were machined at the gripping head of the tensile test specimen. It is 

worth noting that the observation surface of the microstructure was the cross section 

area of the tensile test specimen. It is because the surface of the sheet steel might have 

some special surface treatment such as the zinc coating of DX56D which can affect the 

surface microstructure analysis. 



35 

 

 

Figure 24.Schematics of the sample area on the hole expansion specimen for fracture 

observation. Upper image is the schematic on vertical view and bottom image on lateral 

view. 

 

Figure 25.Schematics of the sample area on the tensile specimen for microstructure 

observation  

 Further preparation for microstructure analysis 

Considering the cross section area of the tensile test specimen was too narrow, all the 

samples for microstructure analysis were immersed in a small ingot which can hold the 

sample and stand on a horizontal plane. As a result, the cross section area can be ob-
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served from the vertical side. In this thesis, samples were fixed in a ingot through hot 

resin method, which is quicker than cold resin and has no effect on microstructures of 

steels. The resin machine for this stage was the Struers Cito Press-10 hot resin machine. 

The following steps were grinding and polishing which aim to improve the surface con-

dition of the specimen. The device for grinding was BUEHLER Phoenix 4000 grinding 

machine and the rotating speed of the grinding plate was 150 rpm. Meanwhile, rough-

ness of sandpaper was gradually decreased during grinding from P120, P320, P600 to 

P800 and P1200.  

The Pedemax-2 polishing machine was utilized for the polishing process, which rotating 

speed was 200 rpm. During the polishing process, a special diamond liquid was added 

to polish the surface. 3 um diamond liquid was applied at the beginning of the polishing 

for rough abrasive and 1 um diamond liquid was applied at the end of the polishing pro-

cess to polish the surface on a smaller scale. 

Furthermore, 4% nital solvent was used for the etching process. The etching time was 

various, which depended on steel types. For DP600, CP600 and DP800 steels, the etch-

ing process only took 2 seconds, while 4 seconds and 5 seconds were essential for 

DX56D and CP800 steels, respectively. Moreover, a further step to emphasize is that 

the sample surface was roughly observed under an optical microscope to ensure the sur-

face was etched with an appropriate condition. Some previous preparing steps were re-

taken for some over etched samples.  

After all the above processes, the sample preparation for the microstructure analysis was 

completed, and the final sample was presented as Figure 26 illustrates. 

   

Figure 26.Final sample of the microstructure analysis. (a)vertical view (b)lateral view  
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6. RESULTS 

Large amount of measurements, experiments and calculations were taken during the 

research process. Results are classified according to different experiments and will be 

presented in Chapter 6 with a brief introduction and explanations. Except original test 

results, feasibility comparisons of estimation programs are also be illustrated in Chapter 

6. Majority result data are the original data which are derived directly from experiments. 

While some average values and special calculated results will be mentioned separately. 

Further analysis and discussions will be presented in Chapter 7. 

6.1 Tensile test 

The tensile test results are first introduced in this Section. In this research, each material 

which applied in the tensile test had three parallel tests. However, some tests results 

were invalid due to cracks appeared outside the extensimeter measurement parts so that 

strain data under this circumstance cannot be collected accurately. As a consequence, 

only valid typical test results will be introduced.  

6.1.1 Stress-Strain Curve 

The output of the tensile test was not strain-stress curve directly. As we mentioned in 

5.2, during the tensile test process, four types of real-time curves were presented. After 

the tensile test finished, those four curves were translated and integrated as an Excel 

document. With the output data, the load and strain of the gauges on each time point can 

be checked afterwards. 

However, the load-strain curve is not the final stress-strain curve. To interpret the direct 

output into the stress-strain curve, some equations are essential as Equation 11:  

                                                       σ =
𝐹

𝐴0
                                                                 (11) 

Where σ is the engineering stress, F is the loading force and A0 is the original cross sec-

tion area of the sample. The value of the loading force at each time point was acquired 

directly from the output data sheet, and A0 were calculated from width multiplies the 

thickness of each sample. [71] 

On the other hand, the strain in the output document is the strain of gauges. Equation 12 

was applied to transfer the strain of gauge into the strain of sample: 



38 

ε =
𝛥𝑙

𝑙𝑔
                                                                (12) 

Where ε is the strain of the sample and 𝛥𝑙 is the strain of gauge and 𝑙𝑔 is gauge length. 

Considering elongations for estimations were both presented in percentages. The ε val-

ues in final stress-strain curves were multiplied by 100. 

All the input parameters which were used in the estimation programs were the engineer-

ing stress and strain value, so there is no need to do further calculation for true stress 

and strain. After the engineering stress and strain calculated, the stress strain curves 

were acquired.  

Figure 27 is the typical integrated testing results of the stress-strain curve along the roll-

ing direction. It is clearly that the yield strength (YS) of DP steels are lower than the 

same level CP steels, which CP800 and CP600 steels have 582 MPa and 441 MPa YS, 

but DP800 and CP800 only have 516 MPa and 366 MPa respectively. Furthermore, 

DX56D steel shows the lowest YS with only 144 MPa. Moreover, all the steels have 

really small elastic plastic deformations and no distinct yield points, which demonstrate 

the low content of free interstitial carbon and nitride of these steels. Therefore, the elon-

gation values of these steels are approximately equal to the corresponding strain values. 

Unlike the YS, the uniform elongations (UEL) and total elongations (TEL) are various 

among different steels. First comes to the DX56D steel which shows the best ductility 

with 42% TEL, and the UEL of DX56D is nearly the same as the TEL of CP600 steel 

which TEL value is 20%. Compared with DX56D, the UEL of AHSS samples are close 

to the TEL, i.e. the post uniform elongations are lower than DX56D. Meanwhile, 600 

MPa AHSS have larger post uniform elongations than 800 MPa AHSS.  

However, the strength of DX56D is the lowest which ultimate tensile strength (UTS) is 

300 MPa. The UTS of other steels are in accordance with the steel grades where the 

UTS of 600 CP and DP steels are 668 MPa and 648 MPa, respectively, while UTS of 

800 DP and CP steels are 865 MPa and 916 MPa, respectively.  
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Figure 27.Typical stress-strain curve of five sheet steels on rolling direction. 

6.1.2 Tensile Curve Interpretation 

As estimation inputs, following 7 parameters are essential to acquire from tensile curves: 

yield strength (YS), ultimate tensile strength (UTS), yield ratio (YR), uniform elonga-

tion (UEL), UTS-UEL, total elongation (TEL), UTS-TEL.  

OriginPro 8.0 which is a scientific graphic and data analysis software was used to ana-

lyze the stress-strain curve in this thesis. With the tensile data, OriginPro 8.0 can display 

the stress-strain curve and the data reader function of it provides an accurate and effi-

cient way to acquire UTS, UEL and TEL directly from the curve. The value of Rp0.2 

was determined as the yield strength, which is the strength value at the strain stage with 

0.2% plastic deformation. To determine Rp0.2, the first step was to obtain the elastic 

deformation line by using linear fitting function of OriginPro 8.0. Next stage was to find 

the cross point of the elastic line and the tensile curve. Subsequently, the point on the 

tensile curve which strain was 0.2 higher than the previous cross point should be found. 

The strength value at this new point was then defined as Rp0.2. Values of UTS-UEL 

and UTS-TEL were calculated from UTS multiplies UEL and TEL, respectively. In 

addition, YR was calculated from YS divided by UTS. The required tensile data of five 

sheet steels on certain directions were listed in Appendix 1. 
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6.2 Experimental and estimation results comparison 

As the main part of this thesis work, results of hole expansion tests and predicted HER 

values are introduced in this section. Brief comparisons between these two experiments 

are also included. Further discussions will be presented in next chapter. 

6.2.1 Hole expansion test  

Obviously, for 800 MPa grades steels, the hole diameters after tests are smaller than 

other sheet steels as Figure 28. (a) & (b) illustrate. In other words, the flangeabilities of 

CP800 and DP800 are worse than other strength grades steels.  

An apparent result can be recognized that 600 MPa grade steels have better flangeabili-

ties than 800 MPa steels since the final hole dimensions of 600 MPa steels are larger 

than 800 MPa steels in Figure 28. (c) & (d).  

According to Figure 28. (e), the hole dimension of DX56D after the test is the largest 

among all the samples. This phenomenon illustrates that DX56D sample has much bet-

ter flangeability than the previous four materials. As the figure shows, the final hole 

diameter is at least two times larger than 800 MPa steels.  

In addition, the CP steels have better flangeability than DP steels under the same 

strength grade. In order to evidence this opinion, the exact data of the test results are 

listed in Table 2. In Table 2, the specimen column represents the material and number 

of each parallel specimen. While the punching position column represents the final posi-

tion of the puncher. Both D avg and Dt avg are the average values of hole diameter 

which were calculated from two different direction measurements. Meanwhile, D indi-

cates hole dimensions before the test while Dt represents the final hole dimensions after 

the test. HER column shows the hole expansion ratio of the test which was calculated 

from Equation 13. Moreover, the HER avg is the average value which was calculated 

from the HER value of those three parallel tests, the variance of each HER avg is listed 

in the bracket behind HER avg values. 
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Figure 28.Images of specimens after hole expansion tests. CP800 (a), DP800 (b), 

CP600 (c), DP600 (d), DX56D (e) 

As Table 2 illustrates, the flangeability of these sheet steels can be categorized into the 

following three groups. Apparently, the DX56D shows the best flangeability among all 

the samples, which HER reaches around 150%. Subsequently, the two 600 MPa grade 

steels 600 DP and 600 CP steels have lower flangeability, which HER values are about 

40% and 50%, respectively. Furthermore, the lowest flangeability group includes 800 

DP and 800 CP steels which HER values are around 17% and 19%, respectively.  
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Table 2.Hole expansion test result 

Specimen 

Punching 

position 

(mm) 

D
a)

 avg. 

(mm) 

Dt avg. 

(mm) 
HER

b)
 (%) 

HER avg. 

(%) 

DX56D-1 37.9 10.0 25.2 151.1 
 

151. 0 

(±0.5) 

DX56D-2 37.8 10.0 25.1 150.4 

DX56D-3 38.1 10.0 25.2 151.3 

DP600-1 19.9 10.0 14.6 45.0 

 

40.2 (±4.2) 

DP600-2 18.5 10.0 13.8 37.6 

DP600-3 18.5 10.0 13.9 37.9 

CP600-1 21.2 10.0 15.3 52.6 

 

51.2 (±1.4) 

CP600-2 20.6 10.0 15.0 49.8 

CP600-3 20.9 10.0 15.1 51.0 

DP800-1 16.0 10.1 11.8 17.0 

 

17.0 (±0.8) 

DP800-2 16.1 10.1 11.8 17.8 

DP800-3 15.7 10.1 11.7 16.1 

CP800-1 15.8 10.1 12.0 18.5 

 

19.0 (±1.0) 

CP800-2 15.8 10.0 11.9 18.4 

CP800-3 16.1 10.1 12.1 20.2 

a) D and Dt value were average value of measured diameters from two directions 

b) Calculated by Equation 13  

HER = (Dt – D) / D × 100                                                                (13) 

Based on testing results, it is apparent that the flangeability of the sheet steel was corre-

sponding to the elongation property. In other words, sheet steel which had larger elon-

gation showed better flangeability. This opinion can also explain the HER differences 

between DP and CP steels, which the CP steels showed better flangeability than DP 

steel under the same grades of strength. 



43 

6.2.2 HER estimation  

HER estimation programs have already been introduced in Chapter 5, and the results of 

estimation are presented in this Section. The estimation results are classified into three 

groups according to the inputs of the results. Inputs of the results are derived by using 

tensile data on the transverse direction, rolling direction and 45
o
 from the rolling direc-

tion as program inputs, respectively. Furthermore, to be more convenient for the com-

parison, testing results are also listed in each table.  

 Transverse direction  

It can be seen from the Table 3, simulated results are various by using different models 

for the same materials and the feasibility of each model are different among the materi-

als. 

First, for the DX56D steel, the model 6 shows the best-simulated result (152.1%) which 

is almost the same as the testing result. Beside the model 6, the model 5 also shows a 

great feasibility for this steel, which the simulated result is 160.4%. While other models 

for DX56D show not that good feasibility as the model 5 and 6, the HER in model 1 is 

even twice larger than the testing result. 

Table 3.Estimation results by using transverse direction tensile data as the program 

inputs 

Steel 

grade 

Estimation HER value (%) 

Model 

1 

Model 

2 

Model 

3 

Model 

4 

Model 

5 

Model 

6 

Model 

7 

Test 

result 

DX56D 386.8 115.0 194.1 170.0 160.4 152.1 108.3 151.0 

DP600 80.3 61.0 91.5 68.1 68.4 63.6 106.4 40.2 

CP600 52.4 53.6 45.5 50.1 50.6 45.2 98.9 51.2 

DP800 26.7 28.6 36.8 25.9 30.7 32.4 107.1 17.0 

CP800 42.0 28.0 36.2 25.7 30.5 32.4 108.3 19.0 

 

Second, estimation programs show the highest feasibility for the CP600 steel among 

this group of prediction test. It can be seen from Table 3 that both model 1, 2, 4 and 5 

present really close HER values as the testing result, which simulated results are 52.4%, 

53.6%, 50.1% and 50.6%, respectively. Despite the model 3 and 6 show slightly infea-
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sible for CP600 steel, the simulated HER still close to the testing result with 45.5% and 

45.2%. 

The situation of DP800 is similar to CP800 except the model 1 which CP800 shows a 

worse simulated result in this model. Despite the hole expansion test illustrated that 

CP800 have higher HER value than DP800 steel, but the simulated HER values in mod-

el 2 to 6 for these two steels are almost the same. For both of them, model 4 shows the 

best feasibility which HER of them in this model are 25.9% and 25.7%, respectively. 

However, these estimation values are still somewhat higher than the testing values 

which only have 17.0% and 19.0%. 

Last, all these models in transverse direction group seem unsuitable for the DP600 steel, 

which results in all models have large differences compared with the testing result. Even 

in the relatively suitable model for DP600, the model 2 still has 61.0% HER value, 

which is somewhat higher than the testing HER (40.2%). 

One phenomenon should be notice is that the steel type seems to have no effect on the 

result of model 7, which predicted results among all the materials remain slight fluctua-

tion around 100%. 

 Rolling direction 

Table 4 presents the results of estimation programs by using tensile data on the rolling 

direction as the program inputs. Generally, the whole trend of the table is similar with 

Table 3 except some differences which can be categorized with the grades of strength. 

First for the IF sheet steel DX56D, the most suitable model is still model 6 and other 

estimation models also present almost the same results as the transverse direction results. 

The largest difference between the results in Table 4 and Table 3 appeared in model 1 

with 395.1% which is slight higher than the transverse direction result 386.8%, however 

both of them are too much higher than the testing result which only has 151.0% HER 

value. 

Quite different with DX56D, the simulated HER of 600 MPa grade steels DP600 and 

CP600 have some extent changes compared with the transverse direction estimation. 

The most feasible models of 600 MPa grade steels are all changed. Model 6 predicts a 

result which more closed to the testing result for DP600 steel. Similar to the CP600 

steel, the best model for CP600 has been changed from model 5 to model 1. Meanwhile, 

the most precise simulated results of 600 MPa grade steels have increase with different 

extent where the result of DP600 in model 6 slightly increases from 61.0% to 61.2%, 

while the simulated HER of CP600 increases from 50.6% to 53.3%. Another phenome-

non of 600 MPa steels is that the simulated results from model 1 to 3 of DP600 steel are 

all promoted with several percentage points compared with the transverse direction re-

sults in these models, on the contrast, the later three models 4, 5 and 6 have lower HER 
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values compared with transverse direction results. However, for 600 CP steel, all the 

simulated results are promoted except the model 3 which shows a slight decline and 

promotion ranges of model 4, 5, 6 and 7 are much higher than the previous three models. 

Table 4.Estimation results by using rolling direction tensile data as the inputs 

Steel 

grade 

Estimation HER value (%) 

Model 

1 

Model 

2 

Model 

3 

Model 

4 

Model 

5 

Model 

6 

Model 

7 

Test 

result 

DX56D 395.1 115.0 194.1 170.0 160.5 152.1 108.4 151.0 

DP600 83.3 62.2 98.3 65.5 66.5 61.2 104.8 40.2 

CP600 53.3 54.9 45.2 67.3 65.2 60.8 107.9 51.2 

DP800 24.9 28.7 37.0 26.0 30.7 32.3 105.5 17.0 

CP800 37.3 28.0 36.2 23.4 30.3 32.2 107.5 19.0 

 

In 800 MPa grade steels, the model 1 becomes the most feasible model for DP800 while 

the model 4 is still the best model for 800CP. Compared with the transverse result, the 

outcomes of model 1 and model 4 in rolling direction drop and more close to the testing 

result, which model 1 shows 24.9% HER value for DP800 steel and model 4 shows 23.4% 

HER value for CP800 steel. For DP800, only model 1 and 6 generate lower HER value, 

while the other models generate higher values. For CP800 steel, model 1, 4, 5 and 6 

generate lower HER values than transverse direction results, but model 2 and 3 present 

higher outcomes. Despite the general trend of each model has not changed, however, 

compared with the 600 MPa grade steels, the fluctuation range of 800 MPa steels are 

smaller than 600 MPa steels, which all the HER change within 3%. One exception is the 

result of model 1 for 800 CP, which decreases from 42.0% in the transverse direction to 

37.3% in the rolling direction. 

Moreover, model 7 outputs still remain stable around 100% which have not that much 

change among different materials. The results of each material in model 7 seem have 

slight fluctuation within 3% except CP600 which HER increases from 98.9% in the 

transverse direction to 107.9% in the rolling direction estimation result. 
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 45
o
 from the rolling direction 

Table 5 presents the estimation results of the selected models by using 45
o
 from rolling 

direction tensile data as the program inputs. In this group of estimation, results show 

various changing among different types of sheet steels. 

As the above two directions results, the 45
o
 direction estimation results of DX56D re-

main stable, which the most feasible model for it is still model 6. Meanwhile, HER val-

ue in model 6 (152.1%) in 45
o
 direction only shows a slight increase than the model 6 

results in transverse and rolling directions. Similarly, results of other models present 

almost the same HER values with the previous estimation results, the HER value fluctu-

ation ranges are within 1%. However, model 1 still shows a worst stability when it 

compared with other models. The HER value in model 1 is 10% lower than the rolling 

direction result. 

The result for DP600 steel on 45
o
 direction show massive differences by the comparison 

with the previous two direction results. HER values in all models except model 2 get 

larger than 10% differences than the results in transverse and rolling directions. Model 2 

is again the most feasible model for DP600 on 45°direction with 63.7% HER. Moreo-

ver, model 2 is the relatively stable model for DP600, which HER differences between 

three direction estimation results are around 3%. Compared with transverse and rolling 

direction results, the HER values in model 1 and 3 are declined, in the contrast, outputs 

in other models are all improved with different extent. 

For the CP600 steel, each model present different changes compared with the transverse 

and rolling direction results. In the 45
o
 estimation group, model 1 presents 52.9% simu-

lated HER, which is most close to the testing result. Furthermore, model 1 is the most 

stable model for CP600. Similarly, the fluctuation of model 3 is also small, which result 

is slightly lower from around 45% in transverse and rolling directions to 42.9% on 45°

direction. Compare with transverse and rolling direction results, the accuracy of model 2 

is declined, which result on 45
o
 is 10% higher than the previous results. Results of the 

test model 4, 5, 6 and 7 all close with the results on the rolling direction with less than 3% 

differences. While both rolling and 45°direction results on these models have signifi-

cant differences with the results on the transverse direction, the fluctuation ranges are 

8%-18%. 

Generally, the estimation results of DP800 in each direction are close. In the 45
o
 direc-

tion group, the best model for DP800 is the model 1 as well. Meanwhile, HER value in 

model 1 is 20.2% which is around 5% less than transverse and rolling results. Converse-

ly, model 4 shows 31.2% HER, which is around 5% higher than transverse and rolling 

results of DP800. Compared with the previous results, HER values of the rest models 

are all slightly increased, however, the fluctuation ranges are less than 3%. 
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As the same grade steel, CP800 also has stable results and even better than DP800. The 

most feasible model among three directions tests is model 4 which simulated 25.1% 

HER in 45
o
 direction test. Meanwhile the value of model 4 HER result in 45

o
 direction 

is between the transverse and rolling direction results. Except the model 4, the results of 

model 1, 3, 5 and 6 are all between the previous two directions results range. Model 7 

simulates a result which is steady increased while model 2 provides a steady decreased 

result. For CP800, fluctuation ranges of all models among 3 groups of tests are only 

around 1%. Model 1 as a special case for CP800 is also stable than the estimation re-

sults for other materials, which fluctuation range is around 5% among three groups of 

tests. 

Table 5.Estimation results by using 45° from the rolling direction tensile data as the 

inputs 

Steel 

grade 

Estimation HER value (%) 

Model 

1 

Model 

2 

Model 

3 

Model 

4 

Model 

5 

Model 

6 

Model 

7 

Test 

result 

DX56D 383.1 115.0 194.1 169.8 160.6 152.1 108.5 151.0 

DP600 78.2 63.7 81.9 83.3 81.9 79.6 108.3 40.2 

CP600 52.9 63.3 42.9 68.7 68.4 63.3 105.1 51.2 

DP800 20.2 28.8 37.8 31.2 31.5 33.0 108.3 17.0 

CP800 41.2 28.0 36.2 25.1 30.4 32.3 108.3 19.0 

6.3 Feasibility of estimation programs 

The accuracy of each estimation program is discussed in this section by comparing the 

error ratios which derived from the predicted results. Error ratios of all estimation mod-

els are calculated from the Equation 14 in order to compare the feasibility of each esti-

mation program in a more convenient way. The error ratio can indicates the accuracy of 

the program, which the more the value close to zero, the higher accuracy the program is.  

Error ratio = (modeling result – testing result) / testing result ×100               (14) 

Appendix 2 presents the error ratio information of the whole estimation tests. The defi-

nition of ErN, Erm avg.,Erm avg. and Erp avg. are listed below Appendix 2. It is 

noteworthy that Erm avg. is calculated from the Equation 15. 
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Erm avg. = 
∑ |𝐸𝑟𝑁|7

𝑁=1

7
                                                (15) 

Similarly, Erp avg. is calculated from the corresponding assumption of ErN absolute 

value divided by the amount of estimation tests which perform with the corresponding 

model. 

To be more convenient for comparison, error ratio of each model on different selected 

materials and the error ratio comparison among three different direction inputs are pre-

sented as several bar charts in the following. In the bar charts, blue bars indicate the 

error ratio of the predicted results which were estimated by using transverse direction 

tensile data as the program inputs. Similarly, red bars denote the error ratio of the pre-

dicted results which were estimated by using rolling direction tensile data as the pro-

gram inputs, while the green charts present the error ratio of the results on 45
o
 from the 

rolling direction tensile data inputs. Meanwhile,Erm avg. of each material is also pre-

sented in the bar charts as a dotted line.  

  

Figure 29.Estimation error of DX56D sheet steel among 7 models with three direction 

tensile data inputs 

First comes to the DX56D sheet steel, one phenomenon can be found in Figure 29 is 

that the error ratios of all the models are steady which error ratios under different direc-

tion inputs are almost the same in model 2 to 7. Apparently, the most feasible model for 

DX56D is model 6 with the error ratio extremely close to zero which means there is 

almost no difference between simulated results and testing result. Meanwhile, error rati-

os of model 6 in three different directions have no fluctuation, which shows an excellent 

stability of this model. The error ratios of model 6 in transverse, rolling and 45°

directions are 0.7%, 0.8% and 0.7%, respectively. For other models except model 1, the 
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values of the error ratios are from around 5% to 30%. The worst model for DX56D is 

model 1 which shows too much higher error ratios than other models, and the stability 

of model 1 is also worse than other models which error ratios among three direction 

inputs are 156.2%, 161.8% and 153.8%, respectively.  

  

Figure 30.Estimation error of DP600 sheet steel among 7 models with three direction 

tensile data inputs 

Compared with DX56D, error ratios for DP600 have massive diversity among different 

models with different inputs as Figure 30 shows. Generally, estimation error ratios of 

DP600 are much higher than DX56D, even model 2 which is the most feasible model 

for DP600 still has 52% error ratio by using transverse tensile data as the program in-

puts. On the inputs direction aspect, most models show a higher error ratio by using 45°

tensile data as the program inputs. Even for model 1 and 3, the error ratio of 45° direc-

tion are still higher than the error ratios on other two directions in other models. In addi-

tion, transverse and rolling directions present close error ratios in most of the models 

and model 2 shows the lowest error ratio by using transverse tensile data as the program 

inputs.  
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Figure 31.Estimation error of CP600 sheet steel among 7 models with three direction 

tensile data inputs 

Negative error ratios appear in CP600 results as the columns of model 3 to 6 in Figure 

31. The accuracy and trend of model 4 and 5 show an extreme similarity, which error 

ratios in the transverse direction are negative values and quite close to zero. Meanwhile, 

error ratios in other two directions are much higher than the transverse direction and the 

model 5 shows the best feasibility, which has only -1% error ratio in transverse direc-

tion estimation. Another phenomenon should be noticed is that the results in the trans-

verse direction always present the lowest error ratio among three direction results in all 

these seven models. Furthermore, error ratios in model 1, 2 4 and 5 are all less than 5%, 

which show high accuracy of these models. Unlike the high accuracy of other models, 

all three direction inputs of model 7 have around 100% error ratios, which means the 

estimation HER values of model 7 are twice as much as the testing value.  
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Figure 32.Estimation error of DP800 sheet steel among 7 models with three direction 

tensile data inputs 

For the DP800 steel, most models generate similar error ratios among different direction 

estimations. As Figure 32 demonstrates, the best result of DP800 is acquired in model 1 

by using tensile data on 45°direction as program inputs, which error ratio is 19.2%. 

Differently, the error ratios of model 1 are declined steadily from the transverse direc-

tion to 45°direction. In the contrast, the result of model 4 on 45°direction has a high-

er error ratio than the other two direction results. In addition, model 7 still has the high-

est error ratio among all the models with the average error ratio around 500%, which is 

even worse than the error ratios in 600 MPa grade steels.  
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Figure 33.Estimation error of CP800 sheet steel among 7 models with three direction 

tensile data inputs 

Similarly, CP800 steel also shows small fluctuation among different direction program 

inputs in all the models except model 1 and 4. In addition, the most feasible results in 

model 1 and 4 are both derived from the rolling direction inputs. Meanwhile, the best 

result presents in model 4, which error ratio is 23.1%. As Figure 33 illustrates, model 7 

still shows too much higher error ratios than other models which error ratios on three 

directions are around 450%.  

6.4 Fractures 

In Section 6.4, the images of fracture observation under both optical and electron micro-

scope of each sample are presented. Meanwhile, brief description of test results is also 

included. In addition, the scale bar of each image can be checked from the figure direct-

ly. 

6.4.1 Optical microscope observation 

Images of cross thickness fracture of each sample by using the optical electron micro-

scope are presented as Figure 34. All these images were taken at the edge of punching 

holes where at least one cross thickness fracture can be clearly observed in the middle 

of the image.  
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Figure 34.Optical microscope images of cross thickness fractures. CP800 (a), DP800 

(b), CP600 (c), DP600 (d), DX56D (e) 

In general, DX56D shows apparently different fracture edge than other selected materi-

als. As can be seen from Figure 34, only DX56D has clear necking area around the 

cross thickness fracture which demonstrates a typical total ductile fracture. In the con-

trast, the fractures on other four samples show less ductile character than DX56D since 

the necking phenomenon are not apparent. Furthermore, deformations of hole edge on 

600 MPa steels are serious than 800 MPa steels. Another phenomenon is that fewer 

cracks appear on CP steel samples when it compared with the same grade DP steel. One 

explanation is that 600 MPa steels have better ductility than 800 MPa steels and the 
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number of cracks is in negative correlation with the ductility of the steel. Considering 

the magnification limit of the optical microscope, more details of the fractures are pre-

sented in the electron microscope images from Section 6.4.2. 

6.4.2 Electron microscope observation 

The fracture observation results of the electron microscope are presented in this section. 

For all the presented figures in this section, the image (a) were taken under 50 × magni-

fications, which showed the whole image around the cross thickness fracture, both cross 

section area and surface area can be observed in these images. Meanwhile, the rolling 

direction and transverse direction were noted as RD and TD at the right top corner of 

the figure. In addition, the image (b) were taken under 200× magnification which only 

showed the cross section area of the hole edge with more details of the cross thickness 

fracture. 

As Figure 35. (a) shows, the cross thickness fracture propagates along a certain direc-

tion with a sharp edge on the surface. Unlike the surface condition, the crack shows a 

characteristic zigzag shape on the cross section area as Figure 35. (b) illustrates. In addi-

tion, some voids can be found on the cross section area of the punching hole, which are 

possible the initial voids of the crack. Moreover, small extent necking appears around 

the crack. As evidence, the right side of the crack is lower than the left side.  

 

Figure 35.SEM images of cross thickness fracture on CP800 hole expansion sample 

It is obvious that the ductility of DP800 steel is worse than other materials. As evidence, 

the crack on DP800 is totally straight forward. In addition, one phenomenon can be seen 

in Figure 36. (b) is that the cracking surface is quite smooth and some particles are split 

out from the crack. Generally, the crack of DP800 shows the trans-crystalline cleavage 

character. 
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Figure 36.SEM images of cross thickness fracture on DP800 hole expansion sample 

As the similar type steel with lower strength grade, CP600 shows more apparent neck-

ing around the cross thickness crack than CP800 steel. In Figure 37. (a), the crack is 

widely enlarged, and distinct deformation can be seen on the hole edge. Moreover, typi-

cal dimple textures can be found on the fracture region as Figure 37. (b) illustrates.  

 

Figure 37.SEM images of cross thickness fracture on CP600 hole expansion sample 

 

Figure 38.SEM images of cross thickness fracture on DP600 hole expansion sample 

The condition for DP600 has some differences with the previous steels, which many 

small delamination cracks can be found at the cross section area as Figure 38. (b) shows. 
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Meanwhile, the directions of delamination cracks are uncertain. In addition, some cross 

section surfaces are split down by the effect of delamination cracks. 

For the formable material DX56D, the SEM images show much better ductility of it 

than other samples, which a large necking area can be found clearly according to Figure 

39. However, the edge of the punching hole is hard to distinguish because the edge is 

also deformed due to the high formability. With higher magnification lamellar struc-

tures can be found on the cross section area. One thing should be noticed is that the di-

rection and density of lamellar structures can be affected by the stress direction. In other 

words, lamellar structures can indicate the stress direction. 

 

Figure 39.SEM images of cross thickness fracture on DX56D hole expansion sample 
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7. DISCUSSION 

Apparently, some programs for certain material presented extremely accurate simulated 

results while others showed inaccurate results. In Chapter 7, the feasibility of each esti-

mation programs and possible reasons for inaccuracy are discussed. 

Considering the estimation test is a kind of black box testing, which the specific pro-

gram codes are sealed. Therefore, the feasibility of models cannot be discussed on the 

interior factors of model programming. Alternatively, feasibility differences are mainly 

discussed on materials aspect in this thesis. On one hand, the feasibilities differences are 

analyzed by comparing the microstructures among each material. On the other hand, the 

feasibility of models are also correlate with the fracture differences since each sheet 

steels presented different edge fractures during the hole expansion test.  

Another explanation for the inaccuracy of the estimation HER should be the modelling 

programs. Despite the interior source code of estimation programs are sealed, however, 

the inputs requirements of each program are diverse and already known. Therefore, in-

puts parameter selection can be a factor which affects the final estimation results since 

different indexes and directions of the tensile data provided diverse simulated results. In 

addition, as the algorithm system, ANN has some defects which can be an influential 

factor for the final estimation results.  

7.1 Material analysis  

7.1.1 Microstructures 

With theErm avg. in Appendix 2, the overall feasibility of all programs on selected 

steel sheet can be revealed. Generally, the estimation feasibilities of these programs 

have positive correlation with the test HER of the applied material. In other words, es-

timation error ratios decrease with the test HER value of the applied material increases. 

An exception is theErm avg. of DX56D which is higher thanErm avg. of CP600 steel. 

For DX56D, all the programs simulate relative steady and accurate results except model 

1. However, the average error ratio of DX56D can be dramatically reduced if the results 

from model 1 not take into account. 

Moreover, estimation models provide more precise results for lower strength grade 

steels, since theErm avg. of 600 MPa grades steels are smaller than 800 MPa grades 

steels. Meanwhile, tested HER of AHSS are also in accordance with the above point of 

view. On the steel type aspect, estimation programs are more feasible for CP steels than 
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the same grade DP steels. This result may refer to the phase difference which is more 

complicated in CP steels than DP steels. Meanwhile, phases hardness difference in CP 

steel is larger than DP steel, which work hardening of ferrite reduce the hardness differ-

ence between martensite and ferrite. According toErm avg., there is a tendency that 

selected programs are more feasible for large phase difference as well as large hardness 

difference sheet steels. Some more regular patterns can be concluded through micro-

structure comparison between different materials as following. 

According to Figures in 5.1.2, a conspicuous difference is the amount of hard phases. 

With the proportion of hard phases increase, theErm avg. of steels is decreasing. For 

the IF steel DX56D, common hard phases are carbides and nitrides, which used to stabi-

lize the steel (i.e. to bind free carbon and N into nitrides and carbides). Both these hard 

phases disperse in large grain ferrite with a preferential texture {111} which provides an 

extremely good formability for the steel. While in AHSS, common hard phases are mar-

tensite in DP steels and bainite in CP steels, which disperses within the ferrite matrix as 

the secondary hardening phases. It is known that bainite and carbide have lower hard-

ness than martensite which increases the strength of sheet steels. Meanwhile, the test 

HER values are increased with the strength of steels promoted, which is also in accord-

ance with the phenomenon thatErm avg. increases with the test HER of the sheet steels 

increase. 

Another difference is the shape of hard phases. On the same strength grade, the edges of 

hard phases in CP steels are smoother than those hard phases in DP steels. Thus, an ex-

planation is that the grain refinement can affect the HER estimation results which esti-

mation programs are more feasible for the sheet steels with fine shape hard phases mi-

crostructure.  

The third factor is the uniform of hard phases. The effect of the uniform is not that 

much influence on the final estimation results when it compared with the other influ-

ence factors. On 800MPa grade, the size differences between different hard phases in 

CP steel are smaller than the differences in DP steel. Meanwhile, the cementite in 

DX56D has the smallest size when it compared with martensite and carbide in AHSS. 

Therefore, the particle differences of DX56D are the smallest in all the five materials. 

By take theErm avg. into account, a phenomenon can be concluded, which estimation 

programs are more feasible for the sheet steels with higher uniform hard phases.  How-

ever, the strength of the steel should first take into account. For the circumstances which 

the results between strength and uniform are inconsistent, the error ratios are changed 

according to the correlation with strength and the effect of uniform should be ignored 

under this circumstance.  

The last factor which affects the feasibility of estimation programs is the alignment 

condition of hard phases i.e. the microstructural banding condition. Referring to the 

microstructure images, 800 MPa grades steels have distinct microstructural banding 
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phenomena compare with 600 MPa steels. Despite the DX56D also shows a distinct 

microstructural banding, the amount of banding phases are less than 800 MPa steels. 

Therefore, the selected estimation programs are more feasible for the steels which have 

less microstructural banding characters. 

7.1.2 Fracture differences 

Section 7.1.1 provided a tendency whichErm avg. increases with the testing HER of 

sheet steel improves. However, as the same strength grade steels, theErm avg. of 

DP600 was much larger thanErm avg. of CP600. In this thesis, fracture comparison is 

essential. 

According to Figure 37 and 38, the biggest difference between CP600 and DP600 is the 

formation of the cross thickness fracture. In CP600 steel, the cross thickness fracture is 

generated by voids nucleation, growth and coalescence with large deformation at the 

hole edge. While for DP600 steel, the deformation condition at hole edge is worse than 

CP600 steel and the cross thickness fracture on DP600 is generated from delamination 

cracks which are not appeared in other sheet steels either.  

Furthermore, the hole edge necking phenomenon of DX56D and CP600 are much ap-

parent than other materials, which are in accordance with theErm avg. of these two 

materials. As a consequence, necking is an important factor which has the positive ef-

fect on program estimations. 

7.2 Program analysis  

7.2.1 Inputs selection 

As the basic variable between those models, the inputs of programs should take into 

account. By analyze the most feasible program for each material, some rules for the 

inputs selection can be summarized. 

With the Erp avg. in Appendix 2, the generic feasibility of each estimation program can 

be seen. In general, if a program is suitable for most materials, the accuracy of it is me-

dium. For example, in most cases, program 2 and 4 present the medium error ratios 

when compared with other programs for the same material. However, accuracies in 

these cases are not high enough. Even for DP600 and CP800 steels which program 2 

and 4 are the most feasible programs for them, the estimation error ratios are still have 

52% and 23% respectively.  

In the contrast, if a program has high accuracy for specific steel, the estimation program 

can only suit several certain materials while have large fluctuation among other type 
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steels. An instance is the program 6 which only has 0.7% error ratio for DX56D HER 

prediction while for DP600 steel, the error ratio on 45
o
 direction can reach 98.2%.  

Another tendency is that for most materials, the estimation accuracy improved with the 

number of input parameter increased. Such as for DP800 and CP800 steels, the best 

programs are program 1 and 4, respectively, both programs need 5 different input pa-

rameters. While for the program 7 which only has one required input, the estimation 

results is turned to be the worst among all the programs and materials. In fact, a similar 

result was discovered by Raj et. al. before, since the prediction of the formability on 

stainless steel sheet performed better accuracy with large amount of parameters be used 

as program inputs. [72]  

On the aspect of specific parameter selection, the UTS seems to be the most essential 

parameter for the HER estimation. The evidence is that error ratios of program 3 and 7 

are much higher than those programs which use UTS as one of the program inputs.  

On the other hand, parameter selection has the correlation with steel types. Based on 

error ratios from Appendix 2, the best programs for DP steels are program 2 and 1 

which use UEL as one of the program inputs. While for CP steels, the best programs are 

5 and 4, which have almost the same inputs with DP steels. The only difference is that 

UEL is replaced by TEL. In addition, for DX56D, the inputs in program 6 have neither 

UEL nor TEL but use UTS-TEL as an input which has the elongation information. 

Despite sheet steels have anisotropy characters, the simulated HER values are close by 

using different direction tensile data as program inputs. But a tendency can still be 

summarized according to Erm avg. of those programs. Generally, DX56D with 45
o
 di-

rection tensile data performs the best estimation results. Meanwhile, 600 MPa grade 

steels prefer the transverse tensile data to get a better estimation results. Furthermore, 

rolling direction tensile data leads to lower Erm avg. than other two directions for 800 

MPa grade steels. 

7.2.2 Disadvantage of artificial neural network 

In addition, as a program training method, ANN has some intrinsic disadvantage which 

cannot avoid and might be a reason to cause the inaccurate on the estimation results. 

The first and most frequent drawback of ANN is the overfitting during program training. 

As introduced in Section 4.1 that ANN uses linear regression to find the correlation be-

tween inputs and target parameter. However, the linear equation might extremely suita-

ble for a certain training data but the accuracy for general cases is low. To reduce the 

overfitting effect on ANN program, experiment data can be divided into two groups, 

one group is used as training data, and another group is used to check the accuracy of 

the model. [59]  



61 

Another defect of ANN is the datasets volume requirement. Since the fundamental of 

ANN training process is to train programs by using experiment data, then, deduce a 

suitable correlation equation. A large capacity dataset is essential to deduce a precise 

model, thus with the data increase, the accuracy of the model can be increased and 

avoid overfitting circumstance which caused by lack of training data. One solution for 

this is to use more experimental data in the training process of program which can add 

various experiment data into correlation deduction. This can also be used to explain the 

result which more number of parameters can increase the generality of the estimation 

program. [73]  
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8. CONCLUSION  

In this master thesis, seven HER estimation programs were used to compare the estima-

tion HER values with the hole expansion test results on five different sheet steels. 

Moreover, microstructures and hole edge fractures of these samples were observed by 

both optical and scanning electric microscopes in order to analyze the differences be-

tween testing and estimated HER results.  

According to the estimation results, the most feasible programs for each sheet steels are 

as following:  

For DX56D, the most feasible estimation program is program 6. The error ratio of 

the most accurate estimation result is 0.7% by using 45°direction tensile data as 

the program inputs.  

For DP600, the most feasible estimation program is program 2. The error ratio of 

the most accurate estimation result is 52.0% by using transverse direction tensile 

data as the program inputs.  

For CP600, the most feasible estimation program is program 5. The error ratio of 

the most accurate estimation result is -1.0% by using transverse direction tensile da-

ta as the program inputs.  

For DP800, the most feasible estimation program is program 1. The error ratio of 

the most accurate estimation result is 19.2% by using 45°direction tensile data as 

the program inputs.  

For CP800, the most feasible estimation program is program 4. The error ratio of 

the most accurate estimation result is 23.1% by using rolling direction tensile data 

as the program inputs.  

The comparison results demonstrate that none of these prediction programs are feasible 

for sheet steels of every kind. The estimation results have huge fluctuation among dif-

ferent materials within each program, which the error ratios are diverse from 0.7% to 

537.7%. Meanwhile, the program 7 is the worst program in all the selected programs, 

which Erp avg. of it is 258.7%.  

Nevertheless, several tendencies can be concluded according to estimation error ratios. 

First, with the strength grade increased, the error ratios of prediction programs are in-

creased. Meanwhile, CP steels show better estimation accuracy than the same strength 

grade DP steels. Furthermore, SEM images illustrate that microstructure differences are 

the possible reason for prediction fluctuations where grain refinement and uniform of 

hard phases have positive influence on the predicted results. Conversely, the amount of 
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hard phases has negative influence. Moreover, the selected estimation programs are 

more feasible for the sheet steels with diverse phase microstructures and large hardness 

difference between different phases. Furthermore, these programs show better feasibil-

ity for the sheet steels which have less microstructural banding phenomenon. 

Second, the steel which the cross thickness fracture generated from voids formation 

shows the better simulated result than the same grade steel which contains delamination 

cracks at the hole edge of hole expansion samples. On the other hand, the steels which 

show necking phenomenon at the hole edge of hole expansion samples perform better 

simulated results. 

On the aspect of input selection, the Erm avg. shows a tendency which 45°, transverse 

and rolling direction tensile data perform the best predicted results for DX56D, 600 

MPa and 800 MPa grades steels, respectively. While the anisotropy of sheet steel only 

has small effect on the estimation accuracy since three direction inputs lead steady pre-

diction results for most materials. Moreover, in the input parameter selection, the most 

significant parameter is the UTS which directly indicates the strength level of sheet steel.  

Last trend is that a program which can predict the HER value with a high accuracy for a 

certain material always shows low generality for other materials, vise versa. In general, 

the accuracies of estimation programs are increased with the number of program inputs 

increase. On the other hand, absence of training dataset and overfitting in the linear re-

gression process of ANN training can be the main reason for this phenomenon.  

In conclusion, these prediction programs still cannot replace the laboratory hole expan-

sion test for all kinds of sheet steels due to lack of accuracy for some certain type mate-

rials. However, for formable sheet steels, some programs show high accuracy, which 

can be used to predict or calibrate the testing results. Therefore, for specific sheet steel, 

the selection for a suitable estimation program is important. Moreover, to get more pre-

cise prediction results, new training methods or programming methods are essential to 

improve the feasibility of estimation programs. 
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APPENDIX 1: TENSILE DATA 
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APPENDIX 2: ERROR RATIOS OF ESTIMATION PROGRAMS 

Steel 

grade 

Input 

directions 

Error ratios of estimation programs (%) 

Er1
a)

 Er2 Er3 Er4 Er5 Er6 Er7 Erm
b)

 avg. Erm
c)

 avg. 

DX56D 

transverse 156.2 -23.8 28.6 12.7 6.3 0.7 -28.2 36.6 

36.8 rolling 161.8 -23.8 28.6 12.6 6.4 0.8 -28.2 37.4 

45° 153.8 -23.8 28.6 12.5 6.4 0.7 -28.1 36.3 

DP600 

transverse 100.1 52.0 127.9 69.6 70.4 58.3 165.1 91.9 

96.6 rolling 107.6 54.8 144.8 63.1 65.6 52.4 161.1 92.8 

45° 94.7 58.6 104.0 107.4 104.0 98.2 169.7 105.2 

CP600 

transverse 2.4 4.7 -11.0 -2.0 -1.0 -11.6 93.4 18.0 

27.5 rolling 4.2 7.4 -11.5 31.5 27.5 18.9 111.0 30.3 

45° 3.4 23.8 -16.1 34.2 33.7 23.8 105.4 34.3 

DP800 

transverse 57.3 68.1 116.7 52.5 80.8 90.5 530.7 142.4 

142.2 rolling 46.3 68.9 118.0 52.8 80.9 90.4 520.8 139.7 

45° 19.2 69.4 122.4 83.4 85.5 94.2 537.7 144.6 

CP800 

transverse 120.8 47.1 89.9 34.7 60.1 69.9 468.6 127.3 

124.9 rolling 96.1 47.2 90.1 23.1 59.3 69.2 464.4 121.4 

45° 116.5 46.8 89.9 31.8 59.9 69.7 468.7 126.2 

Erp
d)

 avg. 
 

82.7 41.3 75.2 41.6 49.8 50.0 258.7 
 

 

a)   ErN denotes the error ratios in program N 

b)   Erm avg. denotes the average error ratios for a certain material among 7 estimation programs on each direction 

c) Erm avg. denotes the total average error ratios for a certain material among 7 estimation programs on three directions 

d)   Erp avg. denotes the average error ratios for a certain estimation programs among 5 materials on all inputs directions 
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