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ABSTRACT 

 

 Recent increases in the Corporate Average Fuel Economy standard have led to an 

increased focus on lightweight materials for use in vehicle architectures. In particular, press 

hardened steels (PHS) have been identified as suitable materials to reduce vehicle mass while 

maintaining or possibly improving vehicle crash performance. A fundamental understanding of 

the mechanical behavior of PHS with respect to changes in processing conditions is critical to 

their proper use. In this work, 22MnB5 Al-Si coated blanks were austenitized at several different 

times and temperatures to produce a range of prior austenite grain sizes. Mechanical behavior 

was evaluated using smooth sided tensile testing, double edge notch tensile testing, and free bend 

testing. Metrics, such as notch tensile strength, notch strength ratio, and notch displacement, 

which is based on the fracture mechanics parameter crack tip opening displacement, were 

derived from double edge notch tensile testing to assess material notch sensitivity and toughness 

as a function of processing conditions. Additionally, bend angle at maximum load, post uniform 

bending slope, and energy for fracture were measured using free bend testing to provide another 

means for evaluating mechanical behavior.  

Increasing the austenitizing temperature and hold time resulted in an increase in the 

measured prior austenite grain size; however, elevated austenitizing temperatures also increased 

the thickness of the coating interdiffusion layer. In the coated material, tensile strength decreased 

with increasing prior austenite grain size for both notched and smooth sided tensile samples, but 

minimal difference was observed in the strain to failure results. Notch displacement, bend angle 

at maximum load, and energy for fracture during free bend testing all decreased with increasing 

prior austenite grain size in the coated PHS and also showed a significant drop in measured 

behavior for the 1025 °C for 30 minutes austenitizing condition, which was not observed in 

smooth sided tensile testing. The drop in mechanical behavior for this condition was not 

observed when the coating was removed, which suggests that the interdiffusion layer may 

degrade the mechanical behavior of PHS. Bend angle at maximum load and energy for fracture 

in bend testing also decreased for the smallest prior austenite grain size conditions, which was 

not observed in any of the other testing methods. Results from the three testing methods indicate 

that differences in the stress and strain state associated with each test influences their ability to 

discern differences between microstructure and processing conditions of press hardened steels. 
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CHAPTER 1 

INTRODUCTION 

 

 Vehicle lightweighting efforts have remained a high priority in recent years due to the 

increase in required fuel economy standards. Many steel alloys have been identified as viable 

options for achieving lighter vehicle architectures through increased strength. Of these, press 

hardened steels (PHS) have been implemented into main structural components such as B-pillars 

[1]. PHS with martensitic microstructures push the limit of strength when compared to other 

advanced high strength steels, which make them attractive for automotive applications, but the 

higher strength comes at the expense of lower elongation. Instead, PHS utilize high temperature 

formability during the hot stamping process to produce the desired part geometry.   

Successful implementation of these materials requires a more complete understanding of 

their mechanical behavior as it relates to fracture and crash performance. Fracture can be 

controlled by particular microstructural features such as prior austenite grain size, coating 

behavior, and second phase particles. Additionally, different alloying strategies can be employed 

to improve the resistance to fracture in these materials. Many of these factors are interrelated and 

can simultaneously change through differences in austenitizing parameters prior to stamping. 

Therefore, isolating each individual factor’s influence on mechanical behavior can be difficult.  

Also, measuring differences in toughness of PHS sometimes requires non-conventional 

methods because sheet materials are typically too thin for traditional plane strain fracture 

toughness tests. Several studies have sought to identify a measure of toughness with respect to 

resistance to crack initiation and propagation including stacked Charpy testing [2], bend testing 

[3, 4], and notch tensile testing [3, 4]. However, a widely accepted testing method for sheet metal 

toughness has not yet been established. Furthermore, there is a need to define a testing 

methodology that relates to the loading conditions and fracture criteria associated with crash 

conditions and is able to differentiate alloy processing and microstructure conditions.  

This study focuses on determining the influence of austenitizing parameters on PHS 

mechanical properties. Several austenitizing temperatures and hold times were selected to 

primarily vary the prior austenite grain size; however, the coating interdiffusion layer thickness 

was also varied through differences in austenitizing parameters. Additionally, this study 
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evaluates different testing methods and their ability to detect differences in mechanical behavior 

between the various austenitizing parameters evaluated. The testing methods selected include 

smooth sided tensile testing, double edge notch tensile testing, and free bend testing. Each of 

these testing methods have different stress and strain states, which allow for evaluation of the 

influence of loading conditions on mechanical behavior of PHS. Mechanical behavior evaluated 

included strength, ductility, notch sensitivity, energy for fracture, and resistance to crack 

initiation as measured through notch displacement and bend angle at maximum load. 

The thesis outline is as follows. Chapter 2 details the previous literature on press 

hardened steel toughness as well as testing methods and metrics used to evaluate toughness. The 

influence of prior austenite grain size and second phase particles on toughness is detailed, and 

previous studies on variation in toughness due to these factors in press hardened steels is 

presented. Additionally, several fracture toughness metrics are described in the context of their 

applicability and limitations for use in sheet materials. Finally, toughness testing methods 

commonly used for sheet materials are presented. 

Chapter 3 contains the experimental design and procedures used for this study. The 

methodology used to select the austenitizing parameters for the press hardened steels in this 

investigation is presented. The testing set up for double edge notch tensile testing and free bend 

is described and the method used to calculate different metrics from each testing method is 

discussed as well. Some tests were also performed with the coating removed, and the procedure 

used to strip the coating off the surface is provided. 

 Results and discussion are provided in Chapter 4 in the context of the influence of 

austenitizing parameters on press hardened steel mechanical behavior. Additionally, strength and 

toughness are compared between smooth sided tensile testing, notch tensile testing, and free 

bend testing as a function of the measured prior austenite grain size. Comparisons in trends 

between the different testing methods are discussed with respect to the influence of 

microstructure and loading conditions on the measured behavior. Conclusions for this 

investigation are provided in Chapter 5. 

 

 



3 
 

CHAPTER 2  

BACKGROUND AND LITERATURE REVIEW 

 

2.1 INTRODUCTION  

This chapter describes the hot stamping process for press hardened steels and the 

common alloying strategy used for steels that go through the press hardening process. 

Additionally, a literature review of factors controlling fracture in press hardened steels is 

discussed. Linear elastic and elastic-plastic toughness metrics are also presented. Finally, 

common testing methods for evaluating toughness and crash behavior of automotive sheet steels 

are compared.  

2.2 HOT STAMPING PROCESS 

 Hot stamping for press hardening was first developed in 1974 [5] to take advantage of the 

high temperature formability of austenite in an alloy with sufficient hardenability to form 

martensite upon quenching. Figure 2.1 shows a schematic of the hot stamping process. Hot 

stamping involves austenitizing a blank at a temperature above the Ac3 temperature, transferring 

the heated blank to a die, and finally simultaneously forming and quenching the part in the die to 

produce a hardened microstructure. There are two processing avenues for hot stamping which 

include the indirect and direct process. The indirect process involves first cold stamping the 

material to produce the initial part dimensions, heating the die back to the austenitizing 

temperature, and finally hot stamping to produce the desired martensitic microstructure and final 

part dimensions. This process is not as commonly used industrially, but is used mainly for zinc-

coated 22MnB5 alloys that require some low temperature deformation to prevent liquid metal 

embrittlement. The more commonly used industrial process is direct hot stamping. This process 

is similar to the indirect process, but no initial cold stamping is required. Blanks are first heated 

to an austenitizing temperature typically between 900 °C and 930 °C to produce a fully austenitic 

microstructure without allowing for excessive grain growth. Once the material reaches the 

austenitizing temperature, the blank is held at the temperature for 5 to 8 minutes. This hold time 

allows for full austenitization and some homogenization of the microstructure. The material is 
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then transferred to the die, and stamped and quenched at the same time to produce the part 

geometry and desired hardened microstructure.   

 

Figure 2.1 Schematic comparing the indirect and direct hot stamping processing methods [6]. 
 

2.3 22MnB5 ALLOY FOR HOT STAMPING APPLICATIONS 

22MnB5 is a steel alloy commonly used in hot stamping applications because of its high 

hardenability, high strength, and good formability in the press hardened state [5]. Table 2.1 

shows a typical composition of 22MnB5. The primary alloying elements include carbon, 

manganese, boron, and titanium. Carbon is primarily used to achieve the desired strength after 

hot stamping and can also assist with lowering the martensite start temperature [5, 7, 8]. 

Hardenability is achieved through the addition of manganese and boron. However, titanium must 

be present to prevent the coupling of boron and nitrogen to form boron nitrides precipitates, 

which would reduce the effectiveness of boron as a hardenability agent. 22MnB5 also contains 

manganese and silicon, which act to strengthen the final martensitic matrix. Manganese, though, 

is kept relatively low to reduce the potential for segregation bands to form, which can degrade 

bendability [9]. For this alloy, the ferrite, pearlite, and bainite nose of the CCT curves are pushed 

to longer times due to the boron addition to allow for martensite to form at a reasonable critical 

cooling rate. Figure 2.2 shows a CCT curve for a 22MnB5 alloy [10]. The critical cooling rate to 

achieve a fulling martensitic microstructure is 27 °C/s. 

22MnB5 can be received as a hot-rolled or cold-rolled coiled strip. Usually the material is 

in the cold-rolled state with a microstructure of ferrite and pearlite. The approximate yield 

strength and tensile strength in this state are 460 and 600 MPa, respectively [10]. Following 
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austenitizing and quenching to form martensite, the final yield strength and tensile strength 

increase to about 1000 MPa and 1500 MPa, respectively [10]. Additionally, 22MnB5 sheets can 

be produced with or without the presence of a surface coating. Typical coatings include 

aluminum-silicon or zinc, which provide oxidation resistance to the material during austenitizing 

as well as corrosion resistance during the service life of the part [5]. 

Table 2.1 – Approximate Composition of a 22MnB5 Alloy [10] 

  

wt pct C Mn Si Ni Cr Ti Al N S P B 
22MnB5 0.2 1.18 0.22 0.12 0.16 0.04 0.03 0.005 ≤0.005 ≤0.03 ≤0.005 

 

 

Figure 2.2 CCT curve for a 22MnB5 alloy [10]. 
   

2.4 FACTORS INFLUENCING PRESS HARDENED STEEL TOUGHNESS 

 Toughness behavior in press hardened steels is influenced both by the material processing 

and microstructure. In particular, prior austenite grain size and the presence of second phase 

particles have been investigated in literature in the context of press hardened steel toughness. 

Therefore, these two items will be discussed further in the following sections. Additionally, 

aspects of the martensitic microstructure that can influence properties are introduced. 
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2.4.1 MARTENSITE MICROSTRUCTURE 

 Press hardened steels are comprised of lath martensite upon quenching. Laths 

characteristically align themselves parallel to one another within the parent austenite grain [7]. 

Parallel laths have similar crystal orientations, and each lath is separated by a low angle 

boundary. When parallel laths have similar crystallographic orientations as well as the same 

habit plane, a block is created. Blocks are separated by lath variants that have certain high 

misorientation angles between them. Adjacent blocks with the same habit plane within 

martensite are designated as a packet. A packet is also separated by high angle boundaries and 

may be considered as a single grain or crystal divided by many low angle boundaries [7]. Lath 

martensite is also characterized by a very high dislocation density.  The high dislocation density 

and trapping of carbon atoms in the octahedral sites during quenching provide high strength in 

these martensitic materials. However, the high dislocation density results in decreased ductility 

for these materials because there is limited work hardening capacity at higher strain levels. 

 Another important consideration in low-carbon martensitic steels is autotempering 

resulting from high Ms temperatures. Autotempering is characterized by the formation of 

carbides or cementite in martensite over a large temperature range upon cooling from austenite 

[7]. Within the temperature range for martensite formation, carbon has sufficient mobility to 

form carbides that are characteristic of tempered martensite [7]. The degree of autotempering can 

be controlled by the depression of the martensite start temperature as well as the cooling rate 

through the martensite formation range. Autotempering occurs upon cooling from the Ms 

temperature to about 200 °C [7]; therefore, if the martensite start temperature is depressed, the 

amount of time for carbide formation is reduced.   

2.4.2 PRIOR AUSTENITE GRAIN SIZE 

For many steel alloys, refinement of the grain size not only increases strength but also 

improves toughness. In martensitic steels, prior austenite grain size is commonly considered 

when evaluating strength and toughness despite blocks being the smallest unit defined by high 

angle boundaries [11]. Prior austenite grain size may effectively describe grain size effects in 

martensitic steels because of the linear relationship observed between prior austenite grain size 

and block width; there is also a linear relationship between prior austenite grain size and packet 
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size. Figure 2.3 shows a linear relationship between block width and prior austenite grain size up 

to very large prior austenite grain sizes for two low carbon steel alloys [11].  

 

Figure 2.3 Martensite block width as a function of prior austenite grain size for both a Fe-
0.2C alloy and a Fe-0.2C-2Mn alloy [11]. 

 

Several studies have evaluated the relationship between prior austenite grain size and 

toughness specifically for press hardened steels. Bian and Mohrbacher have reported that 

austenite grain refinement through the addition of niobium can improve the impact energy 

properties of press hardened steels [12]. The specific method used to measure Charpy impact 

energy was not specified, but the assumption is that stacked Charpy testing was used, which will 

be detailed further in Section 2.6.2. Charpy testing is conducted in a similar manner to the 

conventional method, but the samples are comprised of multiple steel sheets stacked together to 

prevent buckling. Figure 2.4 shows an example of a stacked Charpy sample. Figure 2.5 shows 

the effect of refined prior austenite grain size on the measured Charpy impact energy at -40 °C 

for a low carbon martensitic steel. The improved toughness at the -40 °C testing temperature was 

attributed to grain refinement, which increases the number of crack deflection points during 

brittle fracture. Also, a finer grain size corresponds to more total grain boundary area, which 

assists with diluting the concentration of segregating elements such as phosphorus, sulfur, and 

nitrogen [12].  

The improvement of Charpy impact energy through grain refinement in press hardened 

steels was further investigated by Wang et al. [2]. Two alloys were evaluated which included a 
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standard 22MnB5 alloy and a similar 22MnB5 alloy with niobium added to refine the prior 

austenite grain size. The standard 22MnB5 samples were heat treated at 880 °C for 5 min, 

930 °C for 6.5 min, and 950 °C for 9 min.  The alloy with added niobium was heat treated at 

920 °C for 6 minutes. Stacked Charpy testing was conducted to measure the impact energy.  

 

Figure 2.4 Example of a stacked Charpy sample used to measure impact energy in sheet 
materials [2]. 

 

 

Figure 2.5 Effect of prior austenite grain size on the Charpy impact energy for a low carbon 
martensitic steel [12].  

 

Figure 2.6(a) shows the Charpy impact energy curve for the standard 22MnB5 alloy 

processed at the three different austenitizing times and temperatures as well as the niobium 

microalloyed steel. When comparing the different processing conditions, and thus prior austenite 

grain size conditions, there is only a very small difference observed in upper shelf energy and 
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lower shelf energy for the standard alloy. A more noticeable increase in upper shelf energy is 

observed with the niobium microalloyed steel. Figure 2.6(b) plots the Charpy impact energy at 

25 and -40 °C against prior austenite grain size for both the standard 22MnB5 alloy and the alloy 

with added niobium. Again, an increase in the CVN energy is observed for the niobium 

microalloyed steel at both test temperatures. The improved impact energy was attributed to the 

refined prior austenite grain size in the niobium microalloyed steel. 

              

                                       (a)                                                                       (b) 
Figure 2.6 (a) The effect of austenitizing time and temperature on the Charpy impact energy 

for a range of test temperatures for the standard 22MnB5 alloy [2]. (b) The effect 
of prior austenite grain size on the Charpy impact energy for a standard 22MnB5 
alloy and a niobium microalloyed steel tested at 25 °C and -40 °C [2]. 

 

In comparison to Charpy impact behavior, Enloe et al. investigated the effect of prior 

austenite grain size on double edge notch tensile (DENT) testing and bend testing behavior of 

press hardened steels with similar thicknesses [4]. In this study, a standard 22MnB5 alloy was 

processed at different austenitizing temperatures and hold times to produce a range of prior 

austenite grain sizes. Double edge notch tensile testing and bend testing were subsequently 

performed. Figure 2.7(a) plots DENT elongation against prior austenite grain size for each 

processing condition. The method used for measuring DENT elongation and the location at 

which the measurement was taken were not specified. DENT elongation generally decreased 

with increasing prior austenite grain size; however, a decrease was also observed in some 

conditions at prior austenite grain sizes below 10 µm. The decrease at finer grain sizes was 
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attributed to ferrite remaining in the microstructure from incomplete austenitization or chemical 

segregation. Figure 2.7(b) plots bend angle against austenitizing temperature for a 1.5 mm sheet 

held for 6 minutes for all temperatures. Similarly to the DENT elongation, bend angle decreased 

with increasing austenitizing temperature and thus prior austenite grain size. Therefore, in both 

instances, an increase in prior austenite grain size was associated with a decrease in measured 

properties and thus further emphasizes the possible benefit of a fine prior austenite grain 

structure in press hardened steels. 

  

                                       (a)                                                                       (b) 
Figure 2.7 (a) DENT elongation as a function of prior austenite grain size for press hardened 

steels with thicknesses varying from 1.5 mm to 1.8 mm [4]. (b)  Bend angle as a 
function of austenitizing temperature for a 1.5 mm press hardened steel held for 
6 minutes at each temperature [4]. 

 

2.4.3 INFLUENCE OF SECOND PHASE PARTICLES 

Second phase particles have been identified as prominent locations for void initiation 

associated with ductile fracture in many materials including press hardened steels. The effects 

second phase particles have on properties can be influenced by size, distribution, and spacing. 

The controlling mechanism for ultimate failure involves strain localization in the ligament of 

material between voids. The localization of the strain to those regions allows for linkage or 

coalescence of voids and consequently deterioration of the macroscopic strength of the material. 

Bandstra et al. modeled this localized deformation behavior using finite element analysis for a 

variety of void situations [13]. They found that the deleterious nature usually associated with 

large voids is largely dependent on the void spacing, orientation with respect to the plane of 
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maximum shear, and the degree of stress triaxiality. In particular, large voids, approximately 

20 μm in diameter and larger, were not found to cause strain localization if the voids were 

approximately 40 void diameters apart and in a position of low stress triaxiality. Broek also 

investigated the effect of inclusion spacing on the resulting dimple, or microvoid, size for several 

aluminum alloys. Figure 2.8 shows the linear correlation observed between the measured dimple 

size through fractography and the inclusion spacing. Inclusion spacing is defined as the inclusion 

distance in a ‘flat’ sheet with thickness equal to the electron microscope specimen, and is not the 

actual spatial inclusion distance [14]. Broek states that voids typically appear at larger inclusions 

first and then progressively form at smaller precipitates or particles.   

 

Figure 2.8 The relationship between dimple size and inclusion spacing for ductile fracture in 
several aluminum alloys [14]. 

 

Further investigation of the effect of the inclusion or precipitate size on void formation 

and crack propagation was conducted by Otani et al. In this study, the authors evaluated the 

effect of cementite size on the post uniform bending slope obtained from bend testing [15]. Bend 

testing and the measurement of post uniform bending slope will be discussed further in Section 

2.6.6. Three different materials were evaluated, which included the standard 22MnB5 chemistry, 

a modified 22MnB5 alloy with 0.2 wt% Mn and 1.2 wt% Cr, and a modified 22MnB5 alloy with 

1.2 wt% Si. The tensile strengths of the three materials were kept to a constant value of 1500 

MPa through post-tempering of the die quenched sheets. The authors showed microstructurally 
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that there was a direct correlation between cementite size and post uniform bending slope. 

Figure 2.9 plots the measured post uniform slope as a function of average cementite diameter to 

show this trend. Large post uniform bending slopes are assumed to correlate to lower toughness 

[3]. The direct correlation between cementite size and post uniform bending slope is expected 

based on larger second phase particles allowing for easier void nucleation and subsequent crack 

propagation.  

 

Figure 2.9 Plot showing the post uniform slope measured from the load-bend angle curve 
during bend testing as a function of the average diameter of cementite in the 
microstructure for three different steel alloys used for hot stamping [15].  

 

Savic and Hector showed microstructurally the correlation between large second phase 

particles and large dimples.  Figure 2.10 shows an example of a large dimple surrounding a TiN 

particle and subsequent fine dimples outside of that region where no particles are observed. 

Large particles, such as TiN particles, will primarily decrease the ductility of the material [14]. 

The reduction in ductility arises from the fracture of these particles creating a stress 

concentration that increases the local strain near the particle.  
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Figure 2.10 TiN particle located at the center of a large dimple indicating a prominent 
initiation site for microvoid coalescence [16].  

 

2.5 FRACTURE MECHANICS TOUGHNESS PARAMETERS 

 This section describes different fracture mechanics toughness parameters. Some of the 

fracture toughness parameters, in particular the linear elastic parameter K, require that linear 

elastic conditions are maintained. In order to use a linear elastic fracture mechanics approach, 

only limited amounts of plasticity are permitted during fracture [17]. In sheet materials, fracture 

is often accompanied by extensive plasticity and therefore many of the concepts based in linear 

elastic fracture mechanics are not applicable. Other fracture toughness parameters, such as the J-

integral, crack tip opening displacement, and essential work of fracture, allow for fracture to 

occur under elastic-plastic conditions, which are more common for sheet materials, though 

plasticity is still limited for some of these parameters. Many of these parameters simply extend 

the concepts developed for linear elastic conditions to elastic-plastic conditions. Each of these 

fracture toughness parameters is described in more detail in the sections below. 

2.5.1 STRESS INTENSITY FACTOR, KI 

 In linear elastic fracture mechanics, the stress intensity factor for mode I loading, K I, is 

used to describe the amplitude of the crack tip stress singularity [17]. This value is particularly 

useful because knowing KI allows for all components of stress, strain, and displacement to be 

calculated at the crack tip [18]. Equation 2.1 describes how KI is calculated where σ is the 

applied stress, a is the crack size, and f(a/w) is a dimensionless calibration function that is 

dependent on geometry.  
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 � = �√�� �( ��) (2.1) 

 

The magnitude of KI is dependent upon the body geometry, crack size, load level, and 

loading configuration. Figure 2.11 shows how KI varies in magnitude with material thickness. 

Plane stress conditions have an effect on the measured KI at fracture for thin materials, and the 

degree of this effect changes with thickness. However, as thickness increases, KI decreases to a 

critical value where there is no longer a dependence on material thickness as the thickness 

increases. This thickness independent value is termed KIC and is a material constant labeled the 

plane strain fracture toughness. The differences in the stress intensity factor can also be 

described in terms of differences in stress state during loading of the material. At fairly thin 

thickness the stress state can be described as plane stress and the associated stress intensity factor 

is high. As the thickness increases, the stress state transitions to more of a plane strain condition 

which is associated with a lower KI compared to thin materials, and this stress state is required 

for determination of the critical stress intensity factor.  

 

Figure 2.11 Schematic plot showing KI as a function of material thickness [18]. 
 

Experimental determination of the material constant KIC requires a sufficiently thick 

material such that the plastic zone ahead of the crack tip is small compared to the specimen 

dimensions [18]. Equation 2.2 shows how the minimum thickness is calculated, where B is the 

material thickness, w is the width of the sample geometry, a is the crack length, and σys is the 

yield strength of the material. 
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 �, (� − �) ≥ 2.5 ��  (2.2) 

 

Using this equation for a 0.4 wt% C steel with a yield strength of approximately 1150 MPa and 

KIC of 40.3 MPa√m [19], the minimum required thickness for a valid KIC test would be 3 mm. 

This thickness is double the thickness typically used for some automotive sheet steels, such as 

press hardened steels.  

2.5.2 J-INTEGRAL 

 The J-integral was developed by J.R. Rice in 1968 to characterize fracture in nonlinear-

elastic materials. This parameter seeks to extend many of the properties of the stress intensity 

parameter to elastic-plastic conditions. The J-integral is defined as a line integral related to the 

energy in the vicinity of a crack in the presence of plastic deformation [20]. The J-integral is an 

attractive parameter because similarly to K, this value can be related to the amplitude of the crack 

tip stress fields and also to the crack tip opening displacement [17]. However, the use of J in this 

context assumes small amounts of plastic deformation in the vicinity of the crack tip. Use of the 

J-integral is thus made valid as a fracture parameter through control of all pertinent length 

parameters in the specimen such as crack length, ligament size, and thickness to ensure these all 

significantly exceed the incremental crack tip opening displacement and thus minimize the 

amount of plastic deformation with respect to the overall specimen dimensions. 

 Experimentally, Jc characterizes the energy release at fracture prior to the onset of 

significant stable tearing crack extension [21]. Equation 2.3 shows the calculation used for 

determining the J-integral where W is the strain energy density, Ti is the stress vector, ui is the 

displacement vector, and ds is a length increment along the integral path.  

 � = ��� − � ���� ��  (2.3) 

  

J can be calculated analytically using finite element modeling of the cracked body, or it can be 

calculated experimentally by loading a material with different crack lengths to a fixed load. 

Figure 2.12 shows a schematic of a load-displacement curve used to determine the value of J. 
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This method essentially sums up the incremental area between the curves for the different crack 

lengths up to the fixed load, and that sum is defined as the value for J for that material and 

geometry combination.  

 

Figure 2.12 Schematic plot of load versus displacement for two identical crack bodies, with 
the exception of the crack length, that are loaded to a fixed load to determine the 
value of J [17]. 

 

2.5.3 ESSENTIAL WORK OF FRACTURE 

 Essential work of fracture was developed as a fracture toughness parameter for elastic-

plastic materials including thin sheet materials. This testing method differs from other fracture 

mechanics models in that it does not require the detection of crack initiation, which can be 

difficult to detect and measure in ductile materials [22]. Cotterell and Reddel [23] proposed that 

the total work of fracture can be written as the sum of two energy components. The first is 

related to the energy for plastic work and the second is related to the creation of new surfaces 

during ductile fracture. This concept is similar to that of the stress intensity parameter, K, which 

can characterize the strain energy released during fracture as the energy for plastic deformation 

and the energy for the creation of new surfaces [17]. Equation 2.4 shows the equation developed 

for the total work of fracture, Wf, where we is the essential work of fracture, wp is the non-

essential plastic work, L is the ligament length, t is the material thickness, and β is a shape factor 

that depends on the shape of the plastic zone [23].  

 � = � �� + � �� � (2.4) 
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This equation can then be normalized by the cross-sectional area where deformation occurs to 

obtain the specific essential work of fracture, wf. Equation 2.5 shows the specific essential work 

of fracture relationship [23]; the terms in the equation represent the same values as in Equation 

2.4. The benefit of writing the equation in this form is that it allows for the essential work of 

fracture to be determined experimentally. 

 � = � + � �� (2.5) 
 

Essential work of fracture is determined experimentally using a double edge notched 

sheet specimen. Figure 2.13(a) shows a schematic of the typical sample geometry used for 

essential work of fracture testing. The double edge notch sample geometry starts with a deep, 

sharp notch from which a fatigue pre-crack is initiated from both notches prior to testing. The 

deep notch creates a localized plastic region between the two notches, which is designated as the 

ligament area. This evaluation technique requires the use of at least three different ligament 

lengths. The minimum ligament length should be 3 to 5 times greater than the sample thickness, 

and the largest ligament can be no greater than a third of the sample width [21]. The reason for 

these boundary conditions is that to measure essential work of fracture, the ligament area must be 

completely yielded before crack initiation and the ligament must be in a plane stress state. Using 

the different ligament geometries, the samples are then pulled in tension to obtain a force-

displacement curve. From this curve, the total work of fracture can be calculated as the area 

under the curve. This area is a function of the ligament length and thus for each ligament length 

tested, a different total work of fracture can be determined. When the total work of fracture is 

plotted against ligament length, a linear relationship is observed. The linear fit to the data can 

then be related to Equation 2.5. Therefore, the essential work of fracture, based on the equation, 

is simply the y-intercept of the linear fit to the data. Figure 2.13(b) shows an example of how the 

essential work of fracture was calculated for a cold-rolled low alloy steel [23]. 

Essential work of fracture is also able to detect differences in toughness behavior of 

different materials that may not be obvious from the engineering flow curve behavior. Casellas et 

al. [24] conducted a study on a 22MnB5 low alloyed boron steel that was exposed to different 

processing conditions to vary the resulting microstructure. The five different microstructures 
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were compared in terms of the engineering stress-strain curve behavior as well as the measured 

essential work of fracture. Figure 2.14 shows representative engineering stress-strain curves for 

the five different microstructures. Figure 2.15 compares the calculated essential work of fracture 

for each of the different microstructures evaluated. The results of this study showed that a 

bainite-martensite microstructure had lower toughness, as determined by a lower essential work 

of fracture value, compared to the martensitic microstructure despite the strength and ductility 

shown in the flow curve being superior. Additionally, essential work of fracture was highest with 

a bainitic microstructure even though the area under the engineering-stress strain curve was not 

the highest. 

Also, many research studies have shown that the measured essential work of fracture 

relates well to the J-integral at crack initiation, Jc. Jc is typically measured by extrapolating an 

experimental J versus change in crack length plot towards the y-intercept on the plot. This 

procedure is closely related to the procedure described above for determining essential work of 

fracture, and thus, Jc can be associated with we [22]. Figure 2.16 plots fracture energy as a 

function of ligament length for experiments conducted using the essential work of fracture 

concept and the J-integral.  Experimentally the fracture energies obtained by the two methods 

only differ from the measured value for essential work of fracture by approximately 20% [22]. 

The difference is believed to be a function of the optical method used for detecting crack 

initiation overestimating the initiation displacement [22]. The correlation between these two 

values is beneficial because determination of the essential work of fracture is significantly easier 

for thin sheet materials than using the J-integral. 

2.5.4 CRACK TIP OPENING DISPLACEMENT 

For ductile materials, crack tip opening displacement (CTOD) is a method for estimating 

material toughness. CTOD is the measured displacement, from both elastic and plastic 

deformation, normal to the crack plane at defined locations near the original crack tip [17]. By 

measuring this displacement, a measure of toughness can be obtained for a material since CTOD 

can be effectively related to K and J. As stated above, K and J are both used in fracture 

mechanics to determine the fracture toughness of a material and can also be used to calculate the 

stress and strain fields ahead of a crack tip. Since strain is a function of displacement, the 

measured displacement directly ahead of the crack tip can thus be related to K and J. Any 
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displacement that occurs ahead of the crack tip will also cause a measureable displacement in the 

region surrounding the crack tip. Therefore, by measuring this displacement, as is done for 

calculating the CTOD, a measure of toughness can be obtained for a material. A critical CTOD 

can be determined in a similar way to K and J assuming small amounts of plasticity at the crack 

tip. Additionally, CTOD is not limited by thickness assuming a relatively low and similar global 

crack-front constraint is maintained and stable crack extension is occurring. 

                       

                                  (a)                                                                   (b) 
Figure 2.13 (a) Double edge notch specimen geometry commonly used for determination of 

the essential work of fracture [25]. (b) Specific work of fracture as a function of 
ligament length for a cold-rolled low alloy steel showing that the essential work 
of fracture, we, can be obtained from the linear fit to the data [23]. 

 

   

Figure 2.14 Engineering stress versus strain curves for a 22MnB5 alloy processed to produce 
different microstructures that included bainite-martensite (BM), martensite (M), 
bainite (B), ferrite-bainite (FB), and ferrite-pearlite (FP) [24]. 
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Figure 2.15 Measured essential work of fracture values for the five different microstructures 
developed for a 22MnB5 alloy [24]. 

 

 

Figure 2.16 Fracture energy values obtained from two Jc calculations and the essential work of 
fracture at crack initiation as a function of ligament length in double edge notch 
tensile samples. The specific essential work of fracture, we, is also shown for 
reference [22].  

  

Wells developed the CTOD parameter to extend the elastic stress intensity factor 

approach into elastic-plastic yielding conditions [26]. Equation 2.6 shows the calculation Wells 
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used for CTOD (δ), where KI is the stress intensity factor for mode I cracking, E is the Young’s 

modulus, and σys is the material yield strength. This equation takes into account the plastic zone 

size as well as the elastic displacement solutions for a center-cracked infinite plate. 

 � = 4� ���  (2.6) 

 

A generalized relationship between CTOD and J has also been derived by extending the 

Dugdale model of a strip deformation zone at the crack tip to materials that do not exhibit perfect 

plasticity [17]. Equation 2.7 shows the equation used for relating CTOD and J. 

 � = � ��  (2.7) 

 

This equation takes into account the crack tip strain fields as well as the relationship between 

strain and displacement. The J/σo component originates from the crack tip strain field used in 

calculating the J-integral. The term dm is a constant between 0 and 1 that varies with the 

plasticity exponent, m. A material that is perfectly plastic (m → ∞) has a dm value equal to 1 such 

that the relationship in Equation 2.7 becomes equal to the Dugdale model. 

In both the relationships from Equation 2.6 and Equation 2.7, the size of the plastic zone 

can influence the measured crack tip opening displacement. The radius of the plastic zone is 

approximately equal to the depth of the slant fracture zone on a fracture surface [27]. Therefore, 

the percent of the sample thickness that is slant fracture can also be related to the toughness of 

the material. Figure 2.17 shows how the percent flat fracture, which is inversely related to the 

slant fracture percentage, changes with associated changes in the measure of toughness, Gc, for 

an aluminum alloy [28]. This plot indicates that high toughness values are typically associated 

with a predominately slant fracture appearance, which would also be associated with a large 

plastic zone size and thus large CTOD values. 
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Figure 2.17 Energy release rate, Gc, and percent square fracture as a function of the thickness 
of an aluminum alloy sample [28].  

  

2.6 TOUGHNESS TESTING IN SHEET 

 This section discusses the different testing methods that have been used in literature for 

evaluating toughness in sheet materials with the intent of correlating the results to crash 

performance. Additionally, the effect of notch radius on the measured toughness behavior is 

discussed since several testing methods in this section involve the presence of a notch. Some of 

the testing methods described in this section are used to obtain the values discussed in 

Section 2.4. Some other testing methods, such as drop weight testing and stacked Charpy testing, 

provide metrics that can relate to component level behavior.  

2.6.1 EFFECT OF NOTCH RADIUS ON TOUGHNESS TESTING RESULTS 

In traditional fracture toughness testing, fatigue pre-cracked samples are used to create a 

high stress concentration ahead of the crack. However, some studies have shown that a notched 

specimen can be used to determine a fracture toughness value at or below a sufficiently small 

notch root radius. One of the initial studies that proved this concept was conducted by Ritchie et 

al. on two sets of oil quenched AISI 4340 steel that underwent two different heat treatments [29]. 

The yield strength and tensile strength were kept consistent between the two heat treatment 

conditions. In particular, Charpy V-notch samples were prepared with notch root radii ranging 
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from a fatigue pre-crack radius to 0.58 mm and tested at room temperature using an instrumented 

Charpy machine. The apparent dynamic fracture toughness, KA, was determined for each sample 

and plotted against notch root radius. Figure 2.18(a) shows the resulting plot for the two material 

conditions evaluated. This figure shows that for both conditions a critical notch root radius exists 

below which the apparent fracture toughness does not vary. Furthermore, this plateau value 

matched KIC values measured using fatigue pre-cracked specimens. However, the results also 

indicate a large difference in the critical radius between different processing conditions for the 

same material. Chipperfield and Knott showed a similar relationship between notch root radius 

and the crack opening displacement at the onset of ductile fracture, δi, in a low carbon structural 

steel with a yield strength of approximately 260 MPa [30]. For this study, single edge notch bend 

test specimens were machined with different notch root radii. The sample thickness was 

sufficiently large to maintain plane strain conditions. Figure 2.18(b) shows the effect of root 

radius on δi. The crack opening displacement also appears to have a critical radius below which 

the relative measure of toughness is independent of notch radius.  

  

                                            (a)                                                                (b) 
Figure 2.18 (a) The effect of notch root radius on the apparent fracture toughness in oil 

quenched AISI 4340 steel (870 °C: σys = 1593 MPa UTS = 2193 MPa; 1200 °C – 
870 °C: σys = 1593 MPa UTS = 2217 MPa) [29]. (b) The effect of notch root 
radius on the CTOD at the onset of ductile fracture for a low carbon structural 
steel (σys = 266 MPa) [30]. 
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2.6.2 STACKED CHARPY TESTING 

Charpy testing is a common testing technique used for evaluating how much energy a 

material can absorb upon impact. The measured CVN energy is generally used for comparing 

toughness between different materials, especially in thick plates. However, conducting Charpy 

testing on thin sheet materials can be difficult since testing a single sheet could lead to buckling 

during testing. Stacked Charpy testing techniques have been developed specifically for thin sheet 

applications to provide sufficient thickness to eliminate the potential for buckling upon impact. 

Sheet samples are machined with the same length and width dimensions as the standard Charpy 

sample according to the ASTM E23 standard [31]; the specimen dimensions were previously 

shown in Figure 2.4. The thickness dimension, however, depends more on the number of sheets 

required to prevent buckling since it is difficult to stack sheets to exactly the dimension required 

for the standard. The sheets are held together with rivets to prevent sliding between the sheets 

and to minimize the amount of energy dissipated between the sheets upon impact. The number of 

rivets and their spacing are selected based on what is necessary to prevent crack deviation from 

the notch towards the rivet and sheet sliding. The testing parameters and method used for the 

stacked sample configuration are the same as described in the ASTM E23 standard. The main 

difference is that the measured impact energy is divided by the sheet thickness and ligament 

length from the notch to the end of the sample. Calculating impact energy in this manner 

provides a measure of impact energy on a per sheet basis. 

In addition to the standard Charpy testing set up, the Charpy striker can be instrumented 

with strain gauges to provide load-time information in addition to energy absorbed for both 

standard and stacked Charpy set ups [32]. Using the load-time plot, the total area under the curve 

can be calculated, which is directly related to the total energy absorbed during Charpy testing 

[32]. The energy absorbed during testing can be separated into the crack initiation energy and the 

crack propagation energy. The area under the load-time curve up to the measured peak load is 

designated as the crack initiation energy, and the remaining area under the curve is associated 

with the crack propagation energy.  

2.6.3 MODIFIED COMPACT TENSILE TESTING 

 In fracture mechanics based toughness testing methods, a compact tensile geometry is 

sometimes used for measuring different toughness metrics such as KIC and crack tip opening 
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displacement. In thin sheet materials, the standard compact tensile testing needs modification due 

to the low-constraint conditions. Thus, a similar sample geometry is used, but with anti-buckling 

plates to prevent buckling of the sheet. Figure 2.19 shows an example of the typical sample 

geometry and set up used for modified compact tensile testing of sheet materials. Samples need 

to be at least 150 mm wide so that the ligament, or distance from the original crack tip to the end 

of the sample, to thickness ratio is greater than or equal to 4. This ratio ensures relatively low and 

similar global crack-front constraint for this sample geometry [33]. Similarly to C(T) testing for 

thick materials, this testing method is used mainly to obtain a critical crack tip opening angle or 

crack tip opening displacement. Testing specifications are in accordance with the ASTM E2472 

standard [33].  

  

Figure 2.19 Modified compact tensile testing geometry with anti-buckling plates [33]. 
 

 For this type of testing, the sample is first fatigue precracked to create a defect with an 

infinitesimally small radius ahead of the machined notch, and then pulled in tension to grow the 

crack. Crack tip motion is typically monitored using high speed cameras, and the images 

obtained can be used to optically measure the crack tip opening angle. Figure 2.20 shows an 

example of how the crack tip opening angle is measured. CTOA can then be plotted against 

crack extension such that a critical CTOA value can be obtained when CTOA becomes 

independent of crack length at higher values of crack extension. Figure 2.21 plots crack tip 

opening angle as a function of the crack length showing where the convergence in CTOA values 

occurs as crack length increases. The critical CTOA value can be used as a fracture resistance 
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parameter for different alloy conditions. This testing method has not been commonly used to 

describe fracture behavior in press hardened steels, but some studies have been conducted on 

interstitial free and dual-phase steels [34, 35]. 

2.6.4 DROP WEIGHT TESTING 

Drop weight testing is used industrially to simulate component level impact resistance of 

automotive sheet steels. Different testing configurations can be used to simulate different 

components in the car body structure. The two most common drop weight testing configurations 

are axial crash testing and bend crash testing. Axial crash testing is representative of a crumple 

zone in the front of a car, whereas bend crash testing simulates a side impact zone such as a B-

pillar. Figure 2.22 shows example sample geometries for both the axial crash testing and bend 

crash testing. 

  

Figure 2.20 Typical optical image showing how the crack tip opening angle is commonly 
measured in a modified C(T) testing set up for sheet materials [33]. 

 

Axial crash testing involves dropping a weight onto a sample such that the sample 

absorbs the full impact energy through creating folds in the material. Figure 2.23(a) shows an 

example of a deformed axial crash specimen. After impact, the crush load, crush distance, and 

crack length (when present) are measured. Similarly, bend crash testing involves dropping a 

weight onto a sample that is in a three point bend configuration. Again, the maximum crash 

force, energy at a given displacement, and total crack length are measured. Figure 2.23(b) shows 

an example of a deformed bend crash specimen. For both testing configurations, the weight 

impacts the sample at speeds around 7 m/s (15 mph). 
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Figure 2.21 Plot of the crack tip opening angle measured as a function of crack extension. The 
convergence at larger crack extension values represents the critical crack tip 
opening angle [33]. 

 

Although this testing method is beneficial for simulating component level behavior, 

research has sought to effectively relate the measured behavior in drop weight testing to smaller 

scale testing. In particular, Link and Hance [36] related total crack length in both the axial and 

bend crash testing situations to total fracture strain, hole expansion ratio, and 90° limiting bend 

ratio in a DP980 steel. The 90° limiting bend ratio involved bending a steel sample, under free 

bending conditions, to 90° at successively sharper punch radii until a crack was observed. The 

minimum r/t ratio for which no crack is observed is designated the 90° limiting bend r/t ratio. 

The most direct relationship for both testing configurations was observed between the total crack 

length and the 90° limiting bend ratio. Additionally, the maximum bend angle tested using free 

bend testing had a strong correlation to total crack length for the axial crash testing. Therefore, 

the authors concluded that bendability measured using small scale free bend testing correlates 

well with the expected behavior in component level crash simulations.   
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                                      (a)                                                                      (b) 
Figure 2.22 (a) Example sample geometry used for axial crash testing [36]. (b) Example 

sample geometry used for bend crash testing [36]. 
 

                                

                                  (a)                                                                           (b) 
Figure 2.23 Example of deformed DP980 sheet steel sample after (a) axial crash testing and 

(b) bend crash testing [36]. 
 

2.6.5 DOUBLE EDGE NOTCH TENSILE TESTING 

 Double edge notch tensile testing provides an understanding of the material behavior in 

the presence of a stress concentration and a triaxial or plane strain stress state given sufficient 

specimen thickness. Also, based on the discussion regarding notch radius in Section 2.6.1, the 

notched tensile test may effectively simulate the stress and strain behavior ahead of a sharp 

crack. Notches are machined on either side of the tensile axis with the notch radius selected 

depending on the desired stress concentration and degree of triaxiality. The presence of both 

notches allows for symmetric loading compared to a single edge notch specimen. Generally, the 
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sharper the notch radius, the higher the degree of triaxiality and the higher the stress 

concentration. Additionally, a sharp notch localizes the stress concentration to the notch tip, and 

tends to localize the deformation to the ligament length. Figure 2.24(a) plots triaxiality 

determined using finite element analysis as a function of the equivalent plastic strain for 

specimens with different notch radii. Triaxiality is the ratio of the mean stress, or average of the 

three principal stress components, to effective stress at any point within a sample. For small 

values of equivalent plastic strain, the value for triaxiality is highest for the sharpest notch radius 

condition. Also, the sharp notch radius provides the most consistent triaxiality with increasing 

equivalent plastic strain. Consistency in the triaxiality with increasing strain is beneficial to 

effectively evaluate the material behavior under specific stress and strain conditions without the 

effects of changing stress state. Figure 2.24(b) shows the effect of the notch radius on the load-

displacement behavior (displacement measured with an extensometer) as well as the crack 

initiation point for double edge notch tensile samples of construction steel used for warships. 

Crack initiation is assumed to be associated with the sudden drop in load based on interrupted 

tests conducted on the same material [37]. Again, the sharp notch radius creates a region of 

elevated stress which consequently lowers the amount of displacement that can be 

accommodated during deformation. Additionally, the displacement at which crack initiation 

occurs is significantly less than the large notch radius condition. Therefore, using the sharpest 

notch possible is beneficial for simulating the most severe loading conditions possible and 

understanding ductile fracture behavior under these severe loading conditions. High degrees of 

triaxiality may also further emphasize the effects that second phase particles have on ductile 

fracture behavior, because as stated in Section 2.4.2, areas of low triaxiality do not create as 

much strain localization and propensity for microvoids to form between nearby second phase 

particles.  

In the presence of a stress concentrator, notch sensitivity is also an important 

consideration. Espey et al. considered how the introduction of a notch changes strength behavior 

in a 2.4 mm thick SAE 4340 alloy tempered at a range of temperatures [38]. Figure 2.25 shows 

the effect of tempering temperature on measured strength for both smooth and sharp notch 

tensile specimens machined out of SAE 4340 sheet. This plot shows there is a decrease in notch 

strength between 400 and 600 °C with no corresponding decrease in the smooth tensile strength. 

Notch sensitivity is usually represented by notch strength ratio (NSR), which is the ratio of 
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notched specimen tensile strength to smooth specimen tensile strength. Materials with an NSR 

less than one are notch brittle, and conditions with a NSR greater than one are notch 

strengthened [20]. NSR, though influenced by the material properties, can also be affected by the 

notch radius. Agogino reported that for annealed AISI 1025 steel, NSR increases with increasing 

notch sharpness up to about 1.3 to 1.5 and then decreases with further sharpening of the notch. 

Additionally, a shift in fracture initiation site occurs with increasing notch radius from the center 

of the sample ligament for blunt notches to the notch tip for sharply notched specimens [39]. 

                          

                                      (a)                                                                            (b) 
Figure 2.24 (a) Plot of triaxiality as a function of equivalent plastic strain for three different 

notch radii of 0.45 mm, 1 mm, and 5 mm. (b) Load-displacement curves for the 
three different notch radii evaluated showing also differences in the displacement 
for crack initiation. Double edge notch tensile samples of construction steel used 
for warships were used for both plots [37]. 

 

2.6.6 FREE BEND TESTING 

 Free bend testing is an effective method for determining the susceptibility of a material to 

failure during forming processes dominated by bending or during crash deformation. This testing 

method involves a sharp radius punch depressing down on a rectangular specimen that is placed 

on top of two frictionless rollers. Figure 2.26 shows a representative schematic of the bend test 

set up in accordance with the VDA 238-100 standard commonly used industrially for this test 

[40]. Through this deformation path, plane strain tensile loading is induced on the outer surface 

of the sample [41]. The area of maximum strain opposite the punch is defined as the fracture 



31 
 

strain. The fracture strain during testing can be determined using digital image correlation on the 

outer plane of the bend sample. Due to the low strain rate sensitivity of these martensitic steels, 

the measured fracture strain may be effectively used to represent strain conditions in a crash test 

[41]. The measured fracture strain from free bend testing also correlates well to the estimated 

fracture strain during notched tensile testing, which was measured optically as the thinning in the 

central axis of the fracture area [41]. 

 

Figure 2.25 Strength as a function of tempering temperature for smooth and sharp notch 
tensile bars machined out of SAE 4340 sheet steel [38]. 

  

   

Figure 2.26 Schematic of the bend testing set up for thin sheet materials in accordance with 
the VDA238-100 standard [40].  
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In addition to the fracture strain, bend angle at maximum load can be determined during 

testing through conversion of the measured displacement to an associated bending angle. The 

bend angle at maximum load represents the maximum amount of bending deformation that can 

be accommodated before a crack initiates in the region of maximum strain. Larour et al. 

conducted a study on press hardened steels that correlated the measured bending angle at 

maximum load to component level crash simulations [3]. Figure 2.27(a) shows the observed 

correlation between the calculated crash index of component level testing and the bend angle. 

Crash index is a value that takes into account the cracking behavior observed during a 

component level side impact test. In comparison to the other testing methods evaluated, the bend 

angle showed the best correlation to the crash index value. Link and Hance also observed a 

strong correlation between bend angle and component level testing conducted using a drop 

weight testing set up on several advanced high strength steel grades. Figure 2.27(b) shows the 

relationship between total crack length measured during drop weight testing and the maximum 

bend angle measured with the free bend testing set up. Therefore, bend angle may also provide a 

method for evaluating toughness of press hardened steels.   

    

                                      (a)                                                                            (b) 
Figure 2.27 (a) Side impact crash index as a function of the bend angle measured during free 

bend testing for both coated and uncoated press hardened steels [3]. (b) Total 
crack length measured during axial crash testing versus the maximum bend angle 
measured from free bend testing showing the linear correlation between the two 
measurements [36]. 
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2.6.7 COMPARISON OF STRESS AND STRAIN STATES IN TOUGHNESS TESTING 
METHODS 

Each of the testing methods described above has a specific stress and strain state that is 

imposed on the sample during testing. Stacked Charpy testing, modified C(T) testing, and double 

edge notch tensile testing all include a notch that can create a triaxial stress state at the notch tip. 

Near the surface or edge of the sample, though, a biaxial stress state is present because there is 

no material constraint creating an opposing stress. These three testing methods also experience 

plane strain conditions at the notch tip given sufficient specimen thickness. Comparatively, free 

bend testing produces a plane strain tension state along the region opposite the punch, but the 

strain state is plane strain [42]. Free bend testing is also different because the localization of 

stress and strain is along the outer surface of the material and thus can be influenced by the 

surface microstructure of the material. The stress and strain state present during testing may 

influence the measured toughness, and therefore needs to be considered when comparing results 

between testing methods.  

The degree of stress triaxiality is also an important factor to consider when comparing 

different toughness testing methods. As stated previously, triaxiality is the ratio of the mean 

stress to the effective stress. The degree of triaxiality is not directly correlated to the stress state 

present in the sample configuration. Depending on the magnitude of the components of stress, a 

sample configuration that experiences a biaxial stress state could have the same degree of 

triaxiality as a sample that experiences a triaxial stress state. For example, Figure 2.24 shows that 

for a double edge notch tensile sample with a notch radius of 0.45 mm, the stress triaxiality is 

approximately 0.55 up to an equivalent plastic strain of 1.6. Comparatively, Roth and Mohr [42] 

conducted a study on a V-bend test for a dual phase steel and showed the triaxiality was 0.56 for 

an equivalent plastic strain up to 0.5. As stated above, double edge notch tensile testing and bend 

testing have two different stress states in the region of maximum strain, but the degree of 

triaxiality is approximately equal. The similarity in triaxiality in this example shows that simply 

looking at this metric does not completely describe the effect of loading conditions on crash 

performance. However, correlations have been made between triaxiality and measured fracture 

strain. Figure 2.28 plots the fracture strain as a function of stress triaxiality for five different 

specimen configurations which include shear tension (θ = 0° and θ = 45°), smooth tension, 
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notched tension (R = 1 mm), and Nakazima biaxial tension samples. Each triangular data point 

represents the experimental fracture strain, and the dotted lines represent the loading path 

predicted from the finite element simulation for select specimens. The solid line represents a 

damage curve from a finite element simulation performed in the study. There is not a direct 

relationship between fracture strain and triaxiality, but fracture strain does vary depending on if 

the sample undergoes shear or uniaxial tension loading. 

   

Figure 2.28 Fracture strain as a function of stress triaxiality for a microalloyed fine grain steel 
with designation ZStE340 [43].  

 

2.6.8 SUMMARY OF TOUGHNESS TESTING METHODS FOR SHEET MATERIALS 

 This section introduced many of the testing methods commonly used for evaluating 

toughness in sheet materials. Different testing methods can represent different loading 

conditions, which can be beneficial when considering the various deformation modes imposed 

on automotive components. Additionally, some testing methods are useful for predicting 

component level behavior whereas others better predict local formability during deformation. 

Table 2.2 gives an overview of the testing methods discussed in this section with respect to the 

data usually obtained and the typical use.  
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Table 2.2 – Comparison of Toughness Testing Methods for Sheet Materials 

  

Method Reported 
Value(s) Benefits/Use Limitations/Special 

Requirements 

Stacked CVN 
Impact 
Energy, 
DBTT 

Measure of energy absorbed 
upon impact, which is similar 

to a crash event 

Instrumented Charpy 
testing required for 
crack initiation and 
propagation energy 

determination 

Modified C(T) CTOA Direct measurement of crack 
behavior 

Requires large sample 
widths and fatigue 

precracking 

Drop Weight 

Crush 
Force, 
Crack 
Depth 

Direct relationship to 
component level behavior 

No direct 
measurement of crack 

behavior and local 
deformation behavior 

Double Edge Notch we, NSR, εf  

Measures notch sensitivity, 
creates a stress concentration 
without fatigue precracking, 

simulates crack behavior 

Measured properties 
are dependent on 
notch radius and 

thickness 

Free Bend 

Bend 
Angle at 

Max. 
Force, εf 

Good correlation to component 
level behavior, simple testing 

set up 

Measured bend angle 
is thickness dependent 
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CHAPTER 3 

EXPERIMENTAL PROCEDURE 

 

3.1 INTRODUCTION 

 This chapter initially details how the austenitizing parameters were selected for the 

22MnB5 alloy used throughout this project. Also, testing parameters for each mechanical testing 

technique used are detailed in this chapter. An austenite grain growth study was first conducted 

for the alloy and sheet thickness to understand the kinetics for grain growth. Generally, the 

reported prior austenite grain sizes for press hardened steels only comprise austenitizing 

conditions within the industrial processing range, where grain sizes only vary by 5-10 μm. This 

small range makes it difficult to measure relationships between austenitizing parameters and 

mechanical properties. One of the project objectives is to evaluate the influence of austenitizing 

parameters on press hardened steel mechanical properties. Therefore, the initial austenite grain 

growth study was necessary to understand, for a given sheet thickness, what range of prior 

austenite grain sizes is achievable. Using the results of the grain growth study, austenitizing 

temperatures and hold times were selected for lab scale simulation of the hot stamping process. 

Studying the relative grain growth kinetics ensured that a sufficiently large range of prior 

austenite grain sizes were produced.  

3.2 22MnB5 PRIOR AUSTENITE GRAIN GROWTH INVESTIGATION 

 22MnB5 Al-Si coated sheets were obtained in the cold rolled condition with an initial 

microstructure of ferrite and pearlite and a sheet thickness of 1.2 mm. Table 3.1 shows the 

composition of the alloy used.  

Table 3.1 – 22MnB5 Al-Si Coated Chemical Composition 

wt pct C Mn Si Ni Cr Mo Ti Al S P B 
22MnB5  0.20 1.20 0.21 N/R 0.22 - 0.031 0.042 0.002 0.004 0.003 

 

A range of austenitizing parameters was selected within the austenite phase field such that 

temperatures both close to and above the Ac3 temperature were studied. For this carbon content, 

the temperature range for austenite formation is approximately 825 °C to 1485 °C based on the 
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equilibrium iron-carbon phase diagram. However, these temperatures do not account for the 

influence of other alloying elements and thus were used as an estimation for the processing 

boundaries. The temperatures selected for this study ranged from 850 °C to 1200 °C. Specific 

austenitizing temperatures selected included 850 °C, 880 °C, 900 °C, 930 °C, 950 °C, 980 °C, 

1100 °C, and 1200 °C.  

Three coupons were sectioned from a strip of material 77 mm x 12 mm x 1.2 mm in size. 

The Al-Si coating was removed from both sides of the coupons prior to heat treatment using 

180 grit grinding paper. The coupons were then placed in stainless steel heat treatment bags 

filled with argon to minimize decarburization during heat treatment. All heat treatments were 

conducted in a box furnace and the furnace temperature was monitored using a thermocouple 

placed near the stainless steel bag. The approximate heating rate for the samples placed in the 

box furnace was 5 °C/s. For all austenitizing temperatures, the material was held for 10 minutes 

at the set temperature. The hold time was started as soon as the temperature read out from the 

thermocouple reached the desired austenitizing temperature. After holding for 10 minutes, the 

coupons were quenched in water to obtain a fully martensitic microstructure.  

 Following heat treatment, coupons for each austenitizing condition were mounted, 

polished, and etched to reveal the prior austenite grain structure. Prior austenite grains were 

revealed by etching with a heated saturated aqueous picric acid etchant with Teepol surfactant. 

The etchant included 280 mL of deionized water, 5.5 g of picric acid, 8.4 mL of Teepol, and 

2 mL of hydrochloric acid. The etchant was heated to approximately 65 °C prior to etching the 

sample. The sample was initially submerged in the solution and stirred for 40 to 45 seconds. The 

surface was then briefly polished to a 6 µm grit finish solely to remove the top most layer of 

etched material. The sample was again placed in the etchant via the same process as above for 

10 seconds. The average prior austenite grain size for each austenitizing temperature was then 

calculated using the concentric circle method detailed in ASTM E112 [44]. Grains were counted 

using this method until the average grain size converged to a single value, which was assumed to 

be the prior austenite grain size for that condition. Figure 3.1 shows the effect of austenitizing 

temperature on prior austenite grain size. Generally the austenite grain size increases with 

increasing austenitizing temperature, which is expected based on grain growth kinetics. The 

grain size grows most at temperatures above 930 °C. The range of prior austenite grain sizes 
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possible with the conditions selected was approximately 45 μm. Figure 3.2 shows the resultant 

etched microstructures and Figure 3.3 shows the microstructure of the 850 °C austenitizing 

condition after quenching. These micrographs show that aside from very small amounts of 

possible ferrite observed after austenitizing at 850 °C, all conditions reached a fully martensitic 

microstructure. 

 

Figure 3.1 Progression of prior austenite grain size as a function of the austenitizing 
temperature for a 22MnB5 Al-Si coated alloy. Samples were held for 10 minutes 
at the indicated austenitizing temperature. 

 

 

Figure 3.2 Light optical micrographs of the as-quenched microstructure for the 22MnB5 
alloy that was heat treated at the designated temperatures and held at temperature 
for 10 minutes. A heated saturated aqueous picric acid etchant with Teepol® 
surfactant was used to observe the prior austenite grain boundaries.  
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Figure 3.3 Light optical micrographs of the as-quenched microstructure for the 22MnB5 
alloy that was heat treated at 850 °C. The arrows indicate small regions of ferrite 
(white etching constituent) remaining in the microstructure. A heated saturated 
aqueous picric acid etchant with Teepol® surfactant was used to observe the prior 
austenite grain boundaries.  

 

3.3 SELECTION OF AUSTENITIZING PARAMETERS FOR HOT STAMPING 

SIMULATION 

22MnB5 sheet, 1.5 mm thick, was obtained that followed the ArcelorMittal USIBOR 

1500P AS150 steel grade specifications. Table 3.2 shows the chemical composition of this alloy, 

which only differs slightly in carbon and manganese content from the alloy described in 

Section 3.2. Additionally, the coating applied to this material is comprised of approximately 

85 wt% aluminum and 10 wt% silicon with a coating thickness on average of 25 μm per side 

prior to hot stamping.  

Table 3.2 – Chemistry of the 22MnB5 Alloy for Simulated Hot Stamping 

wt pct C Mn Si Ni Cr Mo Ti Al S P B 
22MnB5  0.24 1.16 0.21 N/R 0.22 - 0.031 0.042 0.002 0.004 0.003 

 

Based on the results of the prior austenite grain growth investigation, the 22MnB5 sheet 

was heat treated according to the parameters outlined in Table 3.3 to produce a range of prior 

austenite grain size values. Heat treatments were conducted by Gestamp® using their laboratory 

scale hot stamping line. An austenitizing temperature of 850 °C was selected to measure the 

influence of potential chemical and microstructural inhomogeneity. Additionally, a range of hold 

times at 850 °C was investigated to potentially allow more time for homogenization. 
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Austenitizing temperatures of 900 °C and 930 °C were chosen to provide processing conditions 

consistent with the standard range used industrially for hot stamping. The upper limit 

temperature, 1025 °C, was selected based on the capabilities of the furnace and to maximize the 

range of PAGS evaluated. All material used for this study was Al-Si coated prior to heat 

treatment, which helped prevent decarburization of the underlying material during heat 

treatment. For all conditions, blanks were placed in a furnace and held for the specified hold 

time, which did not include the time to heat to the Ac3 temperature. The time to reach the Ac3 

temperature depended on the austenitizing temperature, but generally ranged from 1.5 minutes to 

4.5 minutes. Following austenitization, the blanks were placed in a water cooled flat die with no 

significant imposed deformation and quenched to reach a fully martensitic microstructure.  

Table 3.3 - Austenitizing Parameters for the 22MnB5 Blanks 

Austenitizing Temperature (°C) Hold Time (min.) Coating 
850 3 Al-Si 
850 6.5 Al-Si 
850 30 Al-Si 
900 6.5 Al-Si 
930 6.5 Al-Si 
930 30 Al-Si 

1025 10 Al-Si 
1025 30 Al-Si 

 

3.4 DILATOMETRY FOR CRITICAL TRANSFORMATION TEMPERATURES 

Critical transformation temperatures were determined using dilatometry on the hot 

stamped 22MnB5 sheet. Samples were approximately 10 mm x 4 mm x 1.5 mm (0.40 in x 

0.16 in x 0.06 in) and the coating was mechanically ground off on the surface where the 

thermocouples were welded. Heat treatments and detection of the change in length were done in 

the dilatometer with an argon atmosphere. A normalization heat treatment was first performed to 

create a more accurate representation of the transformation to austenite from the as received 

sheet. The sample, which was originally austenitized at 930 °C for 6.5 minutes and quenched, 

was heated to 950 °C at 5 °C/s, held for 15 minutes, and cooled to 200 °C at 2 °C/s to produce a 

ferrite-pearlite microstructure. Following normalization, the sample was heated at 10 °C/s up to 

650 °C and then at 28 °C/h up to 1000 °C to fully austenitize the sample in accordance with 

ASTM A1033 [45]. This heating profile was used to determine the Ac1 and Ac3 temperatures. 



41 
 

Dilatometry was also used to determine the martensite start (Ms) temperature. Two of the 

austenitizing parameters were simulated in the dilatometer to evaluate the effect of hot stamping 

conditions on the Ms temperature. The two conditions considered were 850 °C for 6.5 minutes 

and 1025 °C for 10 minutes. Again, both samples were initially normalized to produce a ferrite-

pearlite microstructure. The remaining heating profile resembled the profile of the furnace used 

by Gestamp® for simulated hot stamping, which created a difference in heating rates for the two 

samples. For the 850 °C condition, the sample was heated at 9 °C/s to 620 °C, and then heated at 

a slower rate of 3 °C/s up to 850 °C. Comparatively, the 1025 °C condition was heated to 600 °C 

at a rate of 15 °C/s, and then heated at a rate of 3 °C/s up to 1025 °C. Both samples were 

quenched at a rate of 50 °C/s to produce a fully martensitic microstructure. 

3.5 PRIOR AUSTENITE GRAIN SIZE ANALYSIS 

Evaluation of the prior austenite grain structure for each austenitizing condition was 

performed on the through thickness plane in machined tensile specimens. Figure 3.4 shows 

where all microstructural analysis was conducted for each condition. The rolling direction for 

each sample was perpendicular to the analysis plane. The prior austenite grains were again 

revealed using a heated saturated aqueous picric acid etchant with Teepol surfactant. The prior 

austenite grain size was determined using the same method described in Section 3.2 above. 

 

Figure 3.4 Analysis plane in a non-deformed E8 tensile sample for all prior austenite grain 
size analysis conducted.  
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3.6 MECHANICAL TESTING 

 The following sections describe the testing set up for each mechanical test as well as the 

metrics used to evaluate mechanical properties. Mechanical testing conducted included smooth 

sided tensile testing, double edge notch tensile testing, and free bend testing. Additionally, the 

same mechanical testing was conducted on samples where the coating was removed and the 

removal process is described below.  

3.6.1 SMOOTH SIDED TENSILE TESTING 

Smooth sided tensile testing was performed on all austenitizing conditions using an 

Instron tensile frame at General Motors. ASTM E8 tensile samples were water jet machined 

parallel to the rolling direction with three replicates per condition. Figure 3.5 shows a schematic 

of the smooth sided tensile geometry used for this testing. Wedge grips were used for all smooth 

sided tensile testing, and the grips were cleaned every few samples to help prevent slipping. All 

samples were pulled in tension at a crosshead speed of 0.042 mm/s (0.1 in/min) until failure, and 

displacement was measured using a 2 inch extensometer centered on the reduced cross section. 

Load-displacement data was then used to calculate the yield strength, ultimate tensile strength, 

strain to failure, uniform strain, and post uniform strain.  

 

Figure 3.5 Sample geometry for smooth sided tensile testing in accordance with the ASTM 
E8 standard [46]. 
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3.6.2 DOUBLE EDGE NOTCH TENSILE TESTING WITH DIGITAL IMAGE 
CORRELATION 

 Double edge notch tensile (DENT) testing was selected to evaluate notch sensitivity and 

toughness. As stated in Chapter 2, introduction of a notch creates a localized stress concentration 

ahead of either notch as well as a triaxial stress state, depending on the thickness and strength of 

the steel. For this study, DENT samples were electrical discharge machined (EDM) parallel to 

the rolling direction with a notch radius of 0.2 mm. Notches were machined on either side of the 

sample to allow for symmetrical loading of the sample along the centerline. Figure 3.6 shows the 

sample geometry and the testing set up used for the DENT testing. This notch geometry was 

selected to provide the highest degree of stress triaxiality possible through conventional 

machining in the local vicinity of the notch. However, the sharp notch differs from other studies 

that used specimens with larger notch radii [3, 4]. A sharp notch was used in this study because it 

more closely approximates the stress singularity associated with a crack.  

This sample geometry also has a pin connection in the grip section to assist with proper 

alignment of the sample and ensure even strain distribution on the two notches. Figure 3.7 shows 

the difference in strain localization that was observed between a wedge grip and a pin connection 

for loading of the sample; strain measurements were determined from digital image correlation. 

The pin connection used washers on either side of the sheet sample to prevent any out of plane 

rotation and to also maintain proper alignment during testing. The surface between the sample 

and the washers was lubricated with LPS 2 to minimize the influence of friction on the data 

obtained. Additionally, a U-joint was used during DENT testing for further sample alignment. 

Samples were displaced at a rate of 0.042 mm/s (0.1 in/min) and pulled to fracture.  

DENT testing also incorporated the use of 2-D digital image correlation (DIC) to 

measure localized displacement around the notched regions. DIC is a non-contact optical method 

that tracks random contrast patterns applied to a specimen surface to measure full-field 

displacements [47]. This technique allows for the quantification of strain fields when there is a 

deviation from linear elasticity or a strain gradient. DIC compares two digitized images of the 

specimen surface taken at different times during testing. This comparison enables quantitative, 

point-by-point mapping of surface deformation at any point on the sample [47]. For this study, a 

single 5 megapixel camera from Allied Vision Inc. was used, which provided a 2452 pixel x 
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2056 pixel resolution and a maximum frame rate of 9.2 fps. All tests were conducted with a 1 fps 

acquisition rate and post processing was done using ARAMIS™ software. A speckle pattern was 

applied to the sample surface using a boron nitride spray to provide the contrast pattern needed 

for DIC. The speckle pattern creates a relatively random distribution of particle sizes without 

generating a large proportion of fine dots. Fine dots are avoided because a speckle pattern where 

contrast points are of the size of a pixel in the image leads to artifacts in the analyzed data. 

  

                                                (a)                                                                       (b) 
Figure 3.6 (a) Sample geometry for DENT testing with all dimensions shown in mm. 

(b) DENT testing set up performed on the Instru-met tensile frame at Mines. 
 

      

                                           (a)                                                    (b) 
Figure 3.7 Digital image correlation (DIC) contour map of strain parallel to the tensile axis 

for the DENT sample using (a) wedge grips and (b) pin connection emphasizing 
the more symmetrical strain distribution using a pin connection.  
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Using DIC, notch displacement was calculated between two points above and below the 

notch opening. Figure 3.8 shows a representative strain contour map indicating the analysis 

location for notch displacement. Each point was located approximately 0.6 mm inwards from the 

edge of the sample and 0.6 mm up or down from that measured distance in from the notch, in a 

region where only elastic deformation occurred. The basis for calculating notch displacement is 

the fracture mechanics parameter CTOD described in Chapter 2. The displacement resolution 

was calculated based on the noise in the displacement versus time curve. Figure 3.9(a) shows a 

representative displacement versus time curve for a DENT sample processed at 850 °C for 

3 minutes. Figure 3.9(b) shows the beginning portion of the displacement versus time curve used 

to determine the resolution. The curve is approximately linear up to about 20 seconds, which 

represents the elastic region of testing. This portion of the curve can be used to estimate machine 

noise. A linear fit was imposed on the initial portion of the displacement versus time curve, and 

the average residual was determined as 0.7 μm, which was interpreted as the displacement 

resolution.  

   

Figure 3.8 Strain contour map of a DENT sample generated in ARAMIS showing the 
analysis location for notch displacement.  
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                                           (a)                                                                  (b) 
Figure 3.9 (a) Displacement versus time for a DENT test conducted on a sample processed at 

850 °C for 3 minutes. (b) Plot of displacement versus time at the very beginning 
of the test for the same condition.  

 

3.6.3 FREE BEND TESTING 

 Free bend testing was also selected as a possible assessment of crash performance 

because it correlates well with component level testing as discussed in Chapter 2. Additionally, 

free bend testing puts a higher emphasis on the surface microstructure and coating 

characteristics. Figure 3.10 shows the typical set up used for free bend testing, which is in 

accordance with the VDA238-100 standard [40]. Testing was conducted on a MTS hydraulic 

frame at Mines. The sample dimensions were 60 mm x 30 mm x 1.5 mm (2.36 in x 1.18 in x 

0.06 in). Samples were sectioned in the MSX saw and then end milled to the final dimensions. 

All burrs generated during the end milling process were removed prior to testing to prevent 

potential crack initiation sites. For free bend testing, two frictionless rollers with a diameter of 

30.93 mm (1.22 in.) were adjusted such that the gap between them was 3.35 mm (0.132 in.). The 

sample was placed on top of the rollers such that the sample would be deformed along the 

centerline and parallel to the rolling direction. A 0.4 mm (0.016 in.) radius punch was depressed 

down on the sample surface at a rate of 20 mm/min (0.79 in./min) until the load dropped and 

reached zero again. Fracture occurred when the load first dropped, but the test was continued 

until the load reached zero to allow for measurement of the post uniform bending slope as 

discussed in Chapter 2.  
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Figure 3.10 Testing set up for the free bend testing using the MTS Hydraulic testing frame. 
 

 During testing, crosshead displacement is recorded and is then used to calculate the bend 

angle at each increment of load. Equation 3.1 was used to calculate the bend angle from the 

displacement data [40]. From the calculated bend angle data, a bend angle at maximum load 

value can be determined for each processing condition. Figure 3.11(a) shows a representative 

schematic of how this value was determined. Additionally, the load versus bend angle curve can 

be used to determine the post uniform bending slope. Some studies have shown that this value 

correlates better to large scale crash simulation [3] and therefore was evaluated in this study as a 

comparison to the bend angle at maximum load and the double edge notch results. Figure 3.11(b) 

shows a schematic of the inflection point where the slope is calculated. The calculated slope is 

between the maximum load point and the inflection point on the curve after the load drops. 

� = 2
⎝⎜⎜
⎛− ��� ( ) ( ∗ ) ( ) ( )

∗ ∗
⎠⎟⎟
⎞

 (3.1) 

where: 

� = � + �2 + (� + � − �)  

ℎ = 2(� + �) ∗ − � + �2 + 2 � + �2 − 2(� + � − �) ∗ − � + �2  
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� = (� + �) − 2(� + �) ∗ � + �2 − (� + � − �) ∗ (� + �) + (� + � − �) ∗ � + �2 + � + �2  

R = roller radius in mm a = sample thickness in mm 

S = punch stroke in mm    L = roller distance in mm 

  

                                        (a)                                                                           (b) 
Figure 3.11 Representative load versus bending angle curve for the 850 °C – 30 minute 

condition generated from the free bend testing showing the determination of (a) 
the bending angle at peak load and (b) the post uniform bending slope (PUBS). 

 

3.6.4 STRIPPED COATING TESTING 

 For certain conditions, the Al-Si coating was removed such that only the martensitic 

microstructure was tested. ASTM E8 tensile testing, double edge notch tensile testing, as well as 

free bend testing were performed on the stripped material. The testing set up and parameters 

were identical to those of the coated material to allow for accurate comparison. In order to 

remove the coating, an attempt was initially made to remove the coating chemically. This 

procedure is commonly used industrially for removing aluminum-silicon coatings from 22MnB5 

alloy sheets. The sample was first placed in a bath of 80% deionized water and 20% sodium 

hydroxide that was heated to approximately 90 °C. The sample remained in the bath for 

approximately 2 minutes or until minimal bubbles were observed on the sample surface. The 

sample was then placed in a solution of 50% deionized water and 50% hydrochloric acid for 
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approximately 2 minutes. This process was repeated until it appeared as though only bare metal 

was present on the surface. In order to check whether the coating was completely removed, a 

cross section through the thickness was obtained. Figure 3.12 shows a light optical micrograph of 

the cross section for a sample heat treated at 930 °C for 6.5 minutes after heat treatment and after 

processing to attempt to remove the coating. Based on the micrograph, the chemical removal 

process was not able to remove the interdiffusion layer created during heat treatment between the 

coating and the substrate. 

  

                                    (a)                                                                          (b) 
Figure 3.12 Light optical micrograph of through thickness plane (a) after heat treatment and 

(b) after attempting to chemically remove the Al-Si coating on a PHS sheet 
processed at 930 °C for 6.5 minutes. A 2% Nital etchant was used to reveal the 
coating and martensitic microstructure.  

 

 Since the interdiffusion layer could not be removed chemically, the coating was then 

attempted to be removed mechanically using a surface grinder. The grinding wheel used was a 

Norton™ Grinding Wheel for Soft Metal with a 120 grit surface texture to try to minimize the 

surface deformation per pass. Initially, the grinding process was conducted without using 

coolant; however, upon inspecting the ground surface, it appeared as though the grinding process 

generated enough heat to alter the surface microstructure. Figure 3.13 shows a light optical 

micrograph of the ground surface without coolant for a sheet processed at 850 °C for 3 minutes. 

Therefore, for all remaining surface grinding, coolant was used and only 0.051 mm (0.0002 in) 

was removed from the surface per pass to prevent excessive heat generation. Again, a cross 

section of the thickness was obtained to analyze the microstructure and through thickness 



50 
 

hardness was employed to confirm that no alteration was made to the martensitic microstructure. 

Figure 3.14(a) shows a light optical micrograph of the ground surface  for a sheet processed at 

1025 °C for 10 minutes indicating no significant difference between the mid thickness martensite 

and the surface martensite microstructure. Additionally, Figure 3.14(b) shows the hardness 

profile through the sheet thickness to assess whether work hardening occurred on the surface 

from grinding. Based on the hardness profile and the microstructure at the surface, grinding with 

the coolant did not alter the surface microstructure and effectively removed the coating. 

Therefore, all samples that were tested with a stripped coating had the coating removed using 

this method. The amount that needed to be ground off each surface was determined using 

micrographs of each coating thickness. Table 3.4 shows the amount of material removed on 

either surface of the sample through this grinding process. 

Table 3.4 – Grinding Depth per Side of Sample 

Austenitizing Temperature (°C) Hold Time (min.) Grinding Depth, μm (in.) 
850 3 53.3 (0.0021) 
850 6.5 53.3 (0.0021) 
850 30 53.3 (0.0021) 
900 6.5 53.3 (0.0021) 
930 6.5 53.3 (0.0021) 
930 30 78.7 (0.0031) 

1025 10 78.7 (0.0031) 
1025 30 78.7 (0.0031) 

 

   

Figure 3.13 Light optical micrograph of the ground surface without using coolant of a PHS 
sheet processed at 850 °C for 3 minutes. A 2% Nital etch was used to reveal the 
microstructure. 
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Figure 3.14 (a) Light optical micrograph of the ground surface of a PHS sheet processed at 
1025 °C for 10 minutes showing no alteration of the surface microstructure. (b) A 
plot showing the change in hardness as a function of the distance from the ground 
surface indicating no surface hardening effect from the grinding process. A 
coolant was used in the grinding process. 
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CHAPTER 4 

RESULTS & DISCUSSION:  

INFLUENCE OF AUSTENITIZING PARAMETERS ON Al-Si COATED PRESS 

HARDENED STEEL MICROSTRUCTURE & MECHANICAL PROPERTIES 

 

4.1 INTRODUCTION 

 As stated in Chapter 2, austenitizing parameters can be varied to control the prior 

austenite grain size and consequently the mechanical behavior of press hardened steels. This 

chapter details how the selected austenitizing parameters varied the microstructure with respect 

to prior austenite grain size and the coating interdiffusion layer. Additionally, the influence of 

variation in the prior austenite grain size and the coating interdiffusion layer thickness on the 

measured mechanical properties is discussed. Mechanical behavior was evaluated using the three 

testing methods described in Chapter 3, and discussion is presented with regard to the ability of 

each testing method to detect differences in mechanical behavior for each processing condition. 

Implications of the sensitivity of each testing method are described with respect to stress and 

strain states during testing as well as triaxiality differences. 

4.2 MICROSTRUCTURAL EVALUATION 

 This section describes the microstructural differences observed between each of the 

austenitizing conditions selected. Microstructural features evaluated include the prior austenite 

grain size, as-quenched martensitic lath structure, and the coating interdiffusion layer thickness. 

The prior austenite grain size and coating interdiffusion layer thickness is provided as a function 

of austenitizing temperature and hold time.  

4.2.1 CRITICAL TRANSFORMATION TEMPERATURES 

Ac1 and Ac3 temperatures were determined from the dilatometer curves for the 22MnB5 

alloy used in this study. Figure 4.1 shows a plot of change in length as a function of temperature 

upon heating with the inclusion of the dotted lines that represent the linear fit for analysis. A 

deviation from linearity in the dilatometry curve was used to determine the austenite start and 

finish temperatures upon heating. The difference between each data point and the linear fit was 
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calculated around the temperature at which curvature was observed. The standard deviation of 

these differences was then determined, and the temperature associated with three times the 

calculated standard deviation of the difference was defined as the Ac1 temperature or the Ac3 

temperature. Based on this calculation, the Ac1 temperature is 714 °C and the Ac3 temperature is 

863 °C for a heating rate of 28 °C/h. 

 

Figure 4.1 Heating portion of the dilatometry curve for determining the Ac1 and Ac3 
temperatures of the 22MnB5 alloy. The heating rate was 28 °C/h. The dotted lines 
represent the fit to the most linear portion of the dilatometry curve, which was 
used to calculate the Ac1 and Ac3 temperatures.  

 

The martensite start (Ms) temperature was also determined for the 22MnB5 alloy 

processed using two different austenitizing parameters. Figure 4.2 shows the cooling portion of 

the dilatometry curves for samples austenitized at 850 °C for 6.5 minutes and 1025 °C for 10 

minutes. The martensite start temperature was determined for both samples using the offset 

method described by Yang and Bhadeshia [48]. This method uses an offset of the linear portion 

of the curve, which represents a transformation strain due to 1 vol % martensite, to determine the 

martensite start temperature. The temperature at which the offset line and the dilatometry curve 

intersect represents the start temperature. The degree of offset is dependent on chemistry and is 

therefore similar between the two processing conditions. Increasing the austenitizing temperature 

from 850 °C to 1025 °C increased the martensite start temperature from 395 °C to 444 °C. Yang 

showed this same behavior for low alloy steels that were austenitized at different temperatures 

[49]. Figure 4.3 shows the effect of grain size on the martensite start temperature as described by 
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Yang. Increasing the martensite start temperature could result in more autotempering upon 

cooling from austenite in the 1025 °C austenitizing condition. Autotempering would be 

evidenced by carbide formation in the as quenched microstructure, which could lead to slightly 

improved strength and ductility. However, the difference in martensite start temperature is 

approximately 50 °C, which may not be large enough to cause a significant difference in 

autotempering behavior.  

            

                                          (a)                                                                   (b) 
Figure 4.2 Cooling portion of the dilatometry curves to determine the martensite start 

temperature for PHS heat treated at (a) 850 °C for 6.5 minutes and (b) 1025 °C 
for 10 minutes before quenching. The dotted lines represent the offset line 
developed by Yang and Bhadeshia [48].  

 

   

Figure 4.3 Plot of the dependency of the martensite start temperature on austenite grain size 
for a 0.125C-2.27Mn-5.02Ni steel [49].  
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4.2.2 PRIOR AUSTENITE GRAIN SIZE 

For all austenitizing parameters evaluated, the prior austenite grain structure and the as 

quenched microstructure were evaluated. Figure 4.4(a) shows the measured prior austenite grain 

sizes as a function of austenitizing temperature, and Table 4.1 shows the specific grain size 

values for each condition. Prior austenite grain size increases with austenitizing temperature for 

the Al-Si coated material, which follows expected grain growth kinetics. Multiple data points for 

a single austenitizing temperature represent differences in hold times. If a single austenitizing 

temperature is considered, an increase in the hold time at that temperature led to an increase in 

the measured prior austenite grain size with the most noticeable increase (4 μm) being at the 

930 °C austenitizing temperature. The total range of prior austenite grain sizes is approximately 

30 μm, but the range observed between hold times at a given austenitizing temperature was only 

2-4 μm. Therefore, the austenitizing temperature has a more significant influence on the change 

in prior austenite grain size than the hold time at temperature. The large variability for the 

30 minute hold time may influence the magnitude of the difference observed. This large 

variability is likely due to abnormal grain growth. Figure 4.4(b) shows the prior austenite grain 

structure for the 930 °C – 30 minute condition that shows evidence of abnormal grain growth as 

evidenced by large prior austenite grains surrounding by finer grains. Figure 4.5 shows prior 

austenite grain boundaries in the transverse through thickness cross-section for each processing 

condition. 

 

Table 4.1 – Prior Austenite Grain Size for Each Austenitizing Condtion 

Austenitizing Temperature  
(°C) 

Hold Time  
(min.) 

Prior Austenite Grain Size 
(μm) 

850 3 5.7 ± 0.42 
850 6.5 6.8 ± 0.33 
850 30 7.1 ± 1.25 
900 6.5 11.8 ± 0.58 
930 6.5 16.0 ± 3.80 
930 30 22.0 ± 12.40 

1025 10 32.3 ± 1.96 
1025 30 34.5 ± 2.83 
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                                    (a)                                                                          (b) 
Figure 4.4 (a) Plot of prior austenite grain size as a function of the austenitizing temperature 

for the 22MnB5 alloy. Multiple data points per austenitizing temperature indicate 
differences in hold time at that specified temperature. Error bars represent the 
standard deviation. (b) Light optical micrograph of the 930 °C – 30 minute 
condition showing the abnormal prior austenite grain growth.  

 

4.2.3 AS-QUENCHED MARTENSITIC MICROSTRUCTURE 

Light optical microscope images of the hot stamped microstructure were also compared 

between the different austenitizing conditions. Figure 4.6 shows the as quenched microstructure 

for the three 850 °C conditions, which show no observable untransformed ferrite despite being 

close to the Ac3 temperature. Figure 4.7 shows all as quenched microstructures for each 

processing condition, which were etched with a 2% Nital solution. No significant differences 

were observed in the martensitic microstructures between the conditions austenitized at 850 °C 

and 930 °C for different hold times. The 1025 °C austenitizing temperature microstructures 

appeared to have a larger martensitic substructure, but generally the microstructure was 

comparable to the other processing conditions. 
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850 °C for 3 Minutes  850 °C for 6.5 Minutes  850 °C for 30 Minutes 

 

 

 

 

 

900 °C for 6.5 Minutes  930 °C for 6.5 Minutes  930 °C for 30 Minutes 

 

 

 

 

 

1025 °C for 10 Minutes  1025 °C for 30 Minutes   

 

 

  

Figure 4.5 Prior austenite grain size microstructures of all austenitizing conditions processed 
in this study. A heated saturated aqueous picric acid etchant with Teepol® 
surfactant was used to observe the prior austenite grain boundaries. Images show 
the long transverse plane microstructure.  
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(a)                                                                     (b)  

 

                                                                                  (c) 
Figure 4.6 As quenched martensitic microstructure for samples austenitized at (a) 850 °C for 

3 minutes, (b) 850 °C for 6.5 minutes, and (c) 850 °C for 30 minutes. All samples 
were etched using a 2% Nital solution.  

 

4.2.4 Al-Si COATING EVOLUTION 

 The material for this study included an aluminum-silicon surface coating that was 

applied prior to heat treatment. During heat treatment, sufficient temperature and time was 

provided for intermetallic phases to form at the interface between the coating and the martensitic 

substrate. Figure 4.8 shows a representative comparison from literature between the coating prior 

to heat treatment and after heat treatment at 930 °C for 5 minutes [50]. The intermetallic phase 

that formed along the substrate-coating interface is commonly referred to as the interdiffusion 

layer. Within the temperature range commonly used industrially, press hardened steel coatings 

are similar to the microstructure shown in Figure 4.8(b), which is comprised of three different 

intermetallic phases. 
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850 °C for 3 Minutes  850 °C for 6.5 Minutes  850 °C for 30 Minutes 

  

900 °C for 6.5 Minutes  930 °C for 6.5 Minutes  930 °C for 30 Minutes 

  

1025 °C for 10 Minutes  1025 °C for 30 Minutes   

   

Figure 4.7 Hot stamped microstructures of all austenitizing conditions processed. All images 
were etched with a 2% Nital solution. Images show the long transverse plane 
microstructure.  
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                                     (a)                                                                          (b) 
Figure 4.8 Representative micrographs of the aluminum-silicon coating phases in the (a) as 

received condition and (b) following a 930 °C for 5 minute heat treatment [50].  
 

For the heat treatment parameters used in this study, the total coating thickness was 

compared quantitatively. Figure 4.9 shows the average coating thickness, which is the sum of the 

entire coating microstructure, as a function of the austenitizing temperature. At temperatures 

below 930 °C there is no statistically significant difference in the average coating thickness. 

However, at 1025 °C, the average coating thickness increases. Figure 4.10 shows optically the 

differences in the interdiffusion layer thickness of samples processed at 850 °C for 30 minutes, 

930 °C for 30 minutes, and 1025 °C for 30 minutes. At 1025 °C, the interdiffusion layer 

thickness nearly doubles compared to the 850 °C and 930 °C conditions, whereas the 

interdiffusion layer thickness of the other two conditions is relatively similar. In the case of the 

specimen processed at 1025 °C for 30 minutes, the interdiffusion layer thickness is greater than 

5% of the total thickness of the sheet. 

4.3 MECHANICAL BEHAVIOR DURING SMOOTH SIDED TENSILE TESTING 

Uniaxial tensile testing was performed for each of the conditions evaluated in this study. This 

section describes the influence of the selected austenitizing parameters on strength, ductility, and 

energy for fracture in the coated state. Additionally, mechanical behavior was evaluated with the 

coating stripped and compared against the equivalent coated conditions. 
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Figure 4.9 Plot of the average coating thickness measured optically as a function of 
austenitizing temperature. Error bars represent the standard deviation in the 
measured coating thickness for each condition. 

 

   

                       (a)                                               (b)                         (c) 
Figure 4.10 Interdiffusion layer comparison (IDL) for (a) 850 °C for 30 minutes, (b) 930 °C 

for 30 minutes, and (c) 1025 °C for 30 minutes. All samples were etched using a 
2% Nital solution.  

 

4.3.1 MECHANICAL BEHAVIOR IN THE COATED STATE 

Smooth sided tensile testing was conducted for each austenitizing condition to evaluate 

strength and ductility behavior for the Al-Si coated press hardened steel. Figure 4.11 shows 

engineering stress versus engineering strain curves for four of the austenitizing conditions 

evaluated in this study. All conditions show continuous yielding behavior and a small amount of 

post uniform ductility. Additionally, the work hardening behavior is not significantly different 

between the different austenitizing conditions. As expected, all conditions exhibit high strength 
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and total elongation between 7-8%. The primary difference between each austenitizing condition 

is with respect to strength. Figure 4.12 plots both the yield strength and the ultimate tensile 

strength against the inverse square root of prior austenite grain size, illustrating a Hall-Petch 

strengthening trend for both yield strength and tensile strength. 

   

Figure 4.11 Engineering stress versus engineering strain curves generated from straight sided 
tensile testing for conditions heat treated at 850 °C – 6.5 minutes, 900 °C – 
6.5 minutes, 930 °C – 30 minutes, and 1025 °C – 10 minutes.   

 

Additionally, the slope of the Hall-Petch plot of 0.2% offset yield strength as a function 

of prior austenite grain size was calculated. This slope represents the locking parameter, ky, in 

the Hall-Petch equation, which in some models is related to the effectiveness of a boundary to 

strengthen a material. In lath martensite steels, the locking parameter can be influenced by both 

alloying and the degree of tempering [51]. For the 22MnB5 Al-Si coated sheet, the locking 

parameter was calculated as 9.3 MPa√mm. Figure 4.13 compares Hall-Petch plots of other 

martensitic alloys against the 22MnB5 alloy. The other alloys shown include a Fe-0.206C-

0.011Si-2.017Mn-0.0004P-0.0007S alloy (Morito) and a Fe-0.2C-0.25Si-1.27Mn-0.021Nb-

0.0014B alloy (Kennett). The 22MnB5 alloy has the lowest value for ky, which indicates less 

dependence of yield strength on prior austenite grain size. All alloys plotted are low-carbon 

steels with the main difference being the amount of manganese (Mn) and microalloying in the 

case of Kennett’s work. The alloy used by Morito et al. [11] had the highest Mn content with 2 
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wt% Mn, followed by the alloy used by Kennett [51] with 1.27 wt%, and lastly the PHS alloy for 

this study with 1.16 wt%. This difference in Mn content is important to note since increasing Mn 

contents decrease the locking parameter [51]. Despite the Mn level being lower than the Kennett 

and Morito et al. studies, the 22MnB5 alloy had the lowest locking parameter of all alloys 

considered. Furthermore, the locking parameter matched most closely with the low temperature 

temper martensite investigated by Kennett. The lower locking parameter with the 22MnB5 alloy 

may be due to autotempering differences, particularly for the high temperature conditions. The 

martensite start temperatures for the three alloys in Figure 4.13 are likely different based on 

differences in alloying. Figure 4.14 shows how the Ms temperature changes as a function of the 

amount of each alloying element in an Fe-X alloying system. The lower Mn content in the 

22MnB5 alloy would lead to a higher Ms temperature and thus more time for autotempering to 

occur, depending on the cooling rate. Additionally, the large prior austenite grain size conditions 

in this study had a higher Ms temperature, which may also lead to more autotempering. A higher 

degree of autotempering may lead to more carbide formation at the higher temperatures, and the 

higher temperatures would allow more time for carbon to diffuse and pin dislocations. Both the 

carbides and the dislocation pinning would slightly increase the strength of the material. 

Comparatively, the strength of the low austenitizing temperature conditions would not be as 

significantly influenced by autotempering, leading to less sensitivity in strength with prior 

austenite grain size.     

In addition to strength, ductility measurements were made for all processing conditions. 

Figure 4.15 shows strain to failure and post uniform elongation as a function of prior austenite 

grain size. Both measures of ductility showed no significant difference between processing 

conditions or prior austenite grain size for the 22MnB5 alloy. 
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                                  (a)                                                                              (b) 
Figure 4.12 (a) Hall-Petch plot of 0.2% offset yield strength versus the inverse square root of 

prior austenite grain size (PAGS) and (b) Hall-Petch plot of ultimate tensile 
strength versus the inverse square root of PAGS. Both indicate the linear 
relationship expected for a Hall-Petch strengthening effect with grain size. Error 
bars represent the standard deviation for three replicate tests per conditions.   

 

   

Figure 4.13 Hall-Petch plot of 0.2% offset yield strength as a function of inverse square root 
of prior austenite grain size showing differences in the locking parameter, ky, for 
other martensitic alloys in comparison to the 22MnB5 alloy [11, 51].   
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Figure 4.14 Ms temperature as a function of the amount of alloying element in an Fe-X system 
[52].   

 

                  

                                          (a)                                                                       (b) 
Figure 4.15 Plot of (a) strain to failure and (b) post uniform elongation as a function of prior 

austenite grain size for the ASTM E8 tensile geometry. Error bars represent the 
standard deviation between three replicate tests per conditions.  

 

In smooth sided tensile testing, the area under the engineering stress-strain curve 

represents the energy per volume required for fracture. This energy can be used as a simple 

estimation of material toughness. Figure 4.16 shows both the engineering stress versus strain 

curve for the 850 °C – 3 minute, 930 °C – 6.5 minute, and 1025 °C – 30 minute conditions and 

the resulting area under the curve as a function of prior austenite grain size. The flow curves 
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show that with increasing prior austenite grain size, there is a slight decrease in area under the 

curve. The most noticeable decrease in area under the curve is observed when comparing the 

area for the 850 °C – 3 minute condition to the 930 °C – 30 minute and 1025 °C – 30 minute 

conditions. The difference between the 930 °C – 30 minute and 1025 °C – 30 minute conditions 

does not appear to be significant. This behavior is more evident in the plot of area under the flow 

curve versus prior austenite grain size in Figure 4.16(b). At prior austenite grain sizes below 

10 μm, which are all the conditions for the 850 °C austenitizing temperature, the area under the 

curve is dependent on prior austenite grain size. The observed dependency is likely due to 

differences in the flow stress since ductility values were similar for the 850 °C conditions. 

However, above 10 μm the area under the curve is independent of prior austenite grain size.  

               

                                    (a)                                                                                    (b) 
Figure 4.16 (a) Engineering stress versus strain curves for the 850 °C – 3 minute, 930 °C – 

6.5 min, and 1025 °C – 30 minute conditions. (b) Calculated area under the 
engineering stress versus strain flow curve as a function of prior austenite grain 
size. Error bars represent the standard deviation in the calculated area for three 
replicate tests.  

 

4.3.2 MECHANICAL BEHAVIOR WITH THE COATING STRIPPED 

 Since the interdiffusion layer at the highest austenitizing temperature consumes 

approximately 10% of the total material thickness, smooth sided tensile testing was conducted on 

press hardened steel sheets with the coating stripped off to isolate the effect of variation in prior 

austenite grain size. The results were compared against the coated results for the same 
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austenitizing conditions. Figure 4.17 shows engineering stress-strain curves for material 

processed at 850 °C for 30 minutes, 930 °C for 6.5 minutes, and 1025 °C for 30 minutes. Data 

for the coated and stripped conditions is presented.  Additionally, stress-strain curves were 

calculated for the coated condition by only using the substrate thickness (adjusted coated). The 

strength increases significantly for the adjusted coated condition because of the reduced 

thickness. The condition heat treated at 1025 °C for 30 minutes had the largest increase in 

strength in the adjusted coated data since this condition is associated with the largest 

interdiffusion layer thickness. In all cases, neglecting the coating thickness does not account for 

all of the increase in strength in the stripped material data compared to the coated stress-strain 

curves. One explanation is that that coating thickness may be larger than what was optically 

measured.  However, there are open questions regarding the role of the coating on the strength of 

the coated steel.  

Figure 4.18 plots the 0.2% offset yield strength and ultimate tensile strength against prior 

austenite grain size for the both the coated and stripped material. The yield strength follows a 

similar Hall-Petch relationship to the coated material. The slope for the stripped material is 

slightly higher, which may suggest yield strength becomes more sensitive to prior austenite grain 

size with the removal of the coating. The yield strength is consistently about 300 MPa higher 

than the equivalent coated data point, which may suggest that the presence of the coating reduces 

the measured strength of the material. However, at least some of the increase in strength is likely 

an artifact of the area used to calculate strength. An increase in strength was also observed for a 

single uncoated sheet that was processed at 930 °C for 6.5 minutes as described in Appendix A. 

The ultimate tensile strength is less conclusive with regard to whether a Hall-Petch relationship 

is maintained when the coating is stripped. The three conditions shown in Figure 4.18 do not 

directly follow a Hall-Petch relationship, but data from more austenitizing conditions would need 

to be obtained to verify this trend. Strength of the stripped condition is consistent with the 

measured microhardness values. The microhardness for the stripped conditions varies from 

542 HV to 565 HV, which translates to an approximate tensile strength of 1864 MPa to 

1955 MPa [7]. Overall, the measured strength of press hardened steels in the coated state may be 

influenced by the presence of the coating, but the decrease in yield strength with increasing prior 

austenite grain size indicates grain size in the stripped condition influences the strength in these 

materials. 
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                                        (a)                                                                        (b) 

                                            
                                                                             (c) 
Figure 4.17 Engineering stress-strain curves for press hardened steels processed at (a) 850 °C 

for 30 minutes, (b) 930 °C for 6.5 minutes, and (c) 1025 °C for 30 minutes. 
Coated curves represent the data for the Al-Si coated material, adjusted coated 
curves represent the same coated data but with the stress adjusted to neglect the 
coating thickness, and the stripped curves represent the data for the stripped 
material. 

 

 The ductility was also measured for each of the stripped conditions and compared against 

the equivalent coated results. Figure 4.19 plots the strain to failure and post uniform elongation 

against prior austenite grain size for both the coated and stripped material. The strain to failure 

remains independent of prior austenite grain size, but the average value is slightly less than the 

equivalent coated condition. The slightly lower strain to failure may be a result of the surface 
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roughness of the stripped material from the grinding process. There is also more scatter in the 

data for the stripped results, which may be a function of coating removal process. 

Comparatively, the post uniform elongation is comparable to the coated material. The 930 °C – 

6.5 minute condition has a slightly higher post uniform elongation, but the difference is not 

statistically significant.  

              

                                        (a)                                                                        (b) 
Figure 4.18 (a) Plot of 0.2% offset yield strength as a function of the inverse square root of 

prior austenite grain size for the Al-Si coated and stripped material. (b) Plot of 
ultimate tensile strength as a function of the inverse square root of prior austenite 
grain size for Al-Si coated and stripped coating material. Error bars represent the 
standard deviation in the measured values for three replicate tests. 

 

4.4 MECHANICAL BEHAVIOR DURING DOUBLE EDGE NOTCH TENSILE 

TESTING 

Double edge notch tensile testing was conducted to create a more localized stress and strain state. 

More specifically, double edge notch tensile testing was used to evaluate notch sensitivity and 

failure behavior in the presence of a stress concentration as a function of the austenitizing 

parameters. This section discusses the results of the double edge notch tensile testing in the 

context of strength, ductility, stress states, and toughness parameters. Additionally, further 

evaluation of how the coating interdiffusion layer influences mechanical behavior in the presence 

of a notch was conducted and is discussed below. 
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                                          (a)                                                                     (b) 
Figure 4.19 (a) Plot of strain to failure as a function of prior austenite grain size for both the 

Al-Si coated material and the stripped material. (b) Plot of post uniform 
elongation as a function of prior austenite grain size for the Al-Si coated and 
stripped material. Error bars represent the standard deviation of the measured 
value for three replicate tests. 

 

4.4.1 MECHANICAL BEHAVIOR IN THE COATED STATE 

Initial tests were performed using a 2-inch extensometer centered around the notch within 

the gauge length but outside the notched region. Figure 4.20 shows representative load versus 

displacement curves for three of the austenitizing conditions evaluated. These curves exhibit 

similar continuous flow behavior to the smooth sided tensile results; however, the introduction of 

a notch significantly reduced the elongation. Additionally, these flow curves show qualitatively 

that a difference in maximum load and displacement to failure is observed between the different 

austenitizing conditions, similar to the smooth sided tensile specimens.  

Using the flow curve data, tensile strength and displacement to failure were determined 

for the notched tensile tests as a function of prior austenite grain size. Notched tensile strength 

was calculated as peak load divided by the nominal cross sectional area between the two 

machined notches. Figure 4.21(a) shows a Hall-Petch plot comparing the trends for the smooth 

and notched tensile geometries. Notch tensile strength decreases with increasing prior austenite 

grain size in a Hall-Petch type relationship similar to the smooth sided sample geometry. The 

only observed difference between the two geometries is the sensitivity to prior austenite grain 
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size as evidenced by the larger slope, ky, for the notch geometry, which indicates a greater 

sensitivity of notch tensile strength to grain size. The higher sensitivity in the notched geometry 

may also be a function of the differences in interdiffusion layer thickness. At the larger prior 

austenite grain size conditions, the interdiffusion layer thickness is about three times larger than 

the smallest grain size condition. The large interdiffusion layer decreases the degree of triaxiality 

(assuming that the interdiffusion layer does not have much load-carrying capacity), which 

decreases the applied stress necessary to reach a given flow stress, including the ultimate tensile 

strength; this behavior will be described in more detail below. Figure 4.21(b) shows the 

displacement to failure measured using an extensometer as a function of prior austenite grain 

size. Displacement to failure is generally independent of prior austenite grain size in the double 

edge notch tensile samples. However, the 850 °C for 30 minute and 1025 °C for 30 minute 

conditions had comparatively lower displacement to failure values. These lower values at those 

two austenitizing conditions were not evidenced in the smooth sided strain to failure results, 

which may suggest some dependency of properties on the loading conditions. The decreased 

displacement to failure for the condition heat treated at 1025 °C for 30 minutes may be an 

influence of the coarse prior austenite grain structure or large interdiffusion layer.  

   

Figure 4.20 Load-displacement curves for three of the conditions evaluated using double edge 
notch tensile testing.  
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                                     (a)                                                                             (b) 
Figure 4.21 (a) Plot of ultimate tensile strength for both the ASTM E8 tensile geometry and 

the double edge notch tensile geometry as a function of the inverse square root of 
prior austenite grain size. (b) Plot of strain to failure in the double edge notch 
tensile samples as a function of prior austenite grain size. Error bars on both plots 
represent the standard deviation in the calculated values for three replicate tests. 

 

Using the tensile strength data, a notch strength ratio (NSR) was calculated for each 

processing condition. NSR is defined as the ratio of the notched ultimate tensile strength to the 

smooth sided ultimate tensile strength. Figure 4.22 shows the effect of prior austenite grain size 

on the calculated NSR. There is a slight decrease in NSR, less than 5% in total, with increasing 

prior austenite grain size. Typically, a decrease in the calculated ratio indicates an increase in 

notch sensitivity, which is associated with a reduction in ductility in the presence of a triaxial 

stress state [20]. Some of the decrease in NSR may indicate a greater notch sensitivity since a 

drop off in displacement to failure was also observed at the highest prior austenite grain size 

condition. However, the observed decrease in NSR for these processing conditions may also be a 

result of a change in stress state at larger prior austenite grain size values, since most other 

austenitizing conditions showed no dependence of prior austenite grain size on displacement to 

failure. Increasing austenitizing time and temperature causes a reduction in stress triaxiality in 

front of the notch due to the growth of the interdiffusion layer. Specimens subjected to a triaxial 

stress state have a lower maximum shear stress for a given nominal applied stress, and thus yield 

at a higher applied (maximum principal) stress than specimens subjected to a biaxial stress state. 

Figure 4.23 shows a schematic of Mohr’s circle for both the smooth sided and notched tensile 
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geometries representing the low austenitizing temperature and high austenitizing temperature 

conditions (not to scale). The schematic shows that the difference in maximum principal stress is 

less between smooth sided and double edge notch specimens, i.e. lower measured NSR, for the 

high austenitizing temperature condition due to the decrease in the triaxiality for that condition. 

This reduction in triaxiality is believed to be influenced by a change in the interdiffusion layer 

thickness as the austenitizing temperatures and hold times increase. As stated above, the coating 

thickness for the specimen processed at 1025 °C for 30 minutes is approximately 10% of the 

total thickness of the sheet. Therefore, the thickness of the actual load bearing material decreases 

despite the overall thickness being comparable to all other processing conditions.  

   

Figure 4.22 Effect of prior austenite grain size on the NSR calculated as the ratio between 
notch tensile strength and smooth sided tensile strength. 

 

Further evidence of a potential transition in stress state can be seen in the fracture 

surfaces of the DENT samples. Figure 4.24(a) shows a representative fracture surface from 

DENT testing. The fracture surface shows a distinct triangular flat fracture region ahead of both 

notch tips. This region is associated with a triaxial stress state and thus more plane strain 

conditions. The flat fracture region, though, still exhibited entirely ductile fracture. The region 

outside of the triangle shows slant fracture typical of a biaxial or plane stress condition. The 

percent of the ligament area that consists of this triangular region on the projected two 

dimensional image of the fracture surface was calculated to indicate changes in the degree of 

stress triaxiality ahead of the notch. Figure 4.24(b) shows the effect of prior austenite grain size 
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on this calculated percent for the conditions evaluated. At the highest austenitizing temperatures 

and times, the percentage of the triangular region decreases, indicating a decrease in the degree 

of triaxiality. Again the drop observed at the two largest prior austenite grain size conditions is 

associated with the significant increase in the interdiffusion layer thickness as observed in 

Figure 4.9. The increase in interdiffusion layer decreased the effective thickness of the material, 

which reduced the amount of constrained material and thus triaxiality. 

   

Figure 4.23 Schematic of Mohr’s circle for the smooth and double edge notch (DENT) sample 
geometries for both the low austenitizing temperature and high austenitizing 
temperature conditions. 

 

In addition to strength and notch sensitivity calculations, notch displacement was 

determined using digital image correlation (DIC). As stated in Chapter 3, notch displacement 

was selected to simulate crack tip opening displacement as a measure of toughness. Figure 4.25 

shows the effect of prior austenite grain size on the calculated notch displacement. Notch 

displacement shows a slight decrease with increasing prior austenite grain size. Although some 

conditions show overlapping scatter, the 850 °C – 3 minute condition (5.7 μm PAGS), 930 °C – 

30 minute (20 μm PAGS), and 1025 °C – 30 minute (34.5 μm PAGS) data points all show a 

statistically significant decrease in notch displacement. Some similarities are observed between 

the notch displacement and the displacement to failure measured with the extensometer. Both 

detected a drop in displacement at the highest prior austenite grain size condition as well as a 
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decrease at the highest hold time for the 850 °C austenitizing temperature (PAGS = 7.1 μm). 

However, notch displacement shows a more consistent decrease with increasing prior austenite 

grain size, and is more sensitive to prior austenite grain size than displacement to failure with a 

25% decrease in notch displacement from the highest measured value to the lowest. 

Comparatively, the displacement to failure measurements only detected an 8% decrease. 

Although both are measures of displacement, the displacement measured using an extensometer 

is largely outside of the region of localized deformation, which makes it difficult to detect small 

differences in displacement behavior. Additionally, the decrease in displacement with increasing 

prior austenite grain size was not observed in any of the measures of ductility for the smooth 

sided tensile geometry. Therefore, notch displacement provides a measure of local ductility that 

is more sensitive to variations in microstructure and processing parameters. 

   

                                     (a)                                                                                (b) 
Figure 4.24 (a) Fracture surface of a double edge notch tensile sample that was processed at 

930 °C for 6.5 minutes indicating the flat fracture region ahead of either notch tip 
as well as the slant fracture region. (b) Plot of percent flat fracture on the fracture 
surface of a double edge notch tensile sample as a function of prior austenite grain 
size. Error bars represent the standard deviation in the measured flat fracture area 
for three replicates per condition. 
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Figure 4.25 Plot of notch displacement as a function of prior austenite grain size. Error bars 
represent the standard deviation in the measured notch displacement for five tests 
per condition. 

 

4.4.2 MECHANICAL BEHAVIOR WITH THE COATING STRIPPED 

 Double edge notch tensile testing results for the coated material indicated that the 

interdiffusion layer thickness may influence the effective thickness of the material and thus the 

measured mechanical behavior. In order to evaluate this hypothesis, the same double edge notch 

tensile testing was conducted with the coating stripped off. Only two of the conditions (930 °C 

for 6.5 minutes and 1025 °C for 30 minutes) were tested due to one of the machined conditions 

becoming brittle during the machining process. Figure 4.26 plots the ultimate tensile strength 

against the inverse square root of prior austenite grain size for the coated and stripped material in 

the smooth sided and notched tensile geometries. The notch tensile strength increases with 

increasing prior austenite grain size, which again differs from the Hall-Petch relationship 

observed in the coated material. However, the increase in strength at the highest prior austenite 

grain size condition is consistent with the smooth sided results for the stripped material. Overall, 

the difference in strength between the notch and smooth sample geometries is greater in the 

stripped material than the coated material. Therefore, the strengthening effect from the 

introduction of a notch is more pronounced in the stripped material than the coated material, 

which may indicate the coating has an effect on notch sensitivity. 
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The notch strength ratio was again calculated using the notch and smooth sided ultimate 

tensile strength for the stripped material. Figure 4.27 correlates the notch strength ratio with prior 

austenite grain size for both the coated and stripped material. For the stripped material, the notch 

strength ratio increases with increased prior austenite grain size for the two austenitizing 

conditions tested, which differs from the observed trend with the coated material. Additionally, 

the notch strength ratio is greater in the stripped state than in the coated state, which suggests that 

the presence of the coating makes the material more notch sensitive. Since the same trend in 

NSR was not observed between the coated and stripped material, the decrease in NSR for the 

coated material is likely not an influence of thickness as originally hypothesized. Instead, the 

decrease in NSR in the coated material may indicate an increase in notch sensitivity for the 

highest prior austenite grain size conditions. This higher notch sensitivity may be due to the large 

prior austenite grain size as well as the larger interdiffusion layer thickness.  

    

Figure 4.26 Ultimate tensile strength as a function of the inverse square root of prior austenite 
grain size for the smooth sided and notched tensile geometries in the coated and 
stripped condition. Error bars represent the standard deviation in the calculated 
tensile strength for three replicate tests.  

 

The degree of triaxiality in the stripped material was evaluated by calculating the percent 

flat fracture region on the double edge notch tensile test fracture surface. The results for the 

coated material suggested that the degree of triaxiality decreased for the highest prior austenite 

grain size condition due to the reduced effective thickness of the material. Figure 4.28 compares 

the percent flat fracture as a function of prior austenite grain size for the stripped and coated 
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materials. The 930 °C – 6.5 minute stripped condition (PAGS = 16 μm) has a slightly greater 

amount of percent flat fracture, but still falls within the data points for the coated material. 

Comparatively, the percent flat fracture increased in the largest prior austenite grain size 

condition through the removal of the coating, which suggests that the amount of flat fracture is 

not solely dependent on the thickness of the material. However, it is not understood what 

specifically led to the increased amount of flat fracture in the stripped material. In the stripped 

state, the percent flat fracture only slightly decreases with increasing prior austenite grain size 

compared to the sharp drop off at the largest prior austenite grain size in the coated condition. 

Again notch displacement was calculated for the stripped material and compared against 

the trends for the coated material. Figure 4.29 plots notch displacement as a function of prior 

austenite grain size for both the stripped and coated data. Notch displacement again decreases 

with increasing prior austenite grain size, but the overall notch displacement is higher for the 

stripped material. The increase may be due to the reduction in thickness, which could lead to a 

higher toughness due to a decrease in triaxiality; however, the percent flat fracture results 

indicated that the degree of triaxiality may not be significantly different between the coated and 

stripped material. The increase in notch displacement may also suggest that the removal of the 

coating improves the toughness of these press hardened steels. 

    

Figure 4.27 Plot of notch strength ratio as a function of prior austenite grain size for both the 
Al-Si coated and stripped material.  
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Figure 4.28 Percent flat fracture on the double edge notch tensile fracture surfaces as a 
function of prior austenite grain size for both the coated and stripped material. 
Error bars represent the standard deviation in the calculated value based on three 
replicate tests. 

 

    

Figure 4.29 Plot of notch displacement as a function of prior austenite grain size for the Al-Si 
coated and the stripped coating material. Error bars represent the standard 
deviation in the calculated notch displacement for five replicate tests. 

 

4.5 MECHANICAL BEHAVIOR DURING FREE BEND TESTING 

Since many of the results of the smooth sided and notched tensile testing indicate that the 

coating interdiffusion layer may influence the mechanical behavior of press hardened steels, free 

bend testing was performed because it emphasizes the surface microstructure. Free bend testing 
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evaluates sheet metal toughness using metrics such as bend angle at maximum load, area under 

the load-displacement curve, and post uniform bending slope. Free bend testing differs from 

double edge notch tensile testing in that the highest amount of localized deformation occurs on 

the outer surface of the material without the presence of a notch. Localizing deformation to the 

outer surface more heavily emphasizes the influence of the surface microstructure on properties, 

while still measuring the substrate properties as well. Free bend testing also experiences plane 

strain tension loading on the outer surface, which differs from the smooth sided and double edge 

notch tensile testing set ups. This section will discuss the influence of the different austenitizing 

conditions on free bend test results in both the coated and stripped conditions. 

4.5.1 MECHANICAL BEHAVIOR IN THE COATED STATE 

 For each austenitizing condition tested, load-displacement data were obtained from free 

bend testing. Figure 4.30 shows representative load-displacement curves for four of the 

austenitizing conditions evaluated. For the conditions shown, the curves indicate similar flow 

behavior leading up to the maximum load, but slight differences are observed in the slope of the 

curve after reaching the maximum load. As described in Chapter 2, the post uniform bending 

slope can be calculated to quantify the severity of the load drop. Figure 4.31(a) plots the 

magnitude of the post uniform bending slope as a function of prior austenite grain size for all the 

austenitizing conditions evaluated; a higher slope indicates a more severe load drop. The 

conditions shown in Figure 4.30 are highlighted with the circles indicating the observed 

difference in slopes for the curve after the peak load. Aside from 850 °C – 3 minute (5.7 μm 

PAGS) and 930 °C – 6.5 minute (16 μm PAGS) conditions, the post uniform bending slope is 

independent of prior austenite grain size. Figure 4.31(b) plots the maximum load as a function of 

prior austenite grain size. Maximum load generally decreases with increasing prior austenite 

grain size, which is consistent with the tensile and yield strength behavior for these materials. 

However, the difference in maximum load is much greater, approximately 20%, compared to the 

difference in ultimate tensile strength. The larger difference may suggest a greater sensitivity to 

austenitizing conditions under plane strain tension conditions compared to uniaxial tension in a 

smooth sided tensile test. 
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Figure 4.30 Representative load-displacement curves for four of the austenitizing conditions 
evaluated in this study. 

 

                                

                                      (a)                                                                               (b)      
Figure 4.31 (a) Absolute value of the post uniform bending slope as a function of prior 

austenite grain size. The circles represent the conditions that were shown in 
Figure 4.30. (b) Maximum load measured during free bend testing as a function 
of prior austenite grain size. Error bars represent the standard deviation in the 
measured value for each condition. 

 

As stated in Chapter 2, bend angle at maximum load has commonly been used as another 

metric for evaluating toughness and crash resistance of a material. This metric provides insight 

into the bend angle at which crack initiation occurs since the peak load is associated with the 

point of crack initiation [32, 53].  Figure 4.32 plots bend angle at maximum load, which was 
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calculated from the displacement at maximum load, as a function of prior austenite grain size for 

the 22MnB5 alloy evaluated in this study. Overall, bend angle decreases with increasing prior 

austenite grain size, aside from the two finest prior austenite grain size conditions. The decrease 

in bending angle, especially for the 1025 °C for 30 minute condition, indicates that higher prior 

austenite grain size conditions are more susceptible to crack initiation under bending; it is 

interpreted that this behavior indicates lower toughness. There are two sets of data points that fall 

slightly outside of the generalized trend. The first is the decreased bend angle at the two smallest 

prior austenite grain size conditions and the second is the significant drop at the highest prior 

austenite grain size condition. The lowest prior austenite grain size conditions are associated with 

the short hold times at 850 °C. Since these two conditions were selected for evaluation of 

inhomogeneous austenitization, it is possible that chemical or microstructural inhomogenieties 

remaining in the microstructure contribute to the observed decrease. Interestingly, a decrease in 

the notch displacement was not observed for the two smallest prior austenite grain size 

conditions, and these two conditions had the largest area under the smooth sided stress-strain 

curve. The difference in trends may be related to changes in loading conditions emphasizing 

different microstructural sensitivities in these materials. The decrease observed at the highest 

prior austenite grain size condition may be a function of this condition having the largest 

interdiffusion layer thickness. This drop in properties was also observed in the DENT testing, 

and therefore, the free bend testing results may further emphasize that the large interdiffusion 

layer degrades the mechanical properties of these press hardened steels. 

 

Figure 4.32 Plot of bend angle at the peak load as a function of prior austenite grain size. 
Error bars represent the standard deviation of the calculated bend angle for three 
replicate tests. 
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Area under the load-displacement curve from bend testing can characterize the energy for 

fracture in a similar manner to the area under the stress-strain curve from smooth sided tensile 

testing. Figure 4.33 plots the average calculated area under the curve for each austenitizing 

condition as a function of prior austenite grain size. The total area under the curve decreases with 

increasing prior austenite grain size in a similar manner to the bend angle at maximum load. 

Again, the two smallest prior austenite grain size conditions have a decreased area relative to the 

surrounding data points, which may be related to insufficient temperature and time to 

homogenize the austenite prior to quenching. However, a more gradual decrease in total area 

occurs with increasing prior austenite grain size, which differs from the drop observed in the 

bend angle at maximum load results. The total calculated area can be separated into the area 

characterizing crack initiation and the area characterizing crack propagation. The area prior to 

reaching the peak load is associated with the initiation energy, and the remaining area is 

associated with the propagation energy [42]. Figure 4.34 shows the calculated area separated into 

initiation energy and propagation energy as a function of prior austenite grain size. The area for 

crack initiation comprises approximately two thirds of the total area, which emphasizes that the 

majority of the required energy for fracture is for crack initiation. Additionally, Figure 4.34 

emphasizes that the observed decrease in total area under the curve with increasing prior 

austenite grain size is mainly a result of differences in the area representing crack initiation since 

the propagation area is generally independent of prior austenite grain size. The trend in area for 

crack initiation also closely matches the bend angle trend since both are measured at the peak 

load.  

4.5.2 MECHANICAL BEHAVIOR WITH THE COATING STRIPPED 

Free bend testing was repeated with the coating removed to analyze the difference in 

mechanical behavior especially at the highest austenitizing temperature conditions. Again, 

bending angle, post uniform bending slope, and area under the load-displacement were all 

evaluated in the stripped material. Figure 4.35(a) plots bend angle at maximum load as a function 

of prior austenite grain size for both the stripped and the coated material. Aside from the largest 

prior austenite grain size condition, the bend angle follows a similar trend for the coated 

material, but at each grain size a slightly higher value is observed. The largest prior austenite 
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grain size condition is significantly higher than the coated condition. The slightly higher values 

for most of the stripped conditions are partly due to a thickness effect since bend angle increases 

with decreasing material thickness [54]. Figure 4.35(b) plots bend angle as a function of 

thickness for each test specimen from the stripped condition. For a given condition, bend angle 

generally increases with decreasing material thickness as expected. Although some of the 

increase in bend angle at the largest prior austenite grain size condition may be a thickness 

effect, Figure 4.35(a) may also show that bend angle is relatively independent of prior austenite 

grain size due to the very large increase over the coated condition. Assuming bend angle is 

independent of prior austenite grain size for the stripped material, the differences observed in the 

coated material are likely a function of differences in the interdiffusion layer thickness, and again 

further indicate that the interdiffusion layer decreases the bend angle at maximum load in press 

hardened steels. This hypothesis is corroborated by the higher bend angle observed in the single 

uncoated data point shown in Figure A.6 (Appendix A). 

 

Figure 4.33 Plot of the total area under the bend testing load-displacement curve as a function 
of prior austenite grain size. Error bars represent the standard deviation in the area 
for three replicate tests. 

 

The post uniform bending slope was also investigated for the stripped material. 

Figure 4.36 plots post uniform bending slope as a function of prior austenite grain size for the 

stripped and coated material. The two conditions that exhibited elevated post uniform bending 

slope in the coated state were not evaluated in the stripped condition, but the conditions 

evaluated showed that post uniform bending slope is still independent of prior austenite grain 
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size in the stripped condition. There is a slight decrease in the post uniform bending slope in the 

stripped state, which indicates slower crack propagation in the stripped condition. Therefore, the 

presence of the coating may slightly accelerate crack propagation during bend testing. 

    

Figure 4.34 Initiation and propagation area as a function of prior austenite grain size. In both 
plots error bars represent the standard deviation in the calculated area for three 
replicate tests per condition. 

  

Finally, the area under the load-displacement curve was used to compare the energy for 

fracture in the stripped and coated states. Figure 4.37 plots both the total area under the curve 

and the area under the curve up to crack initiation as a function of prior austenite grain size. In 

both measures of energy, the stripped data follow the trend with the coated material, but the drop 

in the calculated area at the elevated prior austenite grain size conditions is comparatively less 

for the initiation energy. Also, the fracture energy is slightly lower for the stripped condition, 

which is due to the lower maximum load in the stripped condition. However, both the coated and 

stripped material showed a decrease in energy for fracture with increasing prior austenite grain 

size. Therefore, the removal of the coating did not seem to significantly influence the measured 

area under the bend curve, which still showed a variation with prior austenite grain size for the 

stripped specimens.  
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                                              (a)                                                                   (b) 
Figure 4.35 (a) Plot of bend angle as a function of prior austenite grain size for the coated and 

stripped material. Error bars represent the standard deviation in the calculated 
bend angle for three replicate tests (b) Plot of bend angle as a function of the 
measured thickness for each specific test on each of the austenitizing conditions 
evaluated in the stripped condition. 

   

    

Figure 4.36 Plot of post uniform bending slope as a function of prior austenite grain size for 
both the stripped and the coated material. Error bars represent the standard 
deviation in the calculated value for three replicate tests. 
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                                               (a)                                                                   (b) 
Figure 4.37 (a) Plot of total area under the load-displacement curve for the coated and 

stripped material. (b) Plot of the area under the load-displacement curve up to 
crack initiation as a function of prior austenite grain size for the coated and 
stripped material. Error bars in both plots represent the standard deviation in the 
calculated area for three replicate tests. 

 

4.6 EVALUATION OF COATING CRACKS IN SMOOTH SIDED TENSILE 

SAMPLES 

 Many of the results from the testing described in previous sections indicate that the 

coating decreased the measured strength and toughness of the press hardened steel. In this study, 

fractured smooth sided tensile samples were used to evaluate the presence of cracks and damage 

associated with the coating. The specimens evaluated included the conditions heat treated at 

850 °C for 3 minutes, 850 °C for 6.5 minutes, 930 °C for 6.5 minutes, 930 °C for 30 minutes, 

and 1025 °C for 30 minutes. These conditions were selected to have a range of interdiffusion 

layer thickness and also to include conditions with lower measured mechanical properties. 

Samples were sectioned longitudinally near the necked region of the smooth sided tensile 

samples as shown in Figure 4.38. Figure 4.39 shows light optical micrographs of the necked 

region near the specimen surface. All conditions showed cracking and spalling of the coating, but 

not all of the cracks originating at the coating penetrated further into the substrate. Samples 

austenitized at 850 °C for 3 minutes, 930 °C for 6.5 minutes, and 930 °C for 30 minutes had 

cracks in the coating but the cracks terminated at the interface between the coating and the 

substrate. For these austenitizing temperatures and hold times, the coating does not have a large 

0 10 20 30 40
Prior Austenite Grain Size, µm

6000

8000

10000

12000

14000
Al-Si Coated
Stripped



88 
 

interdiffusion layer, which leads to less adherence of the coating to the substrate material. The 

lack of adherence results in a higher propensity for the coating to spall off when cracks form. 

Comparatively, the 850 °C for 6.5 minutes and 1025 °C for 30 minutes austenitizing conditions 

both had cracks growing into the substrate. The crack observed in the specimen heat treated at 

1025 °C for 30 minutes is particularly large and has a sharp radius, which may help explain the 

decrease in bending angle at maximum load and the decreased notch displacement for this 

condition. The higher austenitizing temperature led to an extensive interdiffusion layer that is 

well adhered to the substrate material. Thus, if cracks form in the coating, they are more likely to 

propagate into the substrate material. While a large crack was found in a specimen austenitized at 

850 °C, these types of cracks were much more frequent in the condition heat treated at 1025 °C 

for 30 minutes. In all of the conditions, the presence of cracks in the coating that terminate at the 

substrate may create a stress concentrator that also decreases the tensile properties compared to 

the behavior observed without the presence of the coating.   

              

Figure 4.38 Schematic of smooth sided tensile specimen showing the analysis plane for 
evaluating the coating following testing. Samples were sectioned and mounted 
near the necked region in the middle of the reduced gauge section. 
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(a)  (b)  (c) 

 

 

 

 

 

(d)  (e)   

 

 

 

  

Figure 4.39 Light optical micrographs of the longitudinal cross section near the necked region 
of the smooth sided tensile samples. The austenitizing conditions for the sample 
were (a) 850 °C for 3 minutes, (b) 850 °C for 6.5 minutes, (c) 930 °C for 
6.5 minutes, (d) 930 °C for 30 minutes, and (e) 1025 °C for 30 minutes. All 
images were etched with a 2% Nital solution.  

 

4.7 EVALUATION OF FACTORS INFLUENCING PRESS HARDENED STEEL 

STRENGTH AND TOUGHNESS 

 The results in the previous sections suggest that the mechanical behavior in press 

hardened steels is influenced by both the microstructure and the loading conditions during 

testing. Microstructurally, both the prior austenite grain size and the coating interdiffusion layer 

varied with differences in austenitizing conditions. Metrics such as notch displacement and bend 

angle at maximum load decreased with increasing prior austenite grain size, but also showed a 

statistically significant drop at the largest prior austenite grain size condition. Displacement to 

failure and percent flat fracture in the notched testing as well as the energy for fracture for bend 

testing also decreased for the largest prior austenite grain size condition. The primary difference 

between the 1025 °C for 30 minute condition and all other austenitizing conditions is that the 

interdiffusion layer thickness consumes about 10% of the total material thickness. When the 

RD 
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interdiffusion layer was removed, most of the metrics that showed the drop off increased and 

became comparable to the other austenitizing conditions evaluated. The improvement in 

mechanical behavior in the largest prior austenite condition and the other austenitizing conditions 

evaluated with the coating removed indicates that the presence of the interdiffusion layer may be 

detrimental to some aspects of mechanical behavior of press hardened steels. Analysis of the 

longitudinal plane near the necked region of smooth sided tensile samples indicated the presence 

of potentially detrimental cracks originating in the coating and penetrating into the substrate for 

the largest prior austenite grain size condition. Notch displacement and the energy for fracture in 

the bend testing still decreased with increasing prior austenite grain size with the coating 

removed, which indicates that prior austenite grain size influences the mechanical behavior of 

press hardened steels as well.  

 The loading conditions experienced during testing also influenced the observed 

sensitivity of mechanical behavior to austenitizing conditions. Smooth sided tensile testing has 

the least complex loading condition and the lowest degree of triaxiality with the loading being 

uniaxial tension up to necking and the triaxiality being 0.33. Double edge notch tensile testing 

and free bend testing both have higher degrees of triaxiality than smooth sided tensile testing, but 

the triaxiality is similar between these two tests at a value around 0.6. Smooth sided tensile 

testing did not show a statistically significant deviation from the general trend with grain size for 

both strength and ductility at the largest prior austenite grain size condition. Comparatively, 

double edge notch tensile testing showed a sharp decrease in notch displacement and percent flat 

fracture at the 1025 °C for 30 minute austenitizing condition. Free bend testing also showed a 

significant decrease in bend angle at maximum load and energy for fracture for that same 

condition. Thus, double edge notch tensile and free bend testing may be more sensitive to 

variations in microstructure and coating compared to uniaxial tension for smooth sided tensile 

testing. Both exhibit plane strain conditions in the region of highest localized deformation and 

have similar degrees of triaxiality. These two testing methods differ in the sense that double edge 

notch tensile testing has a triaxial stress state in the center of the notch tip, and free bend testing 

is in a state of plane strain tension. The plane strain tension conditions in free bend testing also 

detected a decrease in mechanical behavior at the shortest hold times for the 850 °C austenitizing 

condition, which was not observed in smooth sided or notched tensile testing. Therefore, the 
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plane strain tension conditions present in free bend testing may be more sensitive to chemical 

and microstructural inhomogeneities present at low austenitizing temperatures.  

The importance of stress and strain state is also apparent when comparisons are made 

between the different measures for energy for fracture. Energy for fracture was largely 

independent of prior austenite grain size in the smooth sided tensile testing. Comparatively, the 

energy for fracture measured during free bend testing generally decreased with increasing prior 

austenite grain size and also decreased for the lowest prior austenite grain size conditions. Again, 

the free bend testing was more sensitive to the different austenitizing conditions. 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS: 

 

 The primary objective of this study was to investigate the influence of austenitizing 

parameters on mechanical behavior of press hardened steels related to crash performance. 

Austenitizing temperatures selected ranged from 850 °C to 1025 °C and produced a prior 

austenite grain size range of 30 μm. Additionally, assessment of the through thickness 

microstructure indicated that the coating interdiffusion layer thickness varied from 76 μm to 

156 μm total for both surfaces of the sheet, which had a total thickness of 1.5 mm.  

 In the coated state, strength, notch displacement, and bend angle at maximum load all 

generally decreased with increasing prior austenite grain size. Based on tests performed on both 

coated specimens and specimens with the coating stripped, it is interpreted that the interdiffusion 

layer may lower the toughness of press hardened steels. Analysis of the interface between the 

coating and the substrate revealed large cracks in the coating that penetrate through the substrate 

in the largest prior austenite grain size condition. The cracking behavior is likely correlated to the 

reduction in mechanical properties for this same large prior austenite grain size condition.  

The ability to detect differences between austenitizing conditions was also evaluated for 

each testing method. Smooth sided tensile testing detected differences in strength between the 

different austenitizing conditions in the coated state, but ductility was independent of prior 

austenite grain size. Additionally, the calculated energy for fracture as measured by the area 

under the engineering stress-strain curve was largely independent of the austenitizing condition. 

Comparatively, double edge notch tensile testing and free bend testing detected a degradation in 

notch displacement, percent flat fracture, bend angle at maximum load, and energy for fracture at 

the highest austenitizing temperature conditions. Free bend testing also detected a difference in 

bend angle and energy for fracture at the lowest prior austenite grain size conditions, which were 

associated with the austenitizing conditions selected to measure the possible effect of chemical 

and microstructural inhomogeniety.  

The observed differences in what each testing method was able to detect are attributed to 

the differences in the loading conditions for each test. Smooth sided tensile testing has the lowest 

degree of triaxiality with the loading being uniaxial tension up to necking and the triaxiality 



93 
 

being 0.33. Double edge notch tensile testing and free bend testing both have higher degrees of 

triaxiality (approximately 0.6 for both tests) than smooth sided tensile testing. Despite the similar 

degree of triaxiality, free bend testing detected a decrease in bend angle and energy for fracture 

for the austenitizing conditions at 850 °C that was not detected through double edge notch tensile 

testing. Double edge notch tensile testing provides insight into the influence of austenitizing 

conditions on components with a high stress concentration and a component of tensile loading. 

Comparatively, free bend testing measures the response of press hardened steels to a bending 

load where the outer surface is in plane strain tension.  

 

 

 

 

  



94 
 

REFERENCES 

[1] P. J. Belanger, J. N. Hall, J. J. Coryell, and J. P. Singh, “Automotive Body Press - 
Hardened Steel Trends,” International Symposium on the New Developments of Advanced 
High-Strength Steel, pp. 239–250, 2013. 

[2] J. Wang, C. Enloe, J. P. Singh, and C. Horvath, “Effect of Prior Austenite Grain Size on 
Impact Toughness of Press Hardened Steel,” SAE International, vol. 9, no. 2, pp. 489–
493, 2016. 

[3] P. Larour, J. Naito, A. Pichler, T. Kurz, and T. Murakami, “Side Impact Crash Behavior 
of Press-Hardened Steels - Correlation with Mechanical Properties,” in Hot Sheet Metal 
Forming of High-Performance Steel CHS2, 2015, pp. 281–289. 

[4] C. M. Enloe, J. Wang, J. P. Singh, C. Horvath, N. Ramisetti, and S. Sriram, “Process 
Influences on Press-Hardened Steel Microstructure and Impact Performance,” in AISTech 
2016 Proceedings, 2016, pp. 2711–2721. 

[5] T. S. Europe, Hot Forming in the Automotive Industry: Processes, Materials, Coatings. 
Munich: Suddeutscher Verlag onpact GmbH, 2013. 

[6] W. Fristad, “New Coil-Applied Nonmetallic Coating Protects Press-Hardenable Steel,” 
STAMPING Journal, 2015. [Online]. Available: 
http://www.thefabricator.com/article/metalsmaterials/new-coil-applied-nonmetallic-
coating-protects-press-hardenable-steel. [Accessed: 04-May-2017]. 

[7] G. Krauss, “Martensite,” in STEELS: Processing, Structure, and Performance, Materials 
Park: ASM International, 2005, pp. 55–85. 

[8] J. Bian, H. Z. Lu, and W. J. Wang, “Impact of Alloying Design on the Crash Relevant 
Material Properties of Press Hardening Steel Based on Mn-B Concept,” in Advanced High 
Strength Steel and Press Hardening: Proceedings of the 2nd International Conference 
(ICHSU2015), 2015, pp. 20–26. 

[9] H. Mohrbacher, “Influence of Alloy Modification and Microstructure on Properties and 
Crash Performance of Press Hardened Steel Components,” in 6th International 
Conference on Hot Sheet Metal Forming of High-Performance Steel, 2017, pp. 213–220. 

[10] H. Karbasian and A. E. Tekkaya, “A review on hot stamping,” Journal of Materials 
Processing Technology, vol. 210, no. 15, pp. 2103–2118, 2010. 

[11] S. Morito, H. Yoshida, T. Maki, and X. Huang, “Effect of Block Size on the Strength of 
Lath Martensite in Low Carbon Steels,” Materials Science and Engineering A, vol. 438–
440, pp. 237–240, 2006. 

[12] J. Bian and H. Mohrbacher, “Novel Alloying Design for Press Hardening Steels With 
Better Crash Performance,” in International Symposium on New Developments in 
Advanced High-Strength Sheet Steels, 2013, pp. 251–262. 

[13] J. P. Bandstra, D. A. Koss, A. Geltmacher, P. Matic, and R. K. Everett, “Modeling Void 
Coalescence During Ductile Fracture of a Steel,” Materials Science and Engineering: A, 



95 
 

vol. A366, pp. 269–281, 2004. 

[14] D. Broek, “Some Contributions of Electron Fractography to the Theory of Fracture,” 
International Materials Reviews, vol. 19, no. 1, pp. 135–182, 1974. 

[15] S. Otani, M. Kozuka, T. Murakami, J. Naito, A. Pichler, and T. Kurz, “Metallurgical 
Controlling Factors for the Ductility of Hot Stamped Parts,” in Hot Sheet Metal Forming 
of High-Performance Steel CHS2, 2015, pp. 411–416. 

[16] V. Savic and L. Hector, “Tensile Deformation and Fracture of Press Hardened Boron Steel 
using Digital Image Correlation,” SAE International, 2007. 

[17] A. Saxena, Nonlinear Elastic Fracture Mechanics. Boca Raton: CRC Press, Inc., 1998. 

[18] T. L. Anderson, “Fracture Toughness Testing of Metals,” in Fracture Mechanics 
Fundamentals and Applications, 3rd ed., Boca Raton: CRC Press, Inc., 1991, pp. 415–
475. 

[19] Y. Tomita, “Effect of Microstructure on Plane-Strain Fracture Toughness of AISI 4340 
Steel,” Metallurgical Transactions A, vol. 19, no. 10, pp. 2513–2521, 1988. 

[20] G. E. Dieter, “The Tension Test,” in Mechanical Metallurgy, 3rd ed., McGraw-Hill, Inc., 
1986, pp. 277–283. 

[21] P. Jonsen, S. Golling, D. Frometa, D. Casellas, and M. Oldenburg, “Fracture Mechanics 
Based Modelling of Failure in Advanced High Strength Steels,” in 6th International 
Conference on Hot Sheet Metal Forming of High-Performance Steel, 2017, pp. 15–23. 

[22] Y. Marchal and F. Delannay, “Comparison of Methods for Fracture Toughness Testing of 
Thin Low Carbon Steel Plates,” Materials Science and Technology, vol. 14, no. 
November, pp. 1163–1168, 1998. 

[23] B. Cotterell and J. K. Reddel, “The Essential Work of Plane Stress Ductile Fracture of 
Linear Polyethylenes,” International Journal of Fracture, vol. 13, no. 3, pp. 267–277, 
1977. 

[24] D. Casellas, D. Frometa, T. Lara, S. Molas, P. Jonsen, S. Golling, and M. Oldenburg, “A 
Fracture Mechanics Approach to Develop High Crash Resistant Microstructures by Press 
Hardening,” in 6th International Conference on Hot Sheet Metal Forming of High-
Performance Steel, 2017, pp. 101–107. 

[25] T. Pardoen, Y. Marchal, and F. Delannay, “Essential Work of Fracture Compared to 
Fracture Mechanics - Towards a Thickness Independent Plane Stress Toughness,” 
Engineering Fracture Mechanics, vol. 69, pp. 617–631, 2002. 

[26] A. A. Wells, “Application of Fracture Mechanics at and Beyond General Yielding,” 
British Welding Journal, vol. 10, no. 11, pp. 563–570, 1963. 

[27] J. F. Knott, “An Introduction to Fracture Mechanics: Part III - Plane Strain Fracture 
Toughness Testing,” The Welder. 

 



96 
 

[28] X. K. Zhu and J. A. Joyce, “Review of Fracture Toughness (G, K, J, CTOD, CTOA) 
Testing and Standardization,” Engineering Fracture Mechanics, vol. 85, pp. 1–46, 2012. 

[29] R. O. Ritchie, B. Francis, and W. L. Server, “Evaluation of Toughness in AISI 4340 Alloy 
Steel Austenitized at Low and High Temperatures,” Metallurgical Transactions A, vol. 
7A, pp. 831–838, 1976. 

[30] C. G. Chipperfield and J. F. Knott, “Microstructure and Toughness of Structural Steels,” 
Metals Technology, pp. 45–51, 1975. 

[31] ASTM E23, “Standard Test Methods for Notched Bar Impact Testing of Metallic 
Materials,” ASTM Book of Standards, pp. 1–26, 2016. 

[32] R. A. Wullaert, “Applications of the instrumented Charpy Impact Test,” Impact Testing of 
Metals (ASTM STP 466), pp. 148–164, 1970. 

[33] ASTM E2472, “Standard Test Method for Determination of Resistance to Stable Crack 
Extension under Low-Constrint Conditions,” ASTM Book of Standards, pp. 1–26, 2016. 

[34] S. Koley, S. Chatterjee, and M. Shome, “Evaluation of Fracture Toughness of Thin Sheet 
Sheet of Interstitial Free High Strength Steel Through Critical Crack Tip Opening Angle 
(CTOAc) Measurement,” International Journal of Fracture, no. 194, pp. 187–195, 2015. 

[35] N. Fonstein, H.-J. Jun, G. Huang, S. Sriram, and B. Yan, “Effect of Bainite on Mechanical 
Properties of Multiphase Ferrite-Bainite-Martensite Steels,” in Materials Science and 
Technology (MS&T) 2011, 2011, pp. 634–641. 

[36] T. M. Link and B. M. Hance, “Axial and Bending Crash Performance of Advanced High-
Strength Steels,” in International Symposium on New Developments in Advanced High-
Strength Sheet Steels, 2017, pp. 19–30. 

[37] V. Reksnelheden, “Flow Stress and Ductile Failure at Varying Strain Rates,” Delft 
University of Technology, 2003. 

[38] G. B. Espey, M. H. Jones, and W. F. Brown, “The Sharp Edge Notch Tensile Strength of 
Several High-Strength Steel Sheet Alloys,” Proceedings of American Society of Testing 
Materials, vol. 59, pp. 837–884, 1959. 

[39] A. Agogino, “Notch Effects, Stress State, and Ductility,” Transactions of the ASME, vol. 
100, pp. 348–355, 1978. 

[40] V. 238-100, “Plate Bending Test for Metallic Materials,” Verband Der 
Automobilindustrie, 2010. 

[41] P. Dietsch, K. Tihay, S. Cobo, S. Sarkar, D. Hasenpouth, and D. Cornette, “Predictive 
Approach for Crash Performance of Press Hardened Steels and its Application on New 
Product Developments,” in 6th International Conference on Hot Sheet Metal Forming of 
High-Performance Steel, 2017, pp. 629–638. 

[42] C. C. Roth and D. Mohr, “Ductile Fracture Experiments with Locally Proportional 
Loading Histories,” International Journal of Plasticity, vol. 79, pp. 328–354, 2016. 

 



97 
 

[43] D. Sun, F. Andrieux, M. Feucht, D. Ag, and W. X. Hpc, “Simulation of the Process Chain 
from Forming to Crash Taking into Account Stochastic Aspects,” LS-DYNA Forum, 
Bamberg 2010, pp. 1–10, 2010. 

[44] ASTM E112-13, “Standard Test Methods for Determining Average Grain Size,” ASTM 
International, pp. 1–28, 2014. 

[45] ASTM A1033-04, “Standard Practice for Quantitative Measurement and Reporting of 
Hypoeutectoid Carbon and Low-Alloy Steel Phase Transformations,” ASTM 
International, vol. 4, pp. 1–14, 2004. 

[46] ASTM E8, “Standard Test Methods for Tension Testing of Metallic Materials,” ASTM 
Book of Standards, no. C, pp. 1–27, 2009. 

[47] L. Hector Jr., V. Savic, A. Sachdev, and J. J. Coryell, “Digital Image Correlation Studies 
of Advanced High-Strength Steel Tensile Deformation,” in International Symposium on 
New Developments in Advanced High-Strength Sheet Steels, 2013, vol. 11, no. 9, pp. 209–
218. 

[48] H.-S. Yang and H. K. D. H. Bhadeshia, “Uncertainties in dilatometric determination of 
martensite start temperature,” Materials Science and Technology, vol. 23, no. 5, pp. 556–
560, 2007. 

[49] H. S. Yang and H. K. D. H. Bhadeshia, “Austenite grain size and the martensite-start 
temperature,” Scripta Materialia, vol. 60, no. 7, pp. 493–495, 2009. 

[50] B. Wang, J. Zhang, J. Fan, S. Zhao, S. Ren, and K. Chou, “Modelling of Melt Flow and 
Solidification in the Twin-Roll Strip Casting Process,” Steel Research International, vol. 
80, no. 3, pp. 218–222, 2009. 

[51] S. Kennett, “Strengthening and Toughnening Mechanisms in Low-C Microalloyed Steel 
as Influenced by Austenite Conditioning,” Colorado School of Mines, 2014. 

[52] M. Peet, “Prediction of Martensite Start Temperature,” Materials Science and Technology, 
vol. 31, no. 11, pp. 1370–1375, 2015. 

[53] M. Xing, Y. Wang, and Z. Jiang, “Dynamic Fracture Behaviors of Selected Aluminum 
Alloys Under Three-point Bending,” Defence Technology, vol. 9, no. 4, pp. 193–200, 
2013. 

[54] T. Kurz, T. Steck, H. Schwinghammer, and P. Larour, “Material Properties of Zinc Coated 
Press-Hardening Steels for Use with Pre-Cooling Technology,” in 6th International 
Conference on Hot Sheet Metal Forming of High-Performance Steel, 2017, pp. 353–361. 

 

 

 

 



98 
 

APPENDIX A 

MECHANICAL BEHAVIOR OF UNCOATED PHS PROCESSED AT 930 °C FOR 

6.5 MINUTES: 

 

 A set of press hardened steel blanks were heat treated in the uncoated condition at 930 °C 

for 6.5 minutes. This material differs from the material that was presented in Chapter 4 in that an 

Al-Si coating was never applied to the steel surface. This appendix details the mechanical 

properties from smooth sided tensile testing, double edge notch tensile testing, and free bend 

testing for this material in comparison to the Al-Si coated PHS evaluated in this study. 

 

Figure A.1 Plot of prior austenite grain size as a function of austenitizing temperature for the 
uncoated material in comparison to the Al-Si coated material. Error bars represent 
the standard deviation in the calculated data. 

 

840 880 920 960 1000 1040
Austenitizing Temperature, °C

0

10

20

30

40
Al-Si Coated
Uncoated



99 
 

                       

  (a)                                                                                              (b)                          

Figure A.2 Plot of (a) 0.2% offset yield strength and (b) ultimate tensile strength as a 
function of the inverse square root of prior austenite grain size for the uncoated 
material in comparison to the Al-Si coated material. Error bars represent the 
standard deviation in the calculated data. 

 

                      

         (a)                                                                                                  (b)                          

Figure A.3 Plot of (a) strain to failure and (b) post uniform elongation as a function of prior 
austenite grain size for the uncoated material in comparison to the Al-Si coated 
material. Error bars represent the standard deviation in the calculated data. 
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      (a)                                                                                                     (b)                          

Figure A.4 (a) Plot of the notch tensile strength compared to the smooth sided ultimate 
tensile strength for both the uncoated and coated material as a function of the 
inverse square root of prior austenite grain size. (b) Plot of notch strength ratio as 
a function of prior austenite grain size for both the uncoated and coated PHS. 
Error bars represent the standard deviation in the calculated data. 

 

 

Figure A.5 Plot notch displacement as a function of prior austenite grain size for the uncoated 
material compared to the coated material. Error bars represent the standard 
deviation in the calculated data. 
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Figure A.6 Plot bend angle at maximum load as a function of prior austenite grain size for the 
uncoated material compared to the coated material. Error bars represent the 
standard deviation in the calculated data. 
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APPENDIX B 

TABULATED DATA FOR ALL TESTING CONDUCTED 

 This appendix tabulates all the mechanical property results from the smooth sided, double edge notch, and free bend testing 

conducted in this study. Both the data for the Al-Si coated material and the stripped material are provided.  

Table B.1 - Mechanical Properties from Smooth Sided Tensile Testing (Coated) 

Austenititizing 
Temperature 

(°C) 

Hold 
Time 
(min.) 

PAGS  
(μm) 

Peak Load  
(N) 

Yield Strength  
(MPa) 

Ultimate 
Tensile 
Strength  
(MPa) 

εf  
(%) 

Post 
Uniform 

Elongation 
(%) 

Area Under 
Curve 

(MPa*%) 

Avg. Std. 
Dev. Avg. Std. 

Dev. Avg. Std. 
Dev. Avg. Std. 

Dev. Avg. Std. 
Dev. Avg. Std. 

Dev. Avg. Std. 
Dev. 

850 3 5.7 0.42 30186 38.44 1158 2.24 1582 5.32 7.73 0.32 2.08 0.18 10929 467 
850 6.5 6.8 0.33 29819 300.45 1140 10.71 1581 13.73 7.69 0.06 2.13 0.13 10799 204 
850 30 7.1 1.25 28811 178.30 1117 1.47 1556 2.52 7.63 0.25 2.12 0.25 10526 403 
900 6.5 11.8 0.58 29578 135.24 1128 3.16 1564 3.89 7.57 0.32 1.96 0.24 10456 487 
930 6.5 16 3.80 28973 175.90 1123 17.18 1546 10.87 7.66 0.14 2.17 0.22 10511 316 
930 30 22 12.40 28743 83.49 1095 8.05 1513 6.50 7.76 0.28 2.06 0.10 10389 385 
1025 10 32.3 1.96 28204 91.00 1091 2.53 1512 4.94 7.81 0.20 1.99 0.12 10474 284 
1025 30 34.5 2.83 28637 27.50 1101 3.93 1519 1.41 7.77 0.28 2.16 0.06 10475 411 
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Table B.2 - Mechanical Properties from Double Edge Notch Tensile Testing (Coated) 
 

Austenititizing 
Temperature 

(°C) 

Hold 
Time 
(min.) 

PAGS  
(μm) 

Peak Load  
(N) 

Notch Tensile 
Strength  
(MPa) 

Displacement to 
Failure - 2" Ext. 

(mm) 
NSR 

Notch 
Displacement 

(mm) 

% Flat 
Fracture 

Avg. Std. 
Dev. Avg. Std. 

Dev. Avg. Std. 
Dev. Avg. Std. 

Dev. Avg. Std. 
Dev. Avg. 90% CI Avg. 90% 

CI 
850 3 5.7 0.42 20199 76.18 1817 11.27 0.57 0.00 1.15 - 0.2190 0.0020 5.33 0.43 
850 6.5 6.8 0.33 19669 345.28 1802 27.03 0.57 0.03 1.14 - 0.2150 0.0058 5.46 0.50 
850 30 7.1 1.25 19812 38.76 1783 9.51 0.54 0.02 1.15 - 0.2128 0.0095 5.43 1.15 
900 6.5 11.8 0.58 19913 55.50 1791 6.11 0.56 0.03 1.15 - 0.2184 0.0094 5.65 0.67 
930 6.5 16 3.80 19289 175.00 1749 10.56 0.55 0.01 1.13 - 0.2100 0.0096 5.95 0.46 
930 30 22 12.40 19356 41.66 1724 7.55 0.56 0.02 1.14 - 0.2042 0.0063 6.04 0.79 
1025 10 32.3 1.96 18709 177.93 1692 17.98 0.55 0.01 1.12 - 0.2032 0.0108 5.32 0.23 
1025 30 34.5 2.83 18767 123.29 1711 8.89 0.52 0.01 1.13 - 0.1818 0.0054 3.98 1.03 
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Table B.3 - Mechanical Properties from Free Bend Testing (Coated) 
 

Austenititizing 
Temperature 

(°C) 

Hold 
Time 
(min.) 

PAGS  
(μm) 

Peak Load  
(N) 

Bend Angle at 
Peak Load  

(deg.) 

|PUBS|  
(N/Deg.) 

Area Under 
Curve 

(N*mm) 

Initiation Energy 
(N*mm) 

Propagation 
Energy  

(N*mm) 

Avg. Std. 
Dev. Avg. Std. 

Dev. Avg. Std. 
Dev. Avg. Std. 

Dev. Avg. Std. 
Dev. Avg. Std. 

Dev. Avg. Std. 
Dev. 

850 3 5.7 0.42 2478 19.8 49.33 0.81 125.35 5.34 13184 319 10770 212.41 2414 176.61 
850 6.5 6.8 0.33 2385 57.8 49.54 1.45 78.59 4.42 14217 226 10568 286.74 3649 175.72 
850 30 7.1 1.25 2610 14.6 56.21 0.47 79.02 10.97 16622 328 12887 7.11 3734 327.31 
900 6.5 11.8 0.58 2392 70.3 53.85 3.41 68.82 7.00 15563 623 11394 673.38 4169 102.76 
930 6.5 16 3.80 2433 10.0 49.77 2.19 91.92 10.96 14415 191 10784 486.98 3630 326.45 
930 30 22 12.40 2329 25.6 52.00 1.79 68.52 6.28 14354 501 10702 396.39 3652 127.21 
1025 10 32.3 1.96 2196 29.1 48.85 0.90 75.22 0.80 12337 270 9338 218.89 2999 69.09 
1025 30 34.5 2.83 2224 39.2 42.05 0.41 77.73 5.04 11487 342 8140 143.11 3346 226.42 

 
Table B.4 - Mechanical Properties from Smooth Sided Tensile Testing (Stripped) 

 

Austenititizing 
Temperature 

(°C) 

Hold 
Time 
(min.) 

PAGS  
(μm) 

Thickness  
(mm) 

Peak Load  
(N) 

Yield 
Strength  
(MPa) 

Ultimate 
Tensile 
Strength  
(MPa) 

εf  
(%) 

Post 
Uniform 

Elongation 
(%) 

Avg. Std. 
Dev. Avg. Std. Dev. Avg. Std. 

Dev. Avg. Std. 
Dev. Avg. Std. 

Dev. Avg. Std. 
Dev. Avg. Std. 

Dev. 
850 30 7.1 1.25 1.17 0.016 27259 118 1470 20.00 1942 16.78 7.02 0.62 2.19 0.38 
930 6.5 16 3.80 1.17 0.005 26951 121 1397 33.00 1854 17.25 7.03 0.55 2.48 0.32 
1025 30 34.5 2.83 1.06 0.006 25721 218 1392 8.50 1943 21.25 7.07 0.64 2.09 0.24 
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Table B.5 - Mechanical Properties from Double Edge Notch Tensile Testing (Stripped) 
 

Austenititizing 
Temperature 

(°C) 

Hold 
Time 
(min.) 

PAGS  
(μm) 

Thickness  
(mm) 

Peak Load  
(N) 

Notch Tensile 
Strength  
(MPa) 

NSR 
Notch 

Displacement 
(mm) 

% Flat 
Fracture 

Avg. Std. 
Dev. Avg. Std. 

Dev. Avg. Std. 
Dev. Avg. Std. 

Dev. Avg. Std. 
Dev. Avg. 90% 

CI Avg. 90% 
CI 

930 6.5 16 3.80 1.10 0.028 17993 93.04 2221 51.65 1.20 - 0.2696 0.0169 6.58 1.52 
1025 30 34.5 2.83 0.98 0.025 17212 562.26 2436 68.82 1.25 - 0.2555 0.0091 5.54 0.41 
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Table B.6 - Mechanical Properties from Free Bend Testing (Stripped) 
 

Austenititizing 
Temperature 

(°C) 

Hold 
Time 
(min.) 

PAGS  
(μm) 

Thickness  
(mm) 

Peak Load  
(N) 

Bend Angle 
at Peak Load  

(deg.) 

|PUBS|  
(N/Deg.) 

Avg. Std. 
Dev. Avg. Std. 

Dev. Avg. Std. 
Dev. Avg. Std. 

Dev. Avg. Std. 
Dev. 

850 6.5 6.8 0.33 1.02 0.050 2018 89.35 51.43 3.71 54.58 11.26 
900 6.5 11.8 0.58 1.07 0.017 2128 14.78 56.18 1.95 51.52 6.32 
930 30 22 12.40 1.02 0.007 1991 20.92 54.25 1.27 55.90 1.83 
1025 10 32.3 1.96 1.06 0.045 2094 95.57 49.38 2.55 63.54 4.12 
1025 30 34.5 2.83 1.07 0.012 1877 32.74 54.79 0.24 59.46 8.53 

 

Austenititizing 
Temperature 

(°C) 

Hold 
Time 
(min.) 

Area Under 
Curve (N*mm) 

Initiation 
Energy 

(N*mm) 

Propagation 
Energy  

(N*mm) 

Avg. Std. 
Dev. Avg. Std. 

Dev. Avg. Std. 
Dev. 

850 6.5 13379 744 9133 880 4246 654 
900 6.5 15061 956 10698 480 4362 480 
930 30 13293 595 9751 301 3542 346 
1025 10 12673 322 9238 118 3435 440 
1025 30 12060 25 8846 137 3213 161 

 


