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Abstract 

This study investigates the constitutive (flow) and fracture response of two automotive-grade  

press-hardening steels, Usibor® 1500-AS and Ductibor® 500-AS, as well as their tailor-welded 

blanks (TWBs), for a range of as-quenched microstructures. Three different microstructures of 

each steel grade were developed through various quench-hardening heat treatments, comprising 

austenitization followed by air, die, oil, and/or water cooling. Mono- and multi-gauge laser-welded 

blanks of Usibor® 1500-AS and Ductibor® 500-AS, with three distinct combinations of 1.2-mm 

and 1.6-mm thicknesses, were also produced in the die-quenched condition.  

For the as-quenched Usibor® 1500-AS and Ductibor® 500-AS monolithic blanks, 

characterization campaigns were conducted by means of mechanical tests, including shear, hole 

expansion, uniaxial tension, V-bend, and plane-strain and equibiaxial tension Nakazima domes. 

Both steel grades exhibited a high degree of sensitivity to cooling rate in terms of mechanical 

properties. For Usibor® 1500-AS, the fully-martensitic (oil-cooled) and fully-bainitic (air-cooled) 

microstructures had the highest strength and ductility, respectively, while the bainitic-martensitic 

(forced air-cooled) microstructure exhibited intermediate mechanical properties. For Ductibor® 

500-AS, the mostly-martensitic (water-cooled) microstructure showed the highest strength and 

lowest ductility, followed by the intermediate ferritic-martensitic plus tempered martensite/bainite 

(die-cooled) and mostly-ferritic (air-cooled) microstructures, respectively.  

The mechanical response of the as-quenched microstructures of Usibor® 1500-AS and 

Ductibor® 500-AS was modelled using a novel, coupled micromechanical-phenomenological 

strategy. In this approach, the constitutive behavior of the multi-phase steels was predicted using 

new mean-field homogenization (MFH) techniques, denoted the Samadian-Butcher-Worswick 

(SBW) formulations, with or without considering carbon-partitioning effects. The fracture 

response was estimated by tracking damage accumulation within each constituent phase using the 

phenomenological Generalized Incremental Stress-State-dependent damage MOdel (GISSMO) 

based on the micro-scale stress and strain states calculated by the MFH models. The proposed 

modelling strategy was shown to accurately predict the flow curves, fracture strains, and fracture 

loci of the bainitic-martensitic Usibor® 1500-AS and ferritic-martensitic Ductibor® 500-AS for the 

range of micro-constituent volume fractions considered.  
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The hot-stamped TWBs were subjected to tensile, equibiaxial tension Nakazima dome, and 

V-bend experiments with various weld orientations relative to the major principal stress direction. 

In the majority of the mechanical tests, fracture was initiated in one of the parent metals. Fracture 

initiation occurred in the Ductibor® 500-AS parent metal during the transverse tensile and 

equibiaxial tension Nakazima dome tests, whereas the Usibor® 1500-AS parent metal fractured in 

the longitudinal tensile and 45° and 90° V-bend tests. The only exception to the parent-metal 

failure was observed during the V-bend tests with the weld line lying on the punch-tip edge, for 

which fracture was initiated within the weld.  

Finite-element models of the TWB experiments were developed within the LS-DYNA 

software using either the measured or predicted constitutive properties and fracture loci of the 

parent metals. A mapping scheme was created to assign the mechanical properties of each region 

of the TWBs to the corresponding elements based upon the measured local hardness. Two 

scenarios were examined for the TWB models: (i) including and (ii) excluding the detailed 

variation of mechanical properties within the weld region. The predictions revealed that the 

inclusion of the narrow weld region of the laser-welded blanks within the hardness-mapped TWB 

models resulted in an improvement of the predictions in terms of the load-displacement response 

and fracture locations, as compared to the “without weld” scenario. 

A key outcome of this research was the quantification of the strong quench-rate sensitivity 

of the mechanical properties of Usibor® 1500-AS and Ductibor® 500-AS, which will affect their 

in-service (crash) performance after hot stamping. The developed modelling frameworks have 

direct application to predict the mechanical response of these steels and their TWBs subjected to 

hot-stamping processes in which quench rate: (i) is intentionally varied, such as within the tailored 

in-die heating technique; or (ii) naturally changes, for example, through fluctuations associated 

with the tooling temperature and contact pressure over time as well as transients during the startup 

and shutdown of production lines. 
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Chapter 1: Introduction 

1.1. Background  

Car manufacturers are actively pursuing different strategies to improve the fuel efficiency of 

automobiles while increasing vehicle safety in crash events [1–4]. One of the effective solutions 

to achieve these goals has been the incorporation of advanced high strength steels (AHSSs) into 

the vehicle architecture. Press-hardening steels are grades of AHSSs that normally possess low 

formability at ambient temperatures, and therefore, it is difficult to form them into complex shapes 

[5–8]. In 1974, the hot-stamping process was introduced to address this problem [1]. In this 

process, steel sheets are heated to austenitization temperatures and then simultaneously deformed 

and quenched within a die. This process benefits from the increased ductility of steels at elevated 

temperatures and leads to their significant strengthening due to the martensitic transformation they 

undergo during quenching [9–17]. 

However, hot-stamped parts usually exhibit relatively-low ductility in the as-quenched 

condition. For example, Usibor® 1500-AS is one of the most common automotive, hot-stamping 

steel grades with tensile strength of around 1500 MPa and elongation of less than 10% in the hot-

stamped condition [18]. For this reason, the die-quenched Usibor® 1500-AS is often unsuitable for 

application in energy-absorbing components, which require high levels of deformation, and is 

normally used in structural applications that require high strength but only limited ductility, e.g. 

side-impact anti-intrusion components [4]. To resolve this issue, the tailored hot-stamping process 

has been introduced in which components with regionally-different properties are manufactured. 

Tailor-hot-stamped parts provide ultra-high strength in one region and high ductility in another 

region and correspondingly offer a high energy-absorption potential [19]. There are several 

methods for manufacturing hot-stamped parts with graded properties such as the partial 

austenitization or post tempering of blanks; use of hybrid dies with distinct thermal conductivity 

in different zones; partial heating of the die (in-die heating technique); and application of tailor-

rolled blanks (TRBs) in hot stamping [16,20]. The hot stamping of tailor-welded blanks (TWBs) 

is a recently-developed tailored hot-stamping process in which sheets that differ in geometry, 

chemical composition, and/or coating are welded together to fabricate a component with different 

properties in various regions after hot stamping [21–26]. ArcelorMittal has produced new hot-
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stamping steel grades of Ductibor® 500-AS and Ductibor® 1000-AS, which still have high ductility 

after die quenching, to join Usibor® 1500-AS in the forms of laser-welded blanks that can be hot-

stamped for crash-safety applications. Such TWBs incorporate a high-strength region in the 

Usibor® 1500-AS side and a high-ductility (energy-absorbing) region in the Ductibor® 500-

AS/1000-AS side and can be used in B-pillars and axial crush rails of vehicles to improve their 

fracture response in lateral, frontal, and rear impacts [27]. 

The goal of the current thesis is to characterize and model the constitutive (flow) and fracture 

behavior of the various microstructures of Ductibor® 500-AS and Usibor® 1500-AS as well as hot-

stamped TWBs comprising combinations of these steels for use in crash-safety components. The 

outcomes of this research will contribute to a greater understanding of the in-service performance 

of these hot-stamping steels and their TWBs, thereby supporting vehicle weight reduction while 

enhancing vehicle safety.  

1.2. Thesis Organization 

The present thesis has been written in a manuscript-based format. The synopsis of this 

dissertation consists of a comprehensive review of the literature concerning the characterization 

and modelling of the mechanical behavior of advanced high-strength steels, followed by an outline 

of research objectives and scope, a summary of results, conclusions, and recommendations for 

future work. The rest of the thesis is comprised of five appendices, each of which incorporates 

either published or submitted peer-reviewed papers that detail the accomplished work and results 

of this research.  
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Chapter 2: Literature Review 

2.1. Advanced High-Strength Steels (AHSSs) 

In 1909, Henry Souther wrote an article, “American Automobile Steel”, in the New York 

Times and stated that car manufacturers now know “to put the right steel in the right place” [28]. 

Souther’s article originated from the fact that in those years, automakers had attached importance 

to the beauty and formability of their raw materials and adjusted the rigidity required for their 

products via producing thicker components. After that period, different factors such as safety, fuel 

efficiency, environmental emissions, weight reduction, manufacturability, durability, quality, and 

the cost of automobiles were also considered, and consequently, the need for materials with unique 

properties increased [29]. From the late twentieth century up to now, many steel grades have been 

employed in the creation of car structures, which compose around 60% of the weight of vehicles, 

to meet the distinct standards required for cars [29–31]. Figure 1 shows the different automotive 

steel types with their ultimate tensile strength (UTS), total elongation, and stress-strain curves [32]. 

In 1994, a group of 35 steelmakers started to develop a new class of automotive steels that can 

help with the fulfillment of fuel-efficiency and safety requirements [29,33]. In the early 2000s, 

they eventually introduced advanced high-strength steels (AHSSs). Compared to conventional 

steels, the chemical composition of AHSSs was designed so that their mechanical properties are 

enhanced after thermomechanical processing due to different final microstructures [34]. 

  

Figure 1: The mechanical behavior of different automotive steels [32]. 

Press-hardening steels, also known as hot-stamping and sometimes boron steels, are a group 

of AHSSs that contain lower amounts of carbon than martensitic steels and include a small amount 
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of elemental boron, which gives them high hardenability. The hot-stamping process, which will 

be discussed in detail in the next section, is typically used for the production of components from 

such steels. These steel grades generally acquire an extremely-high strength at the end of this 

process due to an austenite-to-martensite transformation and are typically used in parts of 

automobiles that require high intrusion-resistance and limited deformation, e.g. bumper 

reinforcements, door intrusion beams, A- and B-pillar reinforcements, and side-wall members. To 

improve the low ductility of press-hardened (or hot-stamped) steels, they can be post-tempered, 

but this occurs at the expense of their strength [29]. Other strategies exist to impart greater ductility 

to press-hardened steels, which will be described later. 

2.2. Hot Stamping 

In 1974, hot stamping was first developed by Norrbottens Järnverk AB (NJA), a Swedish 

steelmaker. NJA was later merged with Swedish Steel AB (SSAB) to fabricate tools with superior 

strength and wear resistance, such as stone-cutting disks, saw blades, lawnmowers, and shovels, 

using the hot-stamping process. In 1975, the Luleå University of Technology, NJA, and Volvo 

Truck started a common project to investigate the commercialization of hot stamping for the 

automotive industry. In 1984, the first hot-stamped component (an anti-intrusion door beam) was 

used in a car by Saab Automobile AB. Since then, the number of hot-stamped parts applied to 

vehicles has been dramatically increasing due to their impressive benefits in the weight reduction 

and crashworthiness of automobiles [9,20,35]. Figure 2 shows examples of hot-stamped 

components that have been used in a typical car [36,37].  

 
Figure 2: The hot-stamped components present in a typical car [36,37]. 
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The conventional hot-stamping process can be performed in direct and indirect methods 

(Figure 3) [9]. In direct hot stamping, steel sheets with low ductility at room temperature are first 

austenitized and then simultaneously deformed and quenched in a cooled die. In indirect hot 

stamping, the steel blanks are initially cold-stamped up to 90%-95% of their final shape and 

subsequently hot-stamped to achieve the final shape and properties. The indirect method allows a 

higher extent of deformation for making complex-shaped components and decreases the die wear 

caused by uncoated steel sheets [5], [8], [8], [42]. 

 
Figure 3: The schematics of the direct and indirect hot stamping [9]. 

The martensitic microstructure that results from the die quenching of steels in the hot-

stamping process imparts a very high level of strength (850 MPa-2000 MPa) such that they can be 

categorized as ultra-high-strength steels (UHSSs). This strength range allows automakers to 

enhance the required robustness of their products with thinner parts, which results in both mass 

and cost reductions while improving the overall integrity and safety of car structures [5], [8], [28], 

[32], [42], [45]. However, one of the essential limitations of this process is that hot-stamped 

components, despite their high intrusion resistance, exhibit relatively-low energy-absorption 

capacity due to their limited ductility [8,20].  

2.3. Tailored Hot Stamping 

The fabrication of hot-stamped components with graded properties is achieved by a range of 

innovative hot-stamping processes, collectively termed “tailored hot stamping”. These tailoring 

processes include:  
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i. Partial austenitization of blanks: With this method, blanks are heated in a furnace with 

thermally-distinct zones and austenitized in different sections at various levels based on the 

temperature of each zone. Stoehr et al. [39] and Wilsius et al. [40] studied the changes in 

the mechanical properties of boron steels during this process and showed that the regions 

heated to lower temperatures exhibit superior ductility with lower strength and hardness;  

ii. Partial post tempering of hot-stamped parts: With this method, parts are locally tempered 

after hot stamping at prescribed temperatures for a specific time to generate tempered 

martensite, which has more ductility than martensite. Studies on this process have shown 

that as the tempering temperature increases, there is a higher decrease in the hardness of hot-

stamped components [41];  

iii. Regionally-different cooling of heated blanks: With this method, the different regions of 

austenitized blanks are cooled with distinct cooling rates through the use of: 

a. Partially-heated dies (in-die heating technique) [42,43]; George [7] produced a tailor-

hot-stamped lab-scale B-pillar using a die at various temperatures in different regions 

and showed that the hardness decreases from the section in contact with the cold die to 

that in contact with the heated die. Omer [15] studied the crash response of several tailor-

hot-stamped axial crush rails and showed that the local soft regions result in a more stable 

crush response with almost no cracking; 

b. Hybrid dies with different thermal conductivity in different regions [44];  

c. Dies with various surface conditions [45,46]; or  

d. Locally-disparate die pressures [47]; Studies show that the die regions with lower 

thermal conductivity result in a lower cooling rate of the heated blanks and lower 

resultant hardness values, and higher die pressures, which lead to higher heat transfer 

between the heated workpiece and room-temperature die, create parts with superior 

strength [46,47];  

iv. Hot stamping of tailor-rolled blanks (TRBs): With this method, blanks with regionally-

different thicknesses, produced by a tailored rolling process, are hot-stamped and finally, 
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due to experiencing distinct cooling rates in various regions, form components with high 

intrusion-resistance and energy-absorption capacity in disparate zones. Since 2006, hot-

stamped TRBs have been used for the fabrication of various automobile parts, such as B-

pillars and rear bumpers [16,20,48]; and  

v. Hot stamping of tailor-welded blanks (TWBs): With this method, blanks with different 

thicknesses, chemical compositions, and/or surface coatings are welded together and then 

hot-stamped. The use of TWBs contributes to reducing the weight of vehicles and assembly 

requirements due to the avoidance of strengthening patches, e.g. patchwork blanks made by 

welding small patches on the main blank with the aim of local strengthening. However, the 

main benefit of TWBs is related to their role in improving the crash performance of vehicles 

[16,20,26]. TWBs are generally comprised of hardenable and non-hardenable (or less-

hardenable) steel sheets that achieve high-strength and -ductility regions after hot stamping, 

respectively. Therefore, the resultant hot-stamped components can be used in structural 

members that require such a variety of mechanical properties, e.g. B-pillars and axial crush 

rails [16,20].  

Usibor® 1500-AS and Ductibor® 500-AS are two steels that are currently welded together to 

produce TWB components with tailored properties after hot stamping. In such hot-stamped TWBs, 

the tensile strength and elongation of the Usibor® 1500-AS region normally become around 1500 

MPa and 6%, whilst those of the Ductibor® 500-AS region reach about 550 MPa and 20%, 

respectively. Hence, the hot-stamped Ductibor® 500-AS has superior toughness but lower strength, 

and the hot-stamped Usibor® 1500-AS has higher strength but lower toughness [18,27]. Such a 

discrepancy in mechanical properties is correlated to the different resultant microstructures of 

these steels after the hot-stamping process. The microstructure of the hot-stamped Usibor® 1500-

AS is fully martensitic, while that of the hot-stamped Ductibor® 500-AS is ferritic-martensitic [49]. 

However, dependent on the hot-stamping conditions, the final microstructure, volume fractions of 

the constituent phases, and the resulting mechanical properties vary. Naderi [13] investigated the 

mechanical behavior of Usibor® 1500-AS after different die-quenching conditions. Hagenah et al. 

[50] studied the effects of deformation and quenching speed during the hot-stamping process of 

this steel using the Gleeble thermomechanical machine. Bardelcik et al. [2] examined the strain 

rate sensitivity of the different microstructures of Usibor® 1500-AS. Eller et al. [51], ten Kortenaar 
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et al. [52], and Golling et al. [53,54] characterized the fracture limits of the tailored Usibor® 1500-

AS in several stress states. Omer et al. [42] modelled the dynamic axial crush testing of tailor-hot-

stamped axial rails via mapping the interpolated flow curves and fracture loci of the several 

microstructures of Usibor® 1500-AS in terms of hardness. However, contrary to Usibor® 1500-

AS, there have been relatively-few studies conducted on the mechanical response of Ductibor® 

500-AS in different material conditions and the hot-stamped TWBs of these two steels. Mishra 

[55] investigated the effects of the austenitization time and temperature as well as strain rate on 

the strength and ductility of the hot-stamped Ductibor® 500-AS. Múnera et al. [56] characterized 

the quasi-static and dynamic properties of the hot-stamped TWBs of Usibor® 1500-AS and 

Ductibor® 500-AS. Kang and Kim [24] examined the effects of the Al-Si coating on the 

microstructures and mechanical properties of the hot-stamped TWBs of Ductibor® 500-AS and 

Usibor® 1500-AS at low-to-high strain rates. Peister et al. [57,58] studied the crash performance 

of axial crush rails from these TWBs in dynamic sled testing. No comprehensive work to-date has 

studied the flow and fracture response of Ductibor® 500-AS and the hot-stamped TWBs of this 

steel and Usibor® 1500-AS as a function of microstructure. This is a considerable gap in the 

literature given the important crash-safety applications of these materials. 

2.4. Fabrication of Tailor-Welded Blanks (TWBs): Laser Welding 

Laser welding is one of the common joining processes used for producing TWBs since it 

creates thin weld seams and small heat-affected zones (HAZs). Additionally, it normally uses a 

butt joint without any material overlap, resulting in lower material usage and lighter components 

[26,59]. One challenge with the conventional laser welding of hot-stamping steels like Ductibor® 

500-AS and Usibor® 1500-AS is their Al/Si coating, which serves to prevent decarburization and 

oxidization during the austenitization step of the hot-stamping process. This coating leads to the 

creation of intermetallics of Al and Fe after welding, which promote ferrite formation in the weld 

zone after hot stamping, to the detriment of strength and crash performance [24]. To solve this 

problem, the laser-ablation method has been developed, in which the coating is locally removed 

from joined sections of the base metals prior to welding [60]. 
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2.5. Deformation Behavior of Tailor-Welded Blanks (TWBs) 

The mechanical properties of TWBs are usually investigated by uniaxial tensile tests. For 

this purpose, different sample geometries are used depending on whether the focus is on the 

weldment (weld and parent metals together) or just the weld zone. For the weldment, the samples 

need to be large enough to include the base metals and weld zone in the gauge area, and the weld 

line can have different angles with respect to the loading direction. For the weld zone, only 

longitudinally-oriented samples can be tested in either of two following approaches. One is to use 

sub-sized or mini samples so that the gauge area is comprised of only the weld zone of TWBs [59], 

[61]. The other approach is to use large standard specimens and then calculate the flow curve of 

the weld zone by means of the rule of mixtures, given the stress-strain curves of the base metals 

and uniform distribution of axial strain across the samples [59]. Different numerical methods were 

also conducted to obtain the flow curves of different regions of the weld zone. Reis et al. [62] 

estimated the flow curves of various areas of the weld zone of laser-welded FeP06 steel by 

considering the direct proportionality of the flow-stress ratio and hardness ratio of the base metal 

and weld zone. Cheng et al. [61] calculated the hardening behavior of HAZs within laser-welded 

blanks of AISI 304 stainless steel by averaging that of the base metal and fusion zone. Ramazani 

et al. [63] characterized the flow curves of the HAZ and fusion zone of TWBs of gas-metal-arc-

welded DP600 steel via multi-scale computational homogenization modelling.  

Relying on the material type, the strength of TWBs can be lower than, equal to, or higher 

than that of the base metals. Panda et al. [21], Chan et al. [64], and Miles et al. [65] reported 

higher, similar, and lower strength levels for TWBs of IF steel, SPCC steel, and 6022-T4 aluminum 

alloy, respectively, as compared to the strength of their base metals. TWBs generally have lower 

ductility than their base metals regardless of the material type, welding method, weld-line 

orientation, and thickness ratio [21,59,65–67]. The strength, formability, and ductility of TWBs 

are dependent on the weld-line orientation. Kim et al. [68] and Panda et al. [21] showed that 

longitudinally-welded TWBs have higher strength than transversely-welded TWBs in the case of 

SPC1 and IF steel alloys. Cheng et al. [66] reported higher formability and ductility for 

transversely-welded TWBs in comparison with longitudinally-welded TWBs of 5754-O aluminum 

alloy. Buste et al. [69] examined multi-gauge aluminum laser-welded blanks in limiting dome 

height (LDH) tests and reported that for transverse and 45° weld orientations, fracture is initiated 
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in the thinner parent metal, while for longitudinal welds, fracture initiation occurs in the weld. The 

thickness ratio of the base metals affects the formability and ductility of their TWBs. Studies by 

Chan et al. [25,64] and Friedman and Kridli et al. [67] on steel and aluminum alloys revealed that 

as the thickness ratio approaches unity, formability and ductility are promoted. As discussed by 

Shakeri et al. [70], Meinders et al. [71], and Abbasi et al. [72], fracture in TWBs is initiated in 

either the least ductile (usually the weld [66]) or weakest (either of the HAZ [73] or base metal 

[74]) regions if force is applied along or across the weld seam, respectively.  

Most of the numerical studies in the literature dealing with the failure of TWBs mainly focus 

on the instant of strain localization during the forming processes. These studies generally predict 

localized necking (formability) in as-welded blanks of cold-stamped or heat-treated alloys by 

either employing various formability theories [75–77] or implementing empirically- or semi-

empirically-determined FLDs in finite-element method software [78–83]. However, for crash-

safety applications, fracture initiation is of main concern in TWB components, which are mostly 

in the hot-stamped condition with all regions homogenized during the austenitization stage of the 

hot-stamping process. There are a few studies in the literature on the modelling of fracture in such 

TWBs. These studies mostly use the fracture response of the parent metals and neglect the weld 

region within TWB models [84–86]. Therefore, the literature lacks numerical investigations into 

the fracture response of TWBs that take the weld region into account. 

2.6. Numerical Modelling of Deformation Behavior 

As discussed in the previous sections, the use of press-hardening steels and their TWBs 

within car bodies is currently one of the effective solutions for the automotive industry to improve 

the crashworthiness of automobiles while reducing their weight. To support the design of 

automotive structures from these steels, crash-safety simulations can be helpful in minimizing the 

need for time-consuming and expensive experiments [34]. Since the plasticity and fracture models 

of hot-stamped monolithic and tailor-welded blanks are vital ingredients of such numerical 

simulations, the solid knowledge of the modelling concepts of these phenomena is necessary to 

accurately predict the crash performance of vehicle structures. For this purpose, first, the plasticity 

and fracture of the materials should be characterized under various loading conditions, such as 

simple shear, pure tension, drawing, and stretching, using coupon-level tests, e.g. shear, uniaxial 
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tension, and Nakazima dome experiments. Next, numerical models based on the empirical results 

should be validated via finite-element (FE) simulations of such tests. After that, the predictive 

ability of the developed FE models should be evaluated by conducting various component-level 

tests, e.g. three-point bending and axial crush testing. Finally, the crash behavior of components 

in a car body should be verified by simulating a crash test of a full vehicle [8,16,87–89]. As this 

research deals with the first two steps of crashworthiness simulations (i.e. material characterization 

and modelling), different approaches to the plasticity and fracture modelling of materials based on 

the experimental data are reviewed next. 

2.6.1. Plasticity Modelling 

To theorize the plastic behavior of materials, a proper yield function is first used to determine 

the boundary of elastic and plastic responses under different loading conditions. Yield functions 

can be categorized as either physically-based or phenomenological models. Physical models 

presume that the plastic deformation of materials is initiated once a physical variable reaches its 

threshold. In contrast, phenomenological yielding models are formulated to approximate the 

results of either experiments or physics-based models [90]. For example, the von Mises criterion 

[91] is a physical model for isotropic materials since it assumes that material yielding starts when 

the elastic distortion energy or shear stress on the octahedral plane attains its threshold. However, 

the non-quadratic model proposed by Barlat et al. in 2003 [92], which is a plane-stress yield 

function for anisotropic materials, is phenomenological since it has anisotropy parameters that 

need to be calibrated by the experimental data. The second step in the modelling of the plastic 

deformation of materials is to determine how the subsequent yield surface changes due to 

hardening/softening. The yield surfaces of sheet metals tend to expand (isotropic hardening), 

translate (kinematic hardening), or distort (distortional hardening) and sometimes experience a 

combination of these effects. The next step is to formulate the constitutive equation between stress 

and strain, either incrementally or in a rate form (due to the path-dependent essence of plastic 

deformation), by using flow rules. The last step is to define a loading-unloading criterion to show 

the differences between plastic loading, elastic loading, and elastic unloading [90]. 
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2.6.1.1. Micromechanics-Based Modelling: Mean-Field Homogenization 

Micromechanics is referred to as the study of the mechanical behavior of heterogeneous 

materials on the scale of their constituent phases. Micromechanical models are widely-used multi-

scale schemes which can cover length scales down to the order of 1 µm. In most micromechanical 

models, the variations of stress and strain fields at a larger scale are affected by the volume average 

of those at a smaller scale. Moreover, since the stress and strain fields and compositions tend to 

locally change at the microscale, contrary to those at a macroscale, the microscopic stress and 

strain fields can be calculated in terms of uniform applied or far-field (macroscopic) stress and 

strain. One of the main applications of micromechanical models is in the constitutive modelling of 

the elastoplastic deformation behavior of heterogeneous materials based on the mechanical 

response, geometry, and phase arrangement (matrix-inclusion, interpenetrating, and granular) of 

their individual phases. For this purpose, it is crucial to select a material scale of proper length 

such that it can be a good indicator of the properties of the whole material [93]. The scale needs to 

be large enough to contain all of the microstructural features of the whole material so that the 

calculated average properties (effective properties) and fields approximate the real material 

properties and fields. On the other hand, the scale must be small enough to be able to neglect the 

macroscopic gradients of stress, strain, and compositions from the analysis viewpoint. The volume 

element of a multi-phase material that has these characteristics is called the representative volume 

element (RVE).  

One of the micromechanics-based modelling methods is mean-field homogenization (MFH) 

in which the mechanical properties and response of composite materials are determined by the 

statistical averaging of those of the existing phases in the RVE, given the interactions of individual 

phases in terms of uniform micro stress and strain fields. The averaged properties obtained by this 

method are called effective or homogenized properties [34,93,94]. In MFH schemes, a composite 

material corresponds to a so-called comparison or equilibrium homogenized material (EHM) with 

the same boundary condition but uniform properties that includes a constant equivalent 

eigenstrain/stress representing the misfits from embedding inclusions in the matrix (Figure 4). 

Eigenstrain/stress fields are created without applying external force/displacement and can be 

obtained by equating the micro strain/stress fields of the constituents in the real and comparison 

materials in terms of their elastic/compliance tensors and the Eshelby tensor. The Eshelby tensor 
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relates the disturbed strain field, which is derived from embedding the inclusion in the matrix, to 

the eigenstrain and is a function of Poisson’s ratio of the EHM and the aspect ratio of inclusions. 

Assuming different properties for the EHM and relationships between the micro strain fields of 

the inclusions and matrix, various MFH models have been developed so far, the most well-known 

ones of which will be introduced in the following. Since the present work will aim to take 

advantage of MFH schemes to predict stress/strain partitioning between constituent phases of two-

phase steels, envisaged as composites with adopted matrix-inclusion phase arrangements, under 

deformation, all of the formulations of MFH models will be presented for two-phase composites.  

MFH models are generally applied in displacement boundary conditions and denote the 

strain partitioning between the existing phases in RVEs by the use of strain concentration tensors 

( A ). Strain concentration or influence tensors linearly relate the average micro strain fields (

( )phase
 ) to the applied far-field strain (  ) [95–97].  

( ) ( ) :
phase phase                                                   (1) 

Voigt [98] and Reuss [99] developed the first MFH models by assuming that either the strain 

or stress applied to a composite material is uniformly distributed within the material, respectively. 

These models are very simple and violate either local compatibility or equilibrium in the 

heterogeneous material. In addition, they do not consider the interaction of phases and the shape, 

orientation, and distribution of inclusions. In 1957, Eshelby [100] derived the first closed-form 

solution for satisfying compatibility and equilibrium conditions via introducing the concept of 

equivalent homogenous materials (EHMs), comprising ellipsoidal inclusions dispersed in an 

infinite homogeneous matrix (Figure 4). 

 
Figure 4: Eshelby’s solution; M and I stand for the matrix and inclusion, respectively [101].  
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To account for the self-interactions of inclusions at higher volume fractions, the self-

consistent (SC) [102,103] and Mori and Tanaka (MT) [104] models were proposed. Hori and 

Nemat-Naser [105] defined particular microstructures for the SC and MT models by proposing a 

double inclusion microstructural model. This microstructure comprises two concentric, co-axial 

ellipsoidal domains with the same aspect ratios embedded in an infinite homogenous material with 

the elastic properties of the whole composite. They further generalized it by considering multi-

layers around the inner ellipsoid (the multi-inclusion model [105]). To improve MFH models in 

terms of the consideration of varying shape, orientations, and the distribution of inclusions in a 

matrix, Ponte Castaneda and Willis (PCW) [106] proposed a fourth-order tensor (Sd
) to define the 

distribution of inclusions. To address the issues associated with the intermediate volume fractions 

of inclusions, interpolative models were suggested. Lielens et al. [107] proposed an interpolative 

model based on the definitions of the Mori-Tanaka (MT) and inverse Mori-Tanaka (IMT) models. 

Perdahcıoglu and Geijselaers [108] proposed another interpolative model with the lower and upper 

bounds of the Reuss and Voigt models, respectively.  

MFH models were originally developed for linear elastic materials and can be expanded to 

plastic deformation using linearization techniques [109,110]. First-order secant-based [111] and 

tangent-based approaches [112] are the most commonly-used linearization methods. The former 

approach, in which total stress and strain are correlated via the secant modulus [113], is only valid 

for proportionally-monotonic loading conditions [93]. However, the latter approach, in which 

stress and strain are incrementally related using the tangent modulus [114], is applicable to general 

loading conditions [115]. Wu et al. [116] proposed incremental secant-based linearization methods 

that can be used in general loading states. Ponte Castaneda [117] and Bornert et al. [118] proposed 

the so-called Spectral-Decomposition and General-Isotropization (SDI and GI) methods, 

respectively, to deal with the anisotropy of tangent moduli. Anisotropic tangent moduli normally 

result in more expensive computations and overly-stiff estimations of the composite stress 

response [119]. The SDI method might not have acceptable predictions for non-proportional 

loading [119], though it has good predictions in uniaxial tension and cyclic loading [115]. 

However, the GI method is applicable to general loading conditions. Suquet [120], Ponte 

Castaneda [117], Doghri et al. [121], and Wu et al. [109] developed the second-order linearization 
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methods by applying the “second statistical moments” of micro stress and strain fields to obtain 

less stiff predictions. 

Different studies show that the accuracy of the predictions through the aforementioned MFH 

models and linearization schemes varies depending on the material and loading conditions 

[109,115,119]. For example, Kluseman et al. [122] applied the MFH technique to a matrix with 

spherical voids (zero elastic properties) and obtained better estimations for Young’s modulus using 

the Voigt model compared to the more advanced SC, MT, and Lielens models. They also reported 

the superior performance of the SC model in predicting Young’s modulus of a particulate 

composite compared to the MT model. However, Hessman et al. [123] showed the higher accuracy 

of the MT model for predicting Young’s modulus of a fibrous composite compared to the SC 

model. Doghri et al. [124] showed the comparable predictions of the MT model using the first- and 

second-order tangent-based linearization approaches for the flow curve of a ferritic-martensitic 

steel in a direct-loading condition with respect to FE results. However, both frameworks were not 

able to accurately estimate the flow response in the reverse-loading condition. Golling et al. [53] 

reported the underestimation or overestimation of the hardening behavior of the different 

microstructures of 22MnB5 steel using the Lielens model through the first-order tangent-based 

linearization approach. In a study on the flow curve of a ferritic-austenitic steel, Wu et al. [109] 

found that the second-order approaches do not necessarily yield appropriate predictions with 

respect to the first-order schemes. Furthermore, Doghri et al. [124] showed that for composites 

with a large difference between the stiffness of the constituents, inclusion aspect ratios of higher 

than one, and a low hardening rate for the matrix, the secant-order formulation provides much 

better predictions. However, for other conditions, the discrepancy in the performance of the first- 

and second-order linearization approaches is not significant.  

2.6.1.2. Microstructure-Based Modelling of Multi-Phase Steels 

The hardening behavior of multi-phase steels depends on the characteristics of their 

constituent phases such as the volume fraction, morphology, distribution, grain size, chemical 

composition, and dislocation density. These parameters are usually interconnected, and the 

determination of their individual roles in macro and micromechanical response needs careful 

examination [125,126]. The microstructure-based modelling of the constitutive response of mixed-
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phase steels is usually conducted through FE micromechanical modelling or MFH techniques 

using the hardening response of their constituent phases [93,95]. Such modelling approaches are 

inherently able to take the effects of the geometrical features of micro-constituents, e.g. shape, 

size, quantity, and/or distribution, into account. However, the influences of other features like the 

chemistry and dislocation population of constituent phases must be accounted for within the 

constitutive models of the micro-constituents in these numerical solution schemes. For this 

purpose, there is first a need for the understanding of the roles of these parameters in material 

hardening. 

Plastic deformation in materials is generally accompanied by the motion of dislocations on 

slip planes. The movement of dislocations is normally hindered by the arrangements of atoms 

within the crystal lattice (Peierls effect or lattice friction) as well as alloying elements in the solid 

solution, which results in the hardening of materials during the plastic deformation. The self-

interactions of dislocations can also lead to material hardening. Dislocations generally pile up at 

obstacles such as dislocation entanglements (dislocation forests) and impurities on active slip 

planes and, as a result, back stresses are created that act in a direction opposite to the loading 

direction. Therefore, dislocations require higher stresses along slip directions to overcome such 

barriers and restart slip. If the loading direction is reversed, the existing back stresses, together 

with the decrease in the traffic of dislocations due to the annihilation of some primary dislocations 

by newly-formed opposite-sign dislocations, assist the slip of the entangled dislocations in the 

opposite direction. Thus, the material exhibits a softer response in the reverse direction 

(Bauschinger’s effect) [127].  

For steels, particulary those with ferritic-martensitic microstructures, carbon partitioning and 

geometrically-necessary dislocations (GNDs) play important roles in the hardening response of 

the micro-constituents. In ferritic-martensitic steels, due to the limitation of carbon solubility 

within ferrite, the carbon concentration of martensite significantly varies with its volume fraction. 

Studies by Ramazani et al.[128], Pierman et al. [129], and Ebrahimian and Banadkouki [126] show 

that the higher the martensite volume fraction, the lower the martensite carbon content and 

strength. The strength of ferrite is mostly affected by geometrically-necessary dislocations 

(GNDs). GNDs are dislocations produced at the interfaces of different phases to preserve the 

continuity of the crystal structure due to volume changes accompanied by variations in crystal 
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structures during microstructural transformations (especially austenite to martensite) [126]. GNDs 

contribute to both isotropic and kinematic hardening via the intersection of dislocation forests and 

creating substantial back stresses at phase boundaries, respectively [125,130,131]. Ebrahimian and 

Banadkouki [126] reported that as the martensite volume fraction increases, ferrite is strengthened 

due to the higher transformation-induced shape deformation (higher GNDs and resultant back 

stresses) within the ferritic grains around ferrite-martensite interfaces.  

Rodriguez and Gutierrez [132] developed a dislocation-based hardening law for the 

constituent phases of steels based on the classical relation between flow stress and the density of 

dislocations. This model considers the effects of the lattice friction and alloying elements, carbon 

partitioning between phases, and dislocation generation and annihilation during plastic 

deformation. Ramazani et al. [63,128,133,134], and Srithananan et al. [135] utilized this hardening 

law to calculate the hardening behavior of the micro-constituents of dual-phase (DP) and Usibor® 

1500-AS steels, respectively. Sodjit and Uthaisangsuk [130,131] applied the net polarized stress 

resulting from the GND back stresses, modelled by Delince´ et al. [136], with Rodriguez and 

Gutierrez’s hardening law to estimate the hardening behavior of ferrite in ferritic-martensitic DP 

steels.  

2.6.2. Fracture Modelling 

Metals generally fracture in either a brittle or ductile manner. As this research concerns the 

fracture characterization of relatively-ductile steels [27], this section will mainly deal with ductile 

fracture. From a macroscopic viewpoint, ductile metals experience a large amount of plastic 

deformation before fracture in contrast to brittle materials  [137]. From a microscopic perspective, 

ductile fracture is referred to as the type of fracture that occurs through void nucleation, growth, 

and coalescence. Based on these two aspects, the modelling of ductile fracture can be categorized 

into two main groups: physical and phenomenological approaches. The former approach follows 

the microstructural phenomena that happen in metals and lead to fracture. Micromechanical 

damage models fall into this category. However, in the latter approach, the general behavior of 

metals before rupture is examined. Continuum damage mechanics (CDM) and conventional 

continuum mechanics (CCM) models are two of the well-known approaches for the 

phenomenological prediction of the ductile fracture [34,87]. 
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2.6.2.1. Micromechanical Damage Models 

The microstructures of metallic alloys commonly contain particles as impurities or 

secondary phases, which are preferred locations for stress localization during plastic deformation. 

High stresses at such sites result in particle debonding from the matrix or local rupture, and both 

can lead to the formation of microvoids. This event corresponds to the first step of the ductile 

fracture process, known as void nucleation. Most engineering alloys already have some level of 

pre-existing voids, which are generated during manufacturing processes. As deformation 

progresses, the voids start growing (the second step of the ductile fracture) until neighboring voids 

are linked up, known as void coalescence (the third step of the ductile fracture), and macro cracks 

are formed. Finally, the material fractures. Since the empirical investigation of the individual 

stages of the ductile fracture is complicated, expensive, and time-consuming, there exists a need 

for constitutive models for the prediction of this type of fracture. Micromechanical damage models 

consider an appropriate RVE of the microstructure of a material and predict void evolution through 

nucleation, growth, and coalescence.  

The modelling of void nucleation is a complex task because it necessitates the modelling of 

interfaces, and it is difficult experimentally to measure their properties [138]. Such models are 

typically based on the fact that void nucleation occurs when the strain energy in the particle 

exceeds either the interface energy of particles and matrix or the surface energy of a crack that is 

formed because of the particle fracture [139–142]. Void nucleation mechanisms are described as 

either stress-controlled or strain-controlled, based on the overall particle size. In stress-controlled 

models, the void volume-fraction growth rate ( f ) is obtained in terms of the equivalent stress rate 

(
1nucleationf M  ), while in strain-controlled models, the rate is achieved in terms of equivalent 

plastic strain rate ( p

nucleationf F ) [142]. Argon et al. [140,143,144] and  Brown and Stobbs [145] 

defined critical interface stresses for void nucleation in terms of flow and hydrostatic stresses as 

well as dislocation density, respectively. Beremin [146] proposed a stress-based nucleation model 

using a homogenization method for calculating partitioned stresses into inclusions. Needleman 

[147] modified Argon’s model to consider the partitioning hydrostatic stress at matrix-particle 

interfaces. Among strain-based nucleation models, the model developed by Chu and Needleman 

[142] in terms of equivalent plastic strain and instantaneous volume fraction of nucleated voids is 
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most commonly used. To model void growth, it is assumed that the material is comprised of several 

ellipsoidal or spheroidal voids that are each located in a cubic or hexagonal cell. Void growth is 

analyzed in one of the cells by the use of existing models that consider the effects of stress 

triaxiality (hydrostatic stress state) and plastic strain [148,149]. McClintock [148] defined void 

growth as a function of macroscopic strain. Rice and Tracy [150] showed the exponential 

dependency of void growth on stress triaxiality. Huang [151] modified Rice and Tracy’s model to 

improve estimations for void growth at low stress triaxialities. Liu et al. [152] added the void size 

effect on void growth within the Rice and Tracy model using a dislocation model. Ragab [149] 

developed a void-growth model considering the effects of void shape and stress states. In the 

modelling of void coalescence, it is typically assumed that a geometrical parameter, e.g. the void 

radius and spacing, reaches its critical value [138] as void coalescence starts. Tvergaard and 

Needleman [153] introduced a critical porosity for the onset of void coalescence. Thomason [154] 

proposed a plastic-limit load model in which void coalescence is defined as homogenous and 

localized deformation modes become equivalent. Zhang et al. [155] and Ragab [149] extended 

Thomason’ model to take the effects of the work-hardening exponent and strain hardening of void 

ligaments into account, respectively. 

Micromechanical damage models mainly couple pressure-dependent yield functions that 

consider the void effect on strength of materials with void-evolution models. The Gurson model 

[141] was the first yield criterion proposed for porous ductile materials with spherical or 

cylindrical voids. Tvergaard [156] modified this model to achieve more compatible results with 

those of numerical simulations. To consider the coalescence effect, Tvergaard and Needleman 

modified the Gurson-Tvergaard (GT) model and proposed the so-called Gurson-Tvergaard-

Needleman (GTN) model [153]. To consider the evolution of the void shape, Ragab [149] defined 

the calibration parameters of the GT model as functions of stress triaxiality, the work-hardening 

exponent, and the instantaneous void shape. The Gologanu-Leblond-Devaux (GLD) model [157] 

is another Gurson-based model that includes the void-shape evolution. Studies show that Gurson-

based models do not have a suitable performance under prominently-shearing loading conditions 

since they predict pronounced void growth in such stress states in contrast to reality [158]. Gurson-

based models generally consider the occurrence of fracture when the void volume fraction reaches 

its critical value [159]. The major deficiency of micromechanical damage models lies in a large 
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number of material parameters that need to be calibrated by experiments. This requirement has 

noticeably limited the industrial applications of such models [160]. 

2.6.2.2. Continuum Damage Mechanics (CDM) Models 

The emergence of the concept of continuum damage mechanics (CDM) models dates back 

to 1958 when Kachanov defined an “equivalent stress” for damaged materials [161]. CDM models 

are less complicated than micromechanical damage models since they do not deal with the 

microstructural details of void evolution and, instead, examine material degradation via an internal 

damage variable ( D ). The damage variable in any plane of an RVE is defined as the ratio of the 

damage surface area to the total surface area of the plane. As D  reaches its critical value (obtained 

by calibration), material fracture is predicted to occur.  

Based on thermodynamical constitutive equations, it was shown that damage evolution can 

be related to a damage dissipation potential via an expression that is similar to one obtained by 

von Mises in 1926 for relating plastic strain rate to a plastic potential function. CDM models 

usually differ from each other in terms of the adopted definitions for the damage dissipation 

potential and, as a result, create distinct expressions for the damage variable [162], [163]. These 

models are normally coupled with plasticity constitutive models. Lemaitre [164], Wang [165], 

Bonora [166], and Dhar et al. [167] proposed various relationships for the rate of the changes in 

the damage variable that can be applied to discrete plasticity models to capture the material 

softening that stems from progressive damage. However, such an approach makes the calibration 

of the material parameters for the plasticity and damage models difficult. Although often requiring 

a smaller number of material parameters, CDM models are fundamentally weak in the prediction 

of fracture initiation, as compared to micromechanical damage models.  

2.6.2.3. Conventional Continuum Mechanics (CCM) Models 

Conventional continuum mechanics (CCM) models, like CDM models, consider the 

macroscopic response of materials and include the global effects of existing phases and defects. 

The difference comes from the fact that damage indicators (if applicable) in such models are not 

usually coupled with the plasticity model of materials. As a result, these models are easier to use, 

and industry is more interested in deploying them [87]. Fracture initiation in these models is 
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usually defined to occur when a damage parameter reaches its threshold. The evolution of damage 

is generally modelled by integrating a weighting function in terms of stress-state variables over 

the history of equivalent plastic strain (
p ) [34]: 

                                                               ( )
p

p

ijD f d


                                                            (2) 

Up to now, several weighting functions ( ( )ijf  ) have been proposed. Cockcroft and Latham 

[168] and Oh et al. [169] presented weighting functions that are based on assumptions regarding 

the effect of maximum principal stress on fracture. Clift et al. [170] integrated plastic work during 

deformation (equivalent stress over the plastic strain path). Noris et al. [171] and Oyane et al. 

[172] developed hydrostatic-stress-dependent weighting functions. The critical damage value is 

usually considered to be a calibration constant, but if a normalized definition is used for this value, 

fracture will occur once the damage parameter reaches unity. The self-similarity postulate suggests 

a normalized definition for damage evolution as a function of the ratio of current and fracture 

plastic strains under any proportional loading condition [173]: 
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The simple form of this expression can be obtained by considering a linear relationship between 

the damage parameter and equivalent plastic strain: 
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Given Equation (2), the weighting function here is the inverse form of fracture plastic strain. 

Johnson and Cook [174] used this damage model by considering a stress triaxiality-temperature-

strain rate-dependent function for fracture strain. However, it was experimentally demonstrated 

that damage sometimes evolves non-linearly with plastic deformation. For this reason, Xue [173] 

developed a power-law function for damage (Equation (5)) based on the Manson-Coffin fatigue 

model [175,176] assuming low-cycle behavior: 
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In Equation (5), n  is the damage exponent and needs to be determined by the calibration of the 

model on the basis of empirical results. Neukamm et al. [177] later called this model the 

Generalized Incremental Stress-State-dependent damage MOdel (GISSMO). 

Based on the dependency of material ductility on deviatoric and hydrostatic stresses, several 

expressions have been suggested for fracture strain as a function of representatives of these stress 

states, i.e. the Lode parameter ( ) and stress triaxiality ( ) that are defined in Equations (6) and 

(7) [178]: 

3

3

27
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J



                                                                     (6) 

m


                                                                       (7) 

where 3J ,  ,  and m  are the third invariant of the deviatoric stress tensor, equivalent stress, and 

hydrostatic stress, respectively. Wilkins et al. [178] first developed a fracture-strain function by 

assuming the individual effects of   and   and symmetry of fracture strains around the Lode 

parameter of zero for distinct stress triaxiality. Wierzbicki and Xue [179] proposed a symmetric 

but coupled (in terms of   and   effects) fracture-strain function. Bai and Wierzbicki [180] 

developed an asymmetric coupled fracture-strain function by discussing the non-symmetry of the 

fracture surface with respect to the Lode parameter and invoking Bao’s work [160].  

An alternate form of the CCM models is a fracture function in the stress space in the same 

manner as a yield criterion (Equation (8)): 

( ) 0ijF                                                                (8) 

In such models, material fracture is defined as the moment at which the fracture function becomes 

zero for the existing stress state. The maximum shear stress (Tresca) [181], Mohr-Coulomb (MC) 

[182,183], pressure-modified maximum shear stress [184], Hosford-Coulomb (HC) [185], and 

Khan-Liu (Magnitude of the Stress Vector (MSV)) [186] models are examples of known fracture 

criteria in stress space. Two approaches are employed for the use of such criteria in cases in which 

the stress state varies during plastic deformation (non-proportional loading). The first is to 
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exclusively apply the fracture criterion, even if the stress state changes [186,187]. Such approaches 

assume that strain to fracture does not rely on the stress-state history. The second is to link the 

damage-indicator expressions, e.g. Equation (5), with the fracture models. For this purpose, the 

fracture criterion will generally need to be transferred to the mixed stress-strain or strain space 

(fracture strain as a function of stress state or strain ratio, respectively) by using a suitable 

hardening law [34]. Bai and Wierzbicki [188] and Mohr and Marcadet [185] transferred the MC 

and HC fracture models to the mixed stress-strain space using the Bai-Wierzbicki [180] and 

combined Voce [189]-Swift [190] hardening laws, respectively. Jia and Bai [191] transferred the 

resulting modified MC (MMC) model to the strain space given the relationships between the stress 

triaxiality and strain ratio as well as Lode parameter under the plane-stress condition. 

Combining the MFH technique with a CCM model, a multi-functional predictive strategy 

for multi-phase steels has recently been developed in which the flow behavior of the material is 

approximated via micromechanical modelling, and its fracture response is simultaneously 

estimated using a distinct fracture criterion in each constituent phase. Pierman et al. [129] 

estimated the fracture strength of various ferritic-martensitic DP steels during their MFH 

modelling by defining a critical stress (1300 MPa) for the maximum principal stress in martensite. 

Srithananan et al. [135] predicted the fracture strain limits of a bainitic-martensitic Usibor® 1500-

AS steel through FE micromechanical modelling by tracking the damage evolution within each 

constituent phase using a linear GISSMO damage model. Östlund et al. [192] and Golling et al. 

[53] predicted the fracture strains of grooved tensile samples comprised of various microstructures 

of heat-treated Al-Si-coated 22MnB5 using an MFH approach by considering the stress-based 

MSV damage model [186] for each constituent phase. Furthermore, Östlund et al. [192] calculated 

the fracture loci of bainitic-martensitic microstructures based on the same method; however, the 

predictions (Figure 5) do not show the typical shape of fracture loci of ductile metals, i.e. with two 

valleys in the mixed-shear-tension and drawing-stretching zones. 
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Figure 5: The predicted fracture loci of bainitic-martensitic Al-Si-coated 22MnB5 based on the damage-

predictive framework employed by Östlund et al. [192]. 

The main drawback of conventional continuum mechanics fracture models is that they do 

not provide insight into the physical processes leading to material fracture; however, due to their 

simplicity, they are the most widely-used models in industry [160,163]. A comparative study of 

several ductile-fracture models, introduced in this section, can be found in the work by Cao et al. 

[193].   

2.7. Summary 

The previous sections served to establish: (i) the important role and potential of press-

hardening steels and their TWBs in the hot-stamped condition to improve the crashworthiness of 

cars; and (ii) the different modelling approaches that can be employed for the prediction of the 

constitutive (flow) and fracture behavior of such materials. As mentioned before, Usibor® 1500-

AS and Ductibor® 500-AS, in the forms of hot-stamped laser-welded blanks, can be used to 

fabricate components with high strength and ductility in different regions, suitable for energy-

absorbing structures of automobiles. It is evident, however, that no comprehensive study to-date 

has been carried out on the flow and fracture characterization and modelling of Ductibor® 500-

AS, as one of the parent materials of such TWBs, as well as the TWBs themselves as a function 

of microstructure. Given the fact that various cooling rates are experienced during the conventional 

and tailored hot-stamping processes, due to variations in the working conditions such as the local 

temperature and die pressure, the resultant microstructures and mechanical properties of hot-

stamped components are susceptible to change. Thus, the sensitivity of the mechanical properties 

of steel blanks to the as-quenched microstructure (quench rate) plays a significant role in the 

mechanical response of the final products. Accordingly, there exists a need to investigate the flow 
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and fracture response of Ductibor® 500-AS and the hot-stamped laser-welded blanks of this steel 

and Usibor® 1500-AS such that the influences of variations in their microstructures under different 

working condition are incorporated. Moreover, a predictive tool is required to be able to estimate 

the flow and fracture behavior of the hot-stamped Usibor® 1500-AS and Ductibor® 500-AS and 

their TWBs in terms of microstructure to support the design of relevant structural components. 

This research aims to address these gaps in the published literature and provide insight into the 

interaction of the microstructure and mechanical response of such materials.  
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Chapter 3: Research Objectives and Scope 

3.1. Research Objectives 

The overall goal of this research is to support the introduction of hot-stamping steels and 

their TWBs within automotive structures, thereby advancing automotive weight reduction and 

enhanced safety. This research project will contribute to the understanding of the relationship 

between the microstructure with the constitutive (flow) and fracture behavior of hot-stamped 

monolithic and tailor-welded blanks. The primary focus will be on the 1.2-mm and 1.6-mm hot-

stamped Usibor® 1500-AS and Ductibor® 500-AS sheets as well as their laser-welded 

combinations within TWBs. The specific objectives of this research are outlined as follows:   

1- Experimental characterization of constitutive and fracture response of Usibor® 1500-AS 

and Ductibor® 500-AS parent metals for a wide range of as-quenched microstructures and 

stress states;  

2- Experimental characterization of constitutive and fracture response of hot-stamped TWBs 

of Usibor® 1500-AS and Ductibor® 500-AS for various weld orientations and loading 

conditions; 

3- Microstructure-based modelling of constitutive and fracture response of parent metals; 

and 

4- Numerical modelling of constitutive and fracture response of hot-stamped TWBs. 

3.2. Research Scope 

To fulfill the objectives of this research project outlined in Section 3.1, four primary tasks 

were defined, which are detailed in the following:  

3.2.1. Task 1: Experimental work for Characterizing Constitutive and Fracture Response of 

Parent Metals for a Wide Range of As-Quenched Microstructures and Stress States 

A wide range of the as-quenched microstructures of the parent metals was produced by the 

quench-hardening heat treatment of the blanks at various cooling rates, and the resultant 
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microstructures and hardness were subsequently investigated. The constitutive (flow) behavior 

was characterized using uniaxial tension tests, considering the 0°, 45°, and/or 90° directions with 

respect to the rolling direction. The fracture response was examined through a set of mechanical 

tests under various loading conditions ranging from simple shear to biaxial tension with a focus 

on the weaker material direction (transverse). The characterization experiments were mainly 

focused on the 1.2-mm-thick sheets. 

It is noted that for Usibor® 1500-AS, the cooling-rate range of 14-50 ºC/s was employed that 

encompasses the range normally utilized in the in-die heating tailored hot-stamping process for 

producing graded properties within a single blank [2,42]. The characterization work for this 

material was conducted by ten Kortenaar [89] and Omer [194]. However, for Ductibor® 500-AS, 

since the quench-rate sensitivity had not been studied previously, a much wider range of cooling 

rates (i.e. 5-1890 ºC/s) was considered to discover how its microstructure and mechanical 

properties vary. This material was characterized as part of the present research. 

3.2.2. Task 2: Experimental work for Characterizing Constitutive and Fracture Response of 

Hot-Stamped TWBs for Various Weld Orientations and Loading Conditions 

Microstructural and hardness investigations were first performed across the weld zone and 

within the parent metals of both as-received and hot-stamped TWBs. The constitutive (flow) and 

fracture behavior of the hot-stamped TWBs were then examined via several mechanical 

experiments considering different weld orientations and loading conditions. The characterization 

campaigns were conducted on mono- and multi-gauge TWBs with 1.2- and 1.6-mm-thick 

thickness combinations of the parent metals. 

3.2.3. Task 3: Numerical Strategies for Microstructure-Based Modelling of Constitutive and 

Fracture Response of Parent Metals 

To model the constitutive (flow) and fracture behavior of the parent metals for a range of 

microstructures, a coupled micromechanical-phenomenological strategy was proposed. In this 

approach, the flow response of the parent metals, together with stress/strain partitioning between 

their constituent phases, was calculated using mean-field homogenization techniques. 

Simultaneously, damage accumulation within the constituent phases was computed using the 
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GISSMO damage indicator [177] defined in each micro-constituent, linked to their fracture loci. 

Fracture in the parent metals was predicted as the GISSMO damage parameter reached unity in 

any of the phases. The predicted flow and fracture response from this task were finally assessed 

against the measured data from Task 1. 

3.2.4. Task 4: Numerical Strategies for Finite-Element (FE) Modelling of Constitutive and 

Fracture Response of Hot-Stamped TWBs 

To model the mechanical behavior of the hot-stamped TWBs, FE simulations of various 

fracture tests were conducted within the LS-DYNA software. For this purpose, the hardness-

mapped models of the TWB specimens were developed using a user-defined material (UMAT) 

subroutine given the hardness measurements from Task 2. Then the mechanical properties 

corresponding to the hardness of each region of the TWB models were assigned to the respective 

elements using the measured or calculated material data from Task 1 or 3. In order to assess the 

significance of the modelling of the weld zone within the TWBs, simulations were also conducted 

with the neglect of the weld region. Then both TWB models (“with weld” and “without weld”) 

were evaluated by comparisons of the simulation results with the measured data from Task 2. 
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Chapter 4: Research Results 

The current research concentrated on the 1.2-mm-thick Usibor® 1500-AS and Ductibor® 

500-AS sheets as the primary materials of interest. The chemical compositions of these two alloys 

are presented in Table 1. Mono- and multi-gauge laser-welded blanks of these two steels, with the 

thickness combinations given in Table 2, were also considered. It is noted that the parent-metal 

sheets and their TWBs were all provided by ArcelorMittal. 

Table 1: The chemical compositions of the 1.2-mm-thick parent materials (wt.%) 
Material C Mn Ti Nb Al Si P N S B 

Usibor® 1500-AS 0.23 1.21 0.03 0.002 0.051 0.25 0.016 0.005 0.001 0.003 

Ductibor® 500-AS 0.060 1.545 0.069 0.047 0.035 0.032 0.016 0.0067 0.002 0.001 

Table 2: The TWBs with various thickness combinations considered in this research 

 

 

This chapter summarizes the results of the experimental and numerical investigations of the 

studied materials in different as-quenched conditions, performed to address the research objectives 

defined in Chapter 3. It opens the experimental characterization results for the various as-quenched 

microstructures of the parent metals (Task 1) and their hot-stamped TWBs (Task 2). Its balance is 

comprised of the predictions of the constitutive (flow) and fracture behavior for the as-quenched 

parent metals (Task 3) and their TWBs (Task 4). It is noted that a more detailed presentation of 

the results can be found in Appendices A-E, each of which includes a published or submitted peer-

reviewed paper: 

Appendix A        P. Samadian, L. ten Kortenaar, K. Omer, C. Butcher, M. J. Worswick, Fracture 

Characterization of Tailored Usibor® 1500-AS and Damage Modelling Based on 

a Coupled-Micromechanical-Phenomenological Strategy, Engineering Fracture 

Mechanics, vol. 223, p. 1-20, 2020. 

Appendix B        P. Samadian, C. Butcher, M. J. Worswick, Microstructures and Flow Behavior 

of Ductibor® 500-AS Steel for a Range of As-Quenched Conditions, Journal of 

Materials Engineering and Performance, vol. 29 (11), p. 7153–7169, 2020. 

TWB Designation  

1.2-mm-thick Ductibor® 500-AS—1.2-mm-thick Usibor® 1500-AS 1.2D-1.2U 

1.2-mm-thick Ductibor® 500-AS—1.6-mm-thick Usibor® 1500-AS 1.2D-1.6U 

1.6-mm-thick Ductibor® 500-AS—1.6-mm-thick Usibor® 1500-AS 1.6D-1.6U 
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Appendix C     P. Samadian, C. Butcher, M. J. Worswick, A Mean-Field Homogenization 

Approach to Predict Fracture in As-Quenched Microstructures of Ductibor® 500-

AS Steel: Characterization and Modelling, under review for publication in 

International Journal of Solids and Structures, 2020. 

Appendix D        P. Samadian, C. O’Keeffe, C. Butcher, M. J. Worswick, Fracture Response in 

Hot-Stamped Tailor-Welded Blanks of Ductibor® 500-AS and Usibor® 1500-

AS: Experiments and Modelling, under review for publication in Engineering 

Fracture Mechanics, 2020. 

Appendix E        P. Samadian, C. Butcher, M. J. Worswick, New Mean-Field Homogenization 

Schemes for the Constitutive Modelling of the Elastic and Elastoplastic 

Deformation Behavior of Multi-Phase Materials, Materials Today 

Communications, vol. 24, p. 1-13, 2020. 

4.1. Task 1: Characterization of Parent Metals 

This section presents the characterization studies performed on the as-quenched Ductibor® 

500-AS sheet for a range of cooling rates. It is noted that the detailed characterization of the as-

quenched microstructures of the Usibor® 1500-AS sheet was not performed as part of this research 

since it was already conducted by ten Kortenaar [89] and Omer [194] in a related study using the 

same material lot. Nonetheless, a summary of their experimentation and obtained results that were 

used in the current research can be found in Appendix A, which contains an article about the 

fracture characterization and modelling of a range of the as-quenched microstructures of Usibor® 

1500-AS.  

4.1.1. Microstructure and Hardness 

To determine the role of quench rate during hot stamping on the resulting microstructure of 

Ductibor® 500-AS, the 1.2-mm-thick sheets of this steel were subjected to various heat treatments. 

The 203.2 mm × 203.2 mm blanks were initially austenitized at 930 °C for 6.5 minutes in a Deltech 

furnace with an air atmosphere and then cooled to room temperature in either air (≈ 5 °C/s), 

between chilled flat dies with a 7 °C temperature under a contact pressure of 15 MPa for 15 s (≈ 

365 °C/s), or in water (≈ 1890 °C/s). To investigate the final microstructures of the different 
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material conditions using light optical and scanning electron microscopy (LOM and SEM, 

respectively), small specimens from the as-quenched blanks were cut and mounted in resin-epoxy 

pucks for metallurgical examination. The through-thickness surfaces were ground and polished 

using the 300-to-2400 grit size SiC sandpaper and 1-to-1/4 µm diamond paste, respectively, and 

subsequently etched using a 5% Nital solution. The hardness of the samples was also measured 

using a microhardness tester by means of a Vickers indenter with a 1 kgf load applied for 15 s. 

Figure 6 shows LOM and SEM images of the as-quenched microstructures, and Table 3 presents 

the results of phase quantity analyses based on the systematic manual point-count method [195] 

as well as measured hardness values of the different as-quenched samples. As can be seen, the air-

cooled condition has a mostly-ferritic microstructure and the lowest hardness value (167 HVN). 

The die- and water-cooled conditions, due to the higher cooling rates, have lower ferrite contents 

(57.4% and 10.1%), higher amounts of the harder phases of martensite and tempered 

martensite/bainite (42.6% and 89.9% in total), and, as a result, higher hardness values (248 HVN 

and 341 HVN), respectively. More details about the heat treatments, as-quenched microstructures, 

and phase quantity analyses can be found in Appendix B. 

 
Figure 6: LOM and SEM images of the as-quenched microstructures of Ductibor® 500-AS; (a),(b) air-, 

(c),(d) die-, and (e),(f) water-cooled (α: ferrite, M: martensite, and TM/B: tempered martensite/bainite). 
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Table 3: The results of the phase quantity analyses and measured hardness for  

the as-quenched microstructures of Ductibor® 500-AS 

(Note: the indicated variations represent the standard deviations of the measured data.) 

Material Condition F (%v) M (%v) TM/B (%v) Measured hardness (HVN) 

Air-cooled 95.7 ± 2.0 4.3 ± 2.0 trace 167 ± 3 

Die-cooled 57.4 ± 6.5 30.7 ± 3.8 11.9 ± 3.1 248 ± 3 

Water-cooled 10.1 ± 2.3 77.8 ± 3.8 12.1 ± 1.5 341 ± 6 

4.1.2. Constitutive Behavior 

To characterize the constitutive (flow) response of the different material conditions of 

Ductibor® 500-AS, Standard JIS Z2201 No. 5 uniaxial tension samples (Figure 7) [196] were cut 

from the various as-quenched blanks along the transverse direction (TD). Anisotropy analysis was 

conducted only on the die-cooled Ductibor® 500-AS, so tensile specimens along the rolling and 

diagonal directions (RD and DD, respectively) were also prepared for this material condition. A 

100-kN MTS Criterion 45 servo-electric tensile frame was used to carry out the tests at a strain 

rate of 0.01 s-1. At least 5 repeat tests were conducted for each material condition. Stereoscopic 

digital imaging correlation (DIC) techniques by means of Point Grey Research GRAS-50S5M-C 

cameras and the Vic3D Correlated Solutions DIC software were utilized to acquire strain 

distributions over the areas of interest. The samples were sandblasted before testing to remove the 

Al-Si coating, thereby avoiding the decohesion of the painted DIC speckle pattern during testing. 

A virtual strain gauge length (VSGL) [197] of 0.3 mm using step and filter sizes of 1 pixel and 5, 

respectively, was employed for the DIC analyses. The engineering-strain values were measured 

using three 50-mm virtual extensometers in the Vic-3D software. The material separation was 

considered to correspond to the onset of fracture.  
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Figure 7: The geometries of testing specimens (unit: millimeter) [89], [196]. 

Figure 8 illustrates the engineering stress-strain curves of the different as-quenched 

conditions of Ductibor® 500-AS, and Tables 4 and 5 present summaries of the measured 

mechanical properties and anisotropy analysis, respectively. It is evident that the water-cooled 

condition has the highest strength level and lowest elongation to fracture, which is due to its higher 

amount of the harder martensitic phase (Table 3). With the decrease in the martensite content and 

increase in the amount of the softer ferritic phase in the die- and air-cooled conditions, the strength 

decreased, while elongation to fracture increased. Interestingly, the stress-strain curve of the air-

cooled condition displays a yield-point phenomenon, which is a result of the formation of Lüders 

bands along the gauge length of the specimens due to the pinning of dislocations by the interstitial 

alloying elements of carbon and nitrogen (Table 1) [127]. Table 4 reveals that the level of 

anisotropy in terms of the measured stress ratios is relatively moderate in the die-cooled condition, 

with less than 5% variation with material direction. However, there is significant plastic anisotropy 

in terms of the Lankford coefficients (R-values), which range from 0.58 to 1.39 depending upon 

the material direction. Tensile tests were not conducted along the RD and DD for the air- and 

water-cooled conditions; however, the R-values of the air- and water-cooled conditions acquired 

along the transverse direction were 0.82 ± 0.06 and 0.80 ± 0.08, respectively, which are very close 

to the transverse direction R-value for the die-cooled condition (0.82 ± 0.06).  More details about 
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the constitutive and anisotropy analyses, including the flow response in simple shear loading and 

yield surface of the die-cooled condition, can be found in Appendix B. 

  
Figure 8: The engineering stress-strain curves of the different as-quenched conditions of Ductibor® 500-

AS along the various material directions. 

Table 4: A summary of the mechanical properties of the different as-quenched conditions of  

Ductibor® 500-AS 

 (Note: the indicated variations represent the standard deviations of the measured data.) 

Material condition UTS (MPa) Elongation to fracture (ef
 
%) 

Air-cooled  525 ± 11 27.1 ± 0.4 

Die-cooled  721 ± 11 17.6 ± 0.5 

Water-cooled  810 ± 29 7.3 ± 0.8 

Table 5: A summary of the anisotropy analysis on the die-cooled Ductibor® 500-AS 

Orientation R-valuea  Stress ratiob  

RD 0.58 ± 0.01c 1 ± 0.02 

DD 1.39 ± 0.04 0.99 ± 0.01 

TD 0.82 ± 0.06 1.03 ± 0.02 

Notes: 

a: R-values were calculated over the range corresponding to 1% elongation to the maximum uniform 

elongation (at the UTS point);  

b: stress ratios were obtained with respect to the stress along the RD for the same level of plastic work 

(68.3 MJ/m3) corresponding to the weakest direction (DD) at the UTS point; and  

c: the indicated variations correspond to the standard deviations of the measured data. 

4.1.3. Fracture Response  

To acquire the fracture loci of the different as-quenched conditions of Ductibor® 500-AS, 

mini shear, hole-expansion, and plane-strain tension and equibiaxial tension Nakazima dome tests 

were carried out for each material condition. The sample geometries are shown in Figure 7. Mini 

shear tests were conducted by means of a 100-kN MTS hydraulic tensile frame at a strain rate of 
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0.01 s-1. The hole-expansion and Nakazima dome tests were performed using an MTS dome tester 

apparatus with conical (60° angle) and hemispherical punches, respectively. A punch speed of 0.25 

mm/s and binder force of 660 kN were applied. The binder and die were equipped with male and 

female lock beads, respectively. To decrease friction with the punch and obtain a fracture closer 

to the top of the dome, three sheets of Teflon coated with petroleum jelly were used between the 

punch and samples. Stereoscopic DIC techniques, with the conditions described in Section 4.1.2, 

were utilized. The principal strain values of the mini shear and Nakazima dome tests were extracted 

from 0.25 mm × 0.4 mm rectangular- and 0.5-mm-radius circular-shaped sampling areas of 

interest, respectively. The fracture strains of the hole-expansion samples were calculated based on 

the measurement of the initial and final outer diameters of the hole from the corresponding images, 

assuming a uniaxial tension loading state at the hole edges. Since the determination of the onset of 

fracture in the mini shear tests was visually difficult, the instant of maximum load was taken as 

corresponding to the onset of fracture. This approach is expected to provide conservative estimates 

for the shear fracture strains [197]. However, for the hole-expansion and Nakazima dome tests, 

fracture initiation was taken as the occurance of the first visible crack. Through-thickness localized 

necking generally precedes fracture during Nakazima dome tests, and thus, DIC surface 

measurements cannot resolve actual fracture strains. Therefore, the DIC fracture strains of the 

plane-strain and equibiaxial tension Nakazima dome specimens were corrected by post-mortem 

thickness measurements at the fracture points based on a plane-strain assumption [198]. The 

number of repeat experiments for each condition was at least 4.  

Figure 9 shows the surface strain paths experienced during the various fracture tests as well 

as the fracture points for each as-quenched condition of Ductibor® 500-AS, and Figure 10 presents 

the corresponding von Mises fracture strains. It can be seen that the measured strain paths are very 

similar for all of the material conditions in the different fracture tests except in the case of the 

equibiaxial tension Nakazima dome testing for the water-cooled condition. Such a difference is 

attributed to the occurrence of off-center fractures in the water-cooled samples, stemming from 

warpage that occurred during water quenching. The plane strain and equibiaxial tension Nakazima 

dome tests exhibited partially non-linear strain paths due to the initial out-of-plane biaxial bending 

induced by the hemispherical punch and through-thickness localization necking, respectively. It is 

also evident that all of the material conditions underwent less deformation under the stretching 

strain states (plane strain and biaxial tension) compared to the uniaxial tension and simple shear 
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loading states. The air-cooled condition experienced the highest strains before fracture (the highest 

ductility) in all of the loading conditions, followed by the die- and water-cooled conditions, 

respectively. These results are consistent with the microstructural and hardness measurements, 

presented in Section 4.1.1, that showed that the air-cooled microstructure with a mostly-ferritic 

microstructure had the lowest hardness, while the die- and water-cooled microstructures with 

higher amounts of total harder phases had the higher hardness, respectively. Comparing the DIC- 

and thickness measurement-based fracture strains from the Nakazima dome tests indicates that a 

noticeable increase in major principal (and equivalent) strain occurred between the onset of 

necking and fracture in all of the material conditions, specifically during the plane-strain tension 

Nakazima dome tests. As discussed earlier, such a difference is attributed to the limitation of the 

DIC measurements to the specimen surface, whilst fracture normally initiates within the necked 

region through the sample thickness during the Nakazima dome tests.  

More details about the experimentation and measured fracture data, including strain 

distributions and stress states, can be found in Appendix C.  

 
Figure 9: The surface strain paths of the different as-quenched conditions of Ductibor® 500-AS in the 

various fracture tests. Note that the "o" and "🞩" symbols represent the fracture points based on the DIC 

techniques and thickness measurements, respectively, and the error bars indicate the measured data 

variations. 
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Figure 10: The equivalent fracture strains of the different as-quenched conditions of Ductibor® 500-AS in 

the various mechanical tests. Note that the error bars represent the measured data variations. 

4.2. Task 2: Characterization of Hot-Stamped TWBs 

This section incorporates a summary of the characterization work performed on the hot-

stamped mono- and multi-gauge TWBs of Usibor® 1500-AS and Ductibor® 500-AS.  

4.2.1. Microstructure and Hardness 

The hot-stamping (die-quenching) process and the microstructure and hardness 

investigations of the TWBs were carried out in the same manner as those explained in Section 

4.1.1 for the monolithic Ductibor® 500-AS blanks. Figures 11 and 12 illustrate the microstructure 

and hardness variations across the weld of the as-received and hot-stamped TWBs, respectively. 

In the as-received condition, the microstructure of Usibor® 1500-AS was comprised of ferrite and 

pearlite with alloy carbides dispersed mostly within the ferritic grains. Martensite was also found 

locally on the ferritic grain boundaries. The fusion zone was composed of a completely-martensitic 

microstructure. The microstructure within the Ductibor® 500-AS side of the TWBs was constituted 

of a continuous ferritic matrix with a small amount of martensite, either trapped inside the ferritic 

grains or on the ferritic grain boundaries. The microhardness results are consistent with the 

microstructural observations such that the average hardness was high in the fusion zone (452-531 

HVN) and dropped to that of the soft parent metals on either side of the weld, i.e. 199-204 HVN 
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for Ductibor® 500-AS and 180-201 HVN for Usibor® 1500-AS. In the hot-stamped condition, the 

Usibor® 1500-AS region, with an average hardness within the range of 480-495 HVN, exhibited a 

fully-martensitic microstructure. Ductibor® 500-AS in the hot-stamped mono-gauge TWBs 

exhibited a microstructure composed of approximately 57% ferrite, 31% martensite, and 12% 

tempered martensite/bainite (Figure 6 and Table 3), with average hardness of approximately 248 

HVN, which is consistent with that of the die-cooled monolithic Ductibor® 500-AS sheet. 

However, the Ductibor® 500-AS sheet within the multi-gauge TWB exhibited a microstructure 

constituted of 73% ferrite and 27% martensite (Figure 12), with a lower hardness value of 218 

HVN. The softer condition of Ductibor® 500-AS in the multi-gauge TWB suggests a lower cooling 

rate, possibly due to the use of a stepped die to account for the different thicknesses of the two 

parent sheets.  

It is interesting to note that the hardness in the weld zone of the thermally-processed TWBs 

varied almost monotonically across the 1.6-mm width of the weld line between the hardness levels 

of the parent metals. The center of the weld exhibited a mostly-martensitic microstructure with 

some ferrite and tempered martensite/bainite. Moving from the weld center, the martensite content 

increased towards the Usibor® 1500-AS side and decreased towards the Ductibor® 500-AS side. 

This phenomenon is attributed to the variation of material hardenability across the weld. Such a 

gradient in hardenability stems from the mixing of the two alloys during welding and carbon 

migration from the higher carbon-concentration Usibor® 1500-AS sheet towards the lower carbon-

concentration Ductibor® 500-AS sheet (See Table 1) during the austenitization stage of hot 

stamping. Details about the microstructural variations within the HAZs of the as-received and hot-

stamped TWBs can be found in Appendix D. 
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Figure 11: The microstructure and hardness variations of the as-received TWBs across the weld. 
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Figure 12: The microstructure and hardness variations of the hot-stamped TWBs across the weld. 
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4.2.2. Constitutive and Fracture Response 

To examine the constitutive (flow) and fracture behavior of the hot-stamped TWBs, various 

mechanical tests, including uniaxial tension, equibiaxial tension Nakazima dome, and V-bend, 

were conducted with the sample geometries shown in Figure 7. The tensile specimens were cut 

from the hot-stamped blanks with a centrally-located weld line with either longitudinal or 

transverse orientations with respect to the loading direction. The Nakazima dome samples were 

prepared with the weld line in the middle of the specimens. The testing conditions for the tensile 

and Nakazima dome tests were similar to those described in Sections 4.1.2 and 4.1.3. It should be 

noted that the Nakazima dome samples were located in the tooling such that their centers were 

aligned with the axis of the punch. For the V-bend testing, samples with three different orientations 

(0°, 45°, and 90°) of the weld line with respect to the bending axis were prepared and tested by 

means of an inverted V-bend device [199] with a punch tip radius of 0.4 mm and a punch speed 

of 20 mm/min based on the VDA 238-100 specification [200].  

Stereoscopic DIC techniques, with the same settings noted in Sections 4.1.2 and 4.1.3, were 

deployed for the strain-distribution measurements during all of the mechanical tests. The strain 

distributions across the weld line of the uniaxial tension and Nakazima dome specimens were 

obtained by exporting the strain data along line slices perpendicular to the weld line at the fracture-

initiation locations. In the tensile tests, the engineering strains were measured using 50-mm virtual 

extensometers in the gauge sections of the specimens plotted in Vic-3D, and the onset of fracture 

was determined to be the moment of material separation. In the Nakazima dome tests, the local 

von Mises equivalent fracture strains were calculated based on the incremental integration of the 

principal strains extracted from 0.5-mm-radius circle inspector tools in Vic-3D positioned at the 

locations of the first visible cracks. To obtain the von Mises equivalent fracture strains of the V-

bend samples, the strain paths at the points with maximum major strain, taken from five line slices 

perpendicular to the bend lines of the specimens in Vic-3D, were averaged. For these samples, 

fracture was defined based on the VDA standard, i.e. a 30 N load drop from maximum load for 

materials thinner than 2 mm [199]. It is mentioned that a minimum of 4 repeat tests was considered 

for each testing type. Moreover, the results of the fracture tests on the TWBs were compared with 

those of the 1.2- or 1.6-mm-thick parent metals, which were either reported in previous studies or 

obtained as part of the current study using the same mechanical testing procedures. 
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4.2.2.1. Tensile Test Results 

Figures 13 and 14 show the engineering stress-strain curves of the longitudinal and 

transverse TWB tensile samples compared to those of the base metals, respectively. Moreover, a 

comparison of the UTS, elongation to maximum load, and elongation to fracture of the TWBs and 

parent metals is presented in Figure 15.  

In the case of the longitudinal TWBs, the 1.6D-1.6U TWBs with 8.5% elongation to fracture 

exhibited the highest ductility, but the 1.2D-1.2U and 1.2D-1.6U TWBs underwent similar 

elongation to fracture (7.3-7.5%). The multi-gauge TWB exhibited around 4-5% higher strength 

since the thicker, higher-strength Usibor® 1500-AS was more engaged in the grips than the thinner, 

weaker Ductibor® 500-AS and, as a result, carried a higher fraction of total load compared to that 

in the case of the mono-gauge TWBs with the Usibor® 1500-AS and Ductibor® 500-AS sections 

equally engaged in the grips. The strength levels of the longitudinal TWBs (~ 1.15 GPa) lay 

between those of the parent metals (~ 0.7 GPa-1.6 GPa). However, their total elongation was lower 

than that of the parent metals but closer to that of the hot-stamped Usibor® 1500-AS, primarily 

since fracture initiation occurred within the Usibor® 1500-AS side of the specimen (Figure 16). 

These observations indicate that the fracture response of such longitudinally-oriented TWBs is 

largely controlled by the region with the lowest ductility. 

The results of the mono- and multi-gauge transverse TWBs show that the 1.2D-1.6U TWBs 

had about 10%-15% lower strength but almost similar elongation (~ 10%) to fracture in 

comparison with the 1.2D-1.2U TWBs. The 1.6D-1.6U TWBs herein also exhibited the highest 

elongation prior to fracture (10.6%). Compared to the hardening behavior of the parent metals, the 

maximum strength and elongation of the transverse TWBs were similar to the UTS of the hot-

stamped Ductibor® 500-AS and elongation of the hot-stamped Usibor® 1500-AS at fracture, 

respectively. However, contrary to the longitudinal TWBs, fracture was initiated in the Ductibor® 

500-AS side in the transverse TWBs (Figure 17). Such observations indicate that deformation 

occurs primarily in the weaker parent metal of such transverse TWBs. Consequently, their strength 

is limited by the strength of the weaker sheet. The lower strength of the transverse 1.2D-1.6U 

TWBs relative to the two transverse mono-gauge TWBs is attributed to the lower martensite 

content and, as a result, the lower hardness and strength of the as-quenched Ductibor® 500-AS 
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sheet in the multi-gauge TWB (See Section 4.2.1). The induced bending due to the offset of the 

two sheets may also have contributed to the lower tensile strength and elongation of the multi-

gauge TWB under transverse loading. 

 It should be noted that elongation to maximum load for both longitudinal and transverse 

TWB tensile samples was almost in the same range (~ 5.5%) and between that for the parent metals 

but closer to that of the hot-stamped Usibor® 1500-AS. Moreover, a comparison of the mechanical 

response of all tensile TWBs reveals that the longitudinal specimens have higher strength, whilst 

the transverse TWBs have higher ductility. 

 
Figure 13: The engineering stress-strain curves of the tensile longitudinal TWBs and 1.2-mm-thick 

monolithic parent metals of Usibor® 1500-AS [201] and Ductibor® 500-AS. Note that the error bars 

correspond to the measured data variations. 

 

Figure 14: The engineering stress-strain curves of the tensile transverse TWBs and 1.2-mm-thick 

monolithic parent metals of Usibor® 1500-AS [201] and Ductibor® 500-AS. Note that the error bars 

correspond to the measured data variations. 
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Figure 15: A comparison of the UTS, elongation to maximum load, and elongation to fracture of the 

various hot-stamped TWBs with those of the 1.2-mm-thick hot-stamped monolithic parent metals of 

Usibor® 1500-AS (U) [201] and Ductibor® 500-AS (D). Note that the error bars correspond to the 

measured data variations. 

 
Figure 16: The a) measured and b) predicted major true strain distributions prior to fracture and c) the 

onset of fracture in the hot-stamped tensile longitudinal 1.2D-1.2U TWBs. Note that U, W, and D 

represent Usibor® 1500-AS, weld, and Ductibor® 500-AS, respectively, and the FE model prediction in 

(b), corresponding to the simulation with the weld region modelling, is discussed in Section 4.4. 
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Figure 17: The a) measured and b) predicted major true strain distributions prior to fracture and c) the 

onset of fracture in the hot-stamped tensile transverse 1.2D-1.6U TWBs. Note that U, W, and D represent 

Usibor® 1500-AS, weld, and Ductibor® 500-AS, respectively, and the FE model prediction in (b), 

corresponding to the simulation with the weld region modelling, is discussed in Section 4.4. 

Figure 18 shows the major true strain distributions of the longitudinal 1.2D-1.2U and 

transverse 1.2D-1.6U TWBs across the weld at several levels of total elongation (ef), respectively. 

Since the other TWB specimens for each orientation exhibited similar responses, their results are 

not shown here for brevity. For the longitudinal TWBs, uniform distributions of major true strain 

were observed across the sample width until around 75% of the total elongation (ef). This 

corresponds to the deformation state prior to reaching the UTS point, at which almost uniform 

elongation existed along the gauge length of the specimen. For higher levels of deformation, the 

strain was localized within the Usibor® 1500-AS side of the specimen and increased extensively 

until fracture initiation (Figure 16), with only mild increases in strain on the Ductibor® 500-AS 

side of the specimen. In fact, the deformation in the gauge sections of the longitudinally-loaded 

weldments was approximately uniform until maximum load (diffuse necking); thus, fracture was 

initiated in the more brittle Usibor® 1500-AS region.  
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In the transversely-loaded TWBs, plastic deformation was confined to the lower strength 

Ductibor® 500-AS side of the specimen, whereas the weld and Usibor® 1500-AS sheet remained 

largely elastic. At a deformation level corresponding to approximately 50% of the total elongation, 

strain localization was initiated within the Ductibor® 500-AS section, followed by final fracture 

(Figure 17). In the transversely-loaded TWBs, the transmitted load is constant across the parent 

metals and weld regions, thus localization and fracture are initiated in the weaker Ductibor® 500-

AS region.  

 

 
Figure 18: The major true strain distributions across the weld for the (a) 1.2-mm-thick mono-gauge 

longitudinal and (b) multi-gauge transverse TWB tensile samples at several levels of total elongation (ef). 

Note that U, W, and D represent Usibor® 1500-AS, weld, and Ductibor® 500-AS, respectively. 
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4.2.2.2. Nakazima Dome Test Results 

Figure 19 presents a comparison of the maximum punch displacements and equivalent 

fracture strains for the three TWB configurations and two parent metals in the Nakazima dome 

tests with the equibiaxial tension geometry. The multi-gauge TWB exhibited the highest punch 

displacement and fracture strain compared to the two mono-gauge TWBs. Taking into account that 

fracture initiation occurred in the Ductibor® 500-AS section of the TWB Nakazima dome 

specimens (Figure 20), the higher ductility of the multi-gauge TWB is attributed to the formation 

of a softer microstructure of Ductibor® 500-AS in such a TWB after hot stamping, as discussed in 

Section 4.2.1. The 1.6- and 1.2-mm-thick mono-gauge TWBs had similar fracture strains but 

different punch displacements. Compared to the 1.6-mm-thick monolithic parent metals, all TWB 

types fractured at lower punch depths.  

 
Figure 19: The average maximum punch displacements and equivalent fracture strains of the various hot-

stamped TWBs in the Nakazima dome tests with the equibiaxial tension geometry in comparison with 

those of the 1.6-mm-thick hot-stamped monolithic parent metals of Usibor® 1500-AS (U) and Ductibor® 

500-AS (D). Note that the error bars correspond to the measured data variations. 
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Figure 20: The a) measured and b) predicted major true strain distributions prior to fracture and c) the 

onset of fracture in the Nakazima dome 1.6D-1.6U TWBs with the equibiaxial tension geometry. Note 

that U, W, and D represent Usibor® 1500-AS, weld, and Ductibor® 500-AS, respectively, and the FE 

model prediction in (b), corresponding to the simulation with the weld region modelling, is discussed in 

Section 4.4. 

The strain paths corresponding to the fracture locations of the three equibiaxial tension 

Nakazima dome TWB configurations are shown in Figure 21. At the onset of deformation, the 

minor true strain increased slightly because of the engagement of the hemispherical punch with 

the blanks and the consequent biaxial bending. After this point, the rate of changes in the minor 

true strain went to zero, and the subsequent deformation was under a plane-strain tension 

condition. Such a phenomenon was due to the constraint of the much stronger Usibor® 1500-AS 

sheet which effectively suppressed deformation along the weld line in the Ductibor® 500-AS side 

of the TWBs. As a result, fracture in the Ductibor® 500-AS sheet occurred under a plane-strain 
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tension condition, with its inherently-lower ductility. Due to the same reason, the dome heights (or 

maximum punch displacements) for the TWB samples were much lower than those for the 

monolithic sheet specimens (Figure 19), which experienced an almost equibiaxial stretching 

condition with the same specimen geometry. The similarity of the DIC-based equivalent fracture 

strains of the TWB equibiaxial tension Nakazima dome specimens (Figure 19) to those of the 

plane-strain tension Nakazima dome specimens of the hot-stamped monolithic Ductibor® 500-AS 

(Figure 9) also confirms the above discussion.  

   
Figure 21: The strain paths corresponding to the fracture locations of the hot-stamped a) 1.2-mm-thick 

mono-gauge, b) multi-gauge, and c) 1.6-mm-thick mono-gauge TWBs during  

the equibiaxial tension Nakazima dome tests. 

To further examine the development of the strain distributions within the TWB Nakazima 

dome samples, the major true strain distributions across the weld for the various TWBs at different 

levels of deformation are shown in Figure 22. It is evident that from the early stages of loading, 

the deformation was concentrated in the Ductibor® 500-AS side of the weldment, while the strain 

in the Usibor® 1500-AS parent metal and weld region remained quite low. Interestingly, the 

location of fracture in the 1.2D-1.6U TWBs was further from the weld, as compared to that in the 

mono-gauge TWB samples. This behavior is attributed to the induced bending at the weld in the 

thinner gauge due to the offset of the mid-planes of the parent metals. 
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Figure 22: The distribution of major true strain across the weld in the equibiaxial tension Nakazima dome 

samples of the hot-stamped a) 1.2-mm-thick mono-gauge, b) multi-gauge, and c) 1.6-mm-thick mono-

gauge TWBs at several levels of the total (fracture) punch depth (df). Note that U, W, and D represent 

Usibor® 1500-AS, weld, and Ductibor® 500-AS, respectively. 
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4.2.2.3. V-Bend Test Results 

Figure 23 presents a summary of the results of the V-bend tests on the different hot-stamped 

TWBs as well as the 1.6-mm-thick monolithic parent metals based on the VDA 238-100 standard 

[200]. The V-bend testing on the samples with the 0° weld-line orientation relative to the punch 

bend axis resulted in fracture within the weld (Figure 24b). Among the 0° TWB samples, the multi-

gauge TWB had the lowest bend angle and fracture strain. The reason is attributed to the stress 

concentration at the weld and, consequently, the earlier fracture. The bend angle and fracture strain 

increased as the thickness increased in the case of the 0° mono-gauge TWBs. However, the 45° 

and 90° specimens of the different TWBs fractured within the Usibor® 1500-AS parent metal 

(Figures 25b and 26b, respectively). As a result, the fracture strains and bend angles were very 

similar for all of these TWBs. The 45° and 90° 1.2-mm-thick TWBs had the highest bend angles 

among all of the TWBs. As can be seen in Figure 23, a comparison of the results of the TWB and 

parent-metal V-bend tests reveals that the bend angles and equivalent fracture strains for the TWBs 

that fractured within Usibor® 1500-AS were comparable to those of the monolithic Usibor® 1500-

AS sheet. However, all of the TWBs exhibited the lower ductility with respect to the monolithic 

Ductibor® 500-AS sheet. It should be noted that for most of the samples, cracking was observed 

slightly after or before the VDA threshold.  

 
Figure 23: A summary of the results of the V-bend tests on the various hot-stamped TWBs compared to 

those of the hot-stamped 1.6-mm-thick monolithic parent metals of Usibor® 1500-AS (U) and Ductibor® 

500-AS (D). Note that the error bars correspond to the standard deviations of the measured data. 
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Figures 24-26 show major true strain distributions at the VDA points in the various V-bend 

specimens. It is observed that the strain distribution in the 0° V-bend sample (Figure 24a) was not 

symmetric around the punch radius, contrary to that in either of the 45° or 90° specimens (Figures 

24a and 25a, respectively). This behavior is attributed to the imbalance of the strength across the 

weld in the 0° specimens, which led to the slip of the specimens over the punch tip towards the 

higher strength region (Usibor® 1500-AS). It is interesting that the Ductibor® 500-AS region in 

the 0° V-bend specimens experienced the highest strains (Figure 24a), but fracture occurred in the 

weld (Figure 24b), which had the intermediate strains (Figure 24a). 

 
Figure 24: a) The distribution of major true strain at the VDA point and b) a fractured specimen of the 

1.6D-1.6U TWBs in the 0° V-bend test. Note that U, W, and D represent Usibor® 1500-AS, weld, and 

Ductibor® 500-AS, respectively. 

 
Figure 25: a) The distribution of major true strain at the VDA point and b) a fractured specimen of the 

1.2D-1.2U TWBs in the 45° V-bend test. Note that U, W, and D represent Usibor® 1500-AS, weld, and 

Ductibor® 500-AS, respectively. 
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Figure 26: a) The distribution of major true strain at the VDA point and b) a fractured specimen of the 

1.2D-1.6U TWBs in the 90° V-bend test. Note that U, W, and D represent Usibor® 1500-AS, weld, and 

Ductibor® 500-AS, respectively. 

Figure 27 illustrates the strain paths experienced by the TWBs for each weld orientation 

during the V-bend tests. It is evident that there was an almost-completely plane-strain condition at 

the fracture points throughout the tests for the various weld orientations of the TWBs. The strain 

histories of the TWBs not shown in Figure 27 were similar to those plotted and are omitted for the 

sake of brevity. Compared to the strain paths of the TWB Nakazima dome specimens (Figure 21), 

for which an almost plane-strain condition was also dominant at fracture locations throughout the 

testing, the strain paths of the TWB V-bend samples are approximately linear. The early deviation 

from the plane-strain condition in the Nakazima dome samples is due to the initial bending during 

the punch engagement with the specimens. 

   
Figure 27: The strain paths of the a) 1.6-mm-thick mono-gauge, b) 1.2-mm-thick mono-gauge, and c) 

multi-gauge TWBs with the 0°, 45°, and 90° weld orientations during the V-bend tests, respectively. 
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It is noted that more details about the characterization work on the mechanical response of 

the TWBs and measured fracture properties, including minor strain distributions in the tensile tests 

and punch load at the VDA point in the V-bend tests, can be found in Appendix D. 

4.3. Task 3: Microstructure-based Modelling of the Mechanical Response of Parent Metals 

To model the flow and fracture behavior of Usibor® 1500-AS and Ductibor® 500-AS for a 

range of as-quenched microstructures and stress states, a coupled micromechanical-

phenomenological strategy was developed. In this approach, the flow response of the multi-phase 

steels was calculated using mean-field homogenization (MFH) techniques, and their fracture 

response was predicted using the GISSMO damage model defined at the micro level within each 

micro-constituent. The following sections present the foundations and predictions of the proposed 

numerical strategy. It is noted that the as-quenched microstructures of Usibor® 1500-AS the 

mechanical response of which was modelled in this work were those developed and characterized 

by ten Kortenaar [89]. These include approximately fully-martensitic (100%M), 60% martensitic 

plus 40% bainitic (60%M+40%B), and fully-bainitic (100%B) microstructures, produced via 

quench-hardening heat treatments with cooling rates of 50 °C/s (oil-cooled), 24 °C/s (forced air-

cooled), and 14 °C/s (air-cooled), respectively. The numerical work on Ductibor® 500-AS was 

performed on the as-quenched microstructures produced as part of the current research, 

corresponding to 5 °C/s (air-cooled), 365 °C/s (die-cooled), and 1890 °C/s (water-cooled) cooling 

rates (See Section 4.1.1 and Table 3). 

4.3.1. Modelling of Constitutive Behavior 

To model the constitutive (flow) behavior of the studied microstructures of Ductibor® 500-

AS, the true stress-strain curves obtained by the uniaxial tension tests were first extrapolated 

beyond the UTS point using the shear-conversion methodology proposed by Rahmaan et al. [197]. 

Given this approach, the plastic work per unit volume in the tensile and shear tests was calculated 

up to the UTS point using the normal (tensile) and shear stresses ( n  and  ) and plastic strains 

(
p

n  and 
p ) for each material condition. Then the averaged shear-to-normal stress ratios were 

obtained for the same amounts of the plastic work per unit volume in the tensile and shear tests 

and assumed to remain constant beyond the UTS point. Finally, the shear stress-plastic strain data 
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was converted to the corresponding tensile (equivalent) stresses (
eq ) and plastic strains ( p

eq ) 

using the averaged shear-to-normal stress ratios and plastic work equivalency (Equation (9) [202]), 

respectively. 

 12p p p p

eq

n n n

d sinh
  

   
  

     
       

     
                            (9) 

In Equation (9), 1

p  is the major principal plastic strain measured during the shear test. It should 

be noted that this equation is the general form of the work-conjugate equivalent plastic strain given 

the rotation of the principal axes in simple shear loading [202]. The converted shear data was 

further fit to a modified Hockett-Sherby model (Equation (10)) [203] to extend the flow curves for 

even larger strains. 

( )exp( ( ) )p d pb b a c e                                            (10) 

In Equation (10), a  to e  are calibration parameters that were identified in a constrained least-

squares minimization using the MATLAB® software.  

Figure 28 illustrates the tensile, converted shear, and modified Hockett-Sherby flow curves 

of the different as-quenched conditions of Ductibor® 500-AS. It is apparent that for all of the 

material conditions, the converted shear data matches the experimental data until UTS, and the 

flow curves extrapolated based on the modified Hockett-Sherby model are in good agreement with 

both measured tensile and converted shear data.  

More details about the constitutive modelling of the flow response of the studied material 

conditions of Ductibor® 500-AS, including calculated shear-to-normal stress ratios and calibration 

parameters of the modified Hockett-Sherby hardening law, can be found in Appendix B. It should 

be noted that for Usibor® 1500-AS, the tensile flow curves of the studied as-quenched conditions 

were already extrapolated by ten Kortenaar [89] using an inverse-modelling approach beyond the 

UTS point to large strains (See Appendix A). The modelling of these extrapolated flow curves was 

conducted in the present research. 
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Figure 28: The tensile, converted shear, and modified Hockett-Sherby flow curves of the different as-

quenched conditions of Ductibor® 500-AS; (a) air-, (b) die-, and (c) water-cooled conditions. 

To predict the flow response of the as-quenched microstructures of both Usibor® 1500-AS 

and Ductibor® 500-AS, mean-field homogenization (MFH) modelling was applied. For this 

purpose, the microstructures were idealized as two-phase composites with the softer constituent 

phase, i.e. bainite in Usibor® 1500-AS and ferrite in Ductibor® 500-AS, as an isotropic matrix 

surrounding the harder martensitic spheroids, treated as randomly distributed inclusions in the 

matrix. Such representative microstructures were consistent with the adopted assumption of the 

isotropic mechanical behavior for both steels in this numerical study. In addition, the tempered 

martensite/bainite (TM/B) phases present as minor phases (≤ ~ 12 %v, Table 3) in the ferritic-

martensitic microstructures of Ductibor® 500-AS were treated as martensite in the numerical 

modelling. Such an assumption was considered reasonable for the retention of a two-phase 

numerical treatment since the mechanical behavior of TM/B is closer to that of the martensitic 

phase than the ferrite phase. Therefore, the air-, die-, and water-cooled microstructures of 

Ductibor® 500-AS were approximated to be 96% ferritic plus 4% martensitic (~96%F+4%M), 

57% ferritic plus 43% martensitic (~57%F+43M), and 10% ferritic plus 90% martensitic 

(~10%F+90%M), respectively. The hardening behavior of the bainitic-martensitic and ferritic-

martensitic microstructures of Usibor® 1500-AS and Ductibor® 500-AS was calculated using two 

developed MFH schemes, referred to as the Samadian-Butcher-Worswick 1 (SBW1) and 

interpolative Samadian-Butcher-Worswick 1 (INSBW1) schemes, respectively. The developed 

MFH models are iterative models in which the mechanical properties of the equivalent 

homogeneous material (EHM) are updated as the volume fractions of the constituent phases vary 

in the microstructure. These models relate the micro strain fields of the matrix and inclusions using 

the self-consistent [102,204] and/or inverse self-consistent (obtained by the permutation of the 

matrix and inclusion properties) strain concentration tensors and account for the self-interactions 
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of inclusions and the influence of the volume fractions of the phases. The strain concentration 

tensors of inclusions ( ( )A i ), which correlate the micro strain field in inclusions (
( )i

 ) with the 

applied macroscopic strain  , in these MFH schemes are expressed as below: 

( ) 1( )=A : 1( ) (4) 1 ( ) 1

( )A [I S :[L] : (L L)]
i SBW i

SBW i i

mf
                                      (11) 

( ) 1( )=A : 1( ) 1( ) 1( )A (1 )A A
i INSBW i

INSBW i SBW i ISBW i 
                                       (12) 

in which: 

                   
( ) 1( )

(4) (4) 1 ( ) 1

=A : ( ) ( )1( )

( )

[ S :[L] : (L L)]i ISBW i
m

m iISBW i

i

f f

f

 

     
                      (13)         

In  Equations (11)-(13), 1( )AINSBW i , 1( )ASBW i , and 1( )AISBW i  are the fourth-order strain concentration 

tensors of the interpolative, direct, and inverse SBW1 schemes for inclusions;   and (4)I  are an 

interpolation function and the fourth-order identity tensor; ( )mf  and 
( )if  are the volume fractions 

of the matrix and inclusions; ( )L m , ( )L i , and L  are the fourth-order tangent moduli of the matrix, 

inclusions, and composite; and S  is Eshelby’s tensor [100] in terms of the composite properties 

and inclusion geometry, respectively. The interpolation function ( ) used in the INSBW1 model 

was the one developed by Lielens et al. (Equation (14)) [107]: 

( ) ( )

1
(1 )

2
i if f                                                           (14) 

The strain concentration tensor of the matrix ( ( )m ), which relates the micro strain field in the 

matrix (
( )m

 ) to the applied macroscopic strain, can be obtained based on the fact that the volume 

average of the strain concentration tensors of the constituent phases equals unity, i.e.

( ) ( ) (4)A A Ii m

(i) (m)f f   [205]. The step-by-step development of the proposed MFH models and 

evaluation of their predictive performance for the elastic and elastoplastic behavior of multi-phase 

materials are detailed in Appendix E.  
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In the MFH modelling for the bainitic-martensitic microstructures of the as-quenched 

Usibor® 1500-AS, the flow behavior of the individual phases of bainite and martensite in the mixed 

microstructures was assumed to be the same as that of their single-phase microstructures, i.e. 

100%B and 100%M, respectively. The effect of carbon partitioning on the mechanical response 

of bainite and martensite was neglected. This assumption was based on the fact that bainite and 

martensite are both considered constituent phases with high carbon concentrations and no specific 

limitations for carbon solubility (contrary to ferrite [129]). However, in the case of the ferritic-

martensitic microstructures of the as-quenched Ductibor® 500-AS, the solubility of carbon in 

ferrite is very low [126,128,129]. Consequently, the strength of martensite is strongly influenced 

by variations in its volume fraction due to the carbon partitioning phenomenon, in which carbon 

is ejected from ferrite to austenite during the ferritic transformation. To capture this effect, the 

flow behavior of the ferritic and martensitic phases within the mixed-phase microstructures of 

Ductibor® 500-AS was modelled using the dislocation-based strain hardening model developed by 

Rodriguez and Gutierrez (Equation (15)) [132]. As noted in Section 2.6.1.2, this model considers 

the lattice-friction (Peierls stress) and alloying-element effects as well as dislocation generation 

and annihilation during the plastic deformation in addition to carbon partitioning between phases. 

                                           0

1 exp( )
(MPa)

pMk
M b

kL


    

 
                                 (15) 

where 

0 77 750(% ) 60(% ) 80(% ) 45(% ) 60(% ) 11(% ) 5000(% )ssP Si Cu Ni Cr Mo N            (16) 

5000(% )F

ssC         for ferrite                                      (17) 

3065(% ) 161M

ssC         for martensite                             (18) 

In Equation (15), 0  represents the lattice friction and alloying element effects in the solid 

solution. In this work, the distribution of the alloying elements in the micro-constituents was 

considered to be uniform and similar to that in the steel.   takes into account the effects of 

carbon in the solid solution or precipitations. Similar to the work by Pierman et al. [129], the 
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carbon content in ferrite was ignored ( % 0F

ssC  ) according to its very low solubility in this phase, 

and the carbon content in martensite was calculated using the weight balance of carbon in the steel 

in terms of the steel carbon weight percentage ( % steel

ssC ) and martensite volume fraction (
MV ) in 

each microstructure (Equation (19)). 

% .% %
%

steel F steel
M ss F ss ss
ss

M M

C V C C
C

V V


                                       (19) 

  is the dislocation strengthening constant that varies between 0.2 and 0.5 depending on the 

dislocation density [206]. In this work, a value of 0.24 was considered for  . M  is the Taylor 

factor with a value of ~ 3 for bcc and fcc materials that relates the resolved shear stress in a single 

crystal to the normal flow stress in the polycrystal ( M  ) [206,207].  , b , L , and k  are the 

shear modulus (80,000 MPa), Burgers vector (
102.5 10  m), and dislocation mean free path and 

recovery rate, respectively. For the ferritic phase, L  equals the average ferrite grain size ( Fd ), 

which has a relationship with k  through the following equation [63,131]: 

510
F

F

k
d



                                                              (20) 

For the martensitic phase, similar to the work by Rodriguez et al. [132] and Sodjit et al. [130], L  

and k  were considered as fitting parameters such that the predicted hardening curves for the air-, 

die-, and water-cooled conditions based on the MFH modelling have the least deviations with 

respect to the experimental converted shear hardening data (Figure 28). It is noted that the values 

of L  and k  for martensite in each microstructure were determined using an optimization code 

based on a least-squares problem written in FORTRAN 90.  

The first-order secant-based linearization approach [111], which is appropriate for 

proportionally monotonic loading conditions, together with the algorithmic tangent moduli of the 

constituent phases, was applied in the plastic deformation region for the MFH modelling of the 

flow response of the as-quenched microstructures of both steels. In this method, the stress and 

strain updates in each phase are performed using the secant modulus that relates total strain to total 

stress within the constituent.  
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Therefore, given applied displacement boundary conditions, the strain in the constituent 

phases of the bainitic-martensitic and ferritic-martensitic microstructures of Usibor® 1500-AS and 

Ductibor® 500-AS, respectively, was calculated using the MFH models of SBW1 and INSBW1, 

respectively. Then the corresponding stress within each phase was integrated using the von Mises 

yield criterion and hardening response of the individual phases through the convex-cutting-plane 

(CCP) algorithm [208] with an imposed constraint of plane-stress loading for the steels.  

Figure 29 shows a comparison between the predicted and extrapolated (experiment-based) 

flow curves of the multi-phase microstructures of Usibor® 1500-AS and Ductibor® 500-AS. Also 

plotted are the extrapolated flow curves of the single-phase microstructures of Usibor® 1500-AS 

(100%B and 100%M), acquired by ten Kortenaar [89]. It is observed that there is good agreement 

between the predictions by the MFH models and experiment-based flow curves for both steels. 

These predictions can be improved if the carbon-partitioning effects on the hardening response of 

bainite and martensite in Usibor® 1500-AS and back stresses created by GNDs within ferrite in 

Ductibor® 500-AS are taken into account. 

  
Figure 29: The predicted and extrapolated (experiment-based) flow curves of the multi-phase 

microstructures of (a) Usibor® 1500-AS and (b) Ductibor® 500-AS based on the MFH models of SBW1 

and INSBW1, respectively, using the secant-based linearization method. Note that the extrapolated flow 

curves of the single-phase microstructures of Usibor® 1500-AS (100%B and 100%M), acquired by ten 

Kortenaar [89], are also plotted for the sake of comparison. 

An important application of the MFH modelling developed in this work is to predict the 

changes in the flow response of hot-stamped products with the final microstructure due to intended 

or unintended variations in cooling rates during the hot-stamping processes. Such changes in 

cooling rates can be due to natural variations in the local temperature and contact pressure that 

occur within the tooling and transients associated with the startup and shutdown of production 
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lines during the hot-stamping process. This case is expected for both Usibor® 1500-AS and 

Ductibor® 500-AS. Moreover, the cooling-rate variations can be introduced by design in tailored 

hot-stamping processes, such as in-die heating, in order to impart graded mechanical properties to 

final components. Such a case is more applicable to Usibor® 1500-AS. In order to predict the 

corresponding variations in material properties, the hardening curves of the bainitic-martensitic 

and ferritic-martensitic microstructures of Usibor® 1500-AS and Ductibor® 500-AS, respectively, 

for a range of constituent-phase volume fractions were predicted based on the MFH models 

through the secant-based linearization method (Figure 30). As seen in Figure 30, the larger 

martensite content corresponded to the higher strength level for both steels. Such predictions can 

reduce time-consuming and expensive experiments for characterizing the hardening response of 

different microstructures formed in various regions of hot-stamped components and improve the 

predictability of the crash simulations of such products. 

  
Figure 30: The predicted stress-strain curves of the (a) bainitic-martensitic and (b) ferritic-martensitic 

microstructures of Usibor® 1500-AS and Ductibor® 500-AS for a range of micro-constituent volume 

fractions based on the SBW1 and INSBW1 models through secant-based linearization method, 

respectively. 

Figure 31 shows the calculated hardening curves of the ferritic and martensitic phases for 

the range of the ferritic-martensitic microstructures of Ductibor® 500-AS that was shown in Figure 

30b. It is evident that as the martensite volume fraction increased, the predicted martensite strength 

decreased, while the predicted ferrite strength increased. Such predictions are consistent with the 

reported physical phenomena that occur within ferritic-martensitic microstructures. As the 

martensite content increases, a higher number of geometrically-necessary dislocations (GNDs) is 

generated within the ferritic grains [125,126,129,209,210], contributing to both isotropic and 

kinematic hardening (as discussed in Section 2.6.1.2). Moreover, the ferrite grain size tends to 
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decrease [128,129]. On the other hand, the concentration of carbon in martensite decreases [211]. 

Therefore, with an increased volume fraction of martensite, ferrite is strengthened, while 

martensite is weakened.         

  
Figure 31: The calculated stress-strain curves of ferrite and martensite in the various ferritic-martensitic 

microstructures of Ductibor® 500-AS for different micro-constituent volume fractions based on the 

dislocation-based strain hardening model. 

More details about the MFH modelling of the flow response of the multi-phase 

microstructures of Usibor® 1500-AS and Ductibor® 500-AS as well as predictions for the stress 

and strain partitioning between the constituent phases and the micro versus macro stress states 

under different loading conditions can be found in Appendices A and C. 

4.3.2. Modelling of Fracture Response 

To predict fracture in the bainitic-martensitic and ferritic-martensitic microstructures of 

Usibor® 1500-AS and Ductibor® 500-AS, respectively, damage accumulation was calculated 

individually within each phase during the MFH integration of the constitutive response. In this 

regard, the GISSMO damage counter ( ( )rD ) [177], introduced in Section 2.6.2.3, was tracked for 

each constituent phase ( r ) using Equation (21):  

( ) ( )

( )

( ) ( )( )
( ) ( ) 1 ( )

( ) ( ) ( )
[( ) ] ( )

r r

p r

r rr
p pr r n n r

pr r r

f f f
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D dD d d



 


  

                                (21) 

where ( )r

p , ( )r

f , and 
( )rn  are the equivalent plastic strain, equivalent fracture strain 

corresponding to the current stress state, and damage exponent all for the constituent phase of r , 

respectively. The equivalent fracture strain of the r  micro-constituent at each deformation step 
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was taken from the fracture locus of the steel with a microstructure completely comprised of the 

same constituent phase (i.e. 100% r ). In fact, the fracture loci of the single-phase microstructures 

of Usibor® 1500-AS (i.e. 100%B and 100%M) and Ductibor® 500-AS (i.e. 100%F and 100%M) 

were considered to be the bounds of fracture-strain limits for the corresponding constituent phases 

in the mixed-phase microstructures of the steels. 

For Usibor® 1500-AS, the Bai-Wierzbicki fracture loci [180] for the 100%B and 100%M 

microstructures, as fracture curves of bainite and martensite, respectively, as well as the 

60%M+40%B microstructure, as a case for the validation of predictions, were obtained using the 

measured data published by ten Kortenaar [89]. For Ductibor® 500-AS, the fully-ferritic and fully-

martensitic microstructures could not be produced experimentally. Therefore, the 100%F and 

100%M fracture loci were determined by the extrapolation of the MMC fracture loci [188] of the 

produced microstructures in the current research (~96%F+4%M, ~57%F+43%M, and 

~10%F+90%M) based on the dependency of the fracture locus on the martensite volume fraction 

( mV ). It is noted that the fracture loci of the mixed-phase microstructures were obtained using the 

measured fracture data presented in Section 4.1.3. 

For Usibor® 1500-AS, the practical range of the GISSMO damage exponent for each phase 

( ( )rn ) was obtained by linking the GISSMO damage parameter with the corresponding fracture 

locus (100%B or 100%M) and monitoring the predicted fracture strains for the corresponding 

single-phase microstructure such that they lay within the measured ranges in all of the loading 

states. The final values of ( )rn  for bainite and martensite, i.e. ( ) ( ) 0.6b mn n  , from the calculated 

ranges were found to provide the best predictions of the fracture strains for the mixed-phase 

microstructure (60%M+40%B). For Ductibor® 500-AS, the effects of variations in the strength of 

the micro-constituents in the mixed ferritic-martensitic microstructures on the fracture response 

were unknown. Consequently, the GISSMO damage exponent for each phase was considered to 

be a fitting parameter so that the predicted fracture strains for the three developed microstructures 

have the least deviations with respect to the measured fracture data. To find the optimum damage 

exponents, i.e. ( ) 1.05fn   and ( ) 0.6mn  , an optimization code based on the least-square problem 

was written in FORTRAN 90. Further details about obtaining the fracture loci and the calibration 

of the various fracture parameters can be found in Appendices A and C. 
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Hence, for each step of deformation during the MFH modelling, the damage parameter in 

each phase of the mixed-phase microstructures was updated using its predicted equivalent plastic 

strain increment, calibrated damage exponent, and fracture strain corresponding to its calculated 

instantaneous stress triaxiality ( ) and Lode parameter ( ). Finally, fracture was predicted to 

occur once the GISSMO damage indicator in any of the individual phases became unity. This 

solution scheme was implemented into a FORTRAN 90 code, and the fracture strains for the 

bainitic-martensitic and ferritic-martensitic microstructures of Usibor® 1500-AS and Ductibor® 

500-AS, respectively, were predicted for a range of micro-constituent volume fractions under 

various loading conditions. Figures 32-35 show the predicted fracture strains for the studied 

mixed-phase microstructures of Usibor® 1500-AS and Ductibor® 500-AS, along with the measured 

data. Figure 36 illustrates the predicted and interpolated (experiment-based) Bai-Wierzbicki or 

MMC fracture loci for these microstructures. As can be seen, the predicted fracture strains and loci 

for the studied microstructures have very good agreement with the experiment-based results.  

 
Figure 32: The predicted and measured equivalent fracture strains for the 60%M+40%B microstructure of 

Usibor® 1500-AS. Note that the error bars represent the measured data variations. 
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Figure 33: The predicted and measured equivalent fracture strains for the ~96%F+4%M microstructure of 

Ductibor® 500-AS. Note that the error bars represent the measured data variations. 

 
Figure 34: The predicted and measured equivalent fracture strains for the ~57%F+43%M microstructure 

of Ductibor® 500-AS. Note that the error bars represent the measured data variations. 
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Figure 35: The predicted and measured equivalent fracture strains for the ~10%F+90%M microstructure 

of Ductibor® 500-AS. Note that the error bars represent the measured data variations. 

  
Figure 36: The predicted fracture loci of the studied mixed-phase microstructures of (a) Usibor® 1500-AS 

and (b) Ductibor® 500-AS, compared to their interpolated (experiment-based) Bai-Wierzbicki or MMC 

fracture loci. Note that the symbols and error bars represent the averaged measured data and variations in 

the experimental data. 

Given such good predictions for the measured fracture strains and corresponding fracture 

loci, the numerical solution scheme was employed to predict the fracture loci for a range of the 

bainitic-martensitic and ferritic-martensitic microstructures of Usibor® 1500-AS and Ductibor® 

500-AS, respectively. The predictions, displayed in Figures 37, demonstrate that as the martensite 

volume fraction increases, the overall ductility of the steel decreases. Such predictions complement 

the strength predictions in Figure 30 to account for the effects of variations in local cooling rates 

and resulting microstructures in the hot-stamping process on the fracture resistance of complex, 

hot-stamped products. A potential use of this data lies in the mapping of local properties within 
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hot-stamped component models in crash simulations based on the corresponding micro-constituent 

volume fractions. 

  

Figure 37: The predicted fracture loci of the several (a) bainitic-martensitic microstructures of Usibor® 

1500-AS and (b) ferritic-martensitic microstructures of Ductibor® 500-AS for a range of the micro-

constituent volume fractions based on the developed numerical framework. Note that for reference, the 

fracture loci of the 100%B and 100%M Usibor® 1500-AS as well as 100%F and 100%M Ductibor® 500-

AS are also displayed. 

More details about the modelling of fracture in the mixed-phase microstructures of Usibor® 

1500-AS and Ductibor® 500-AS as well as the predictions of damage accumulation and fracture 

onset within the constituent phases can be found in Appendices A and C. 

4.4. Task 4: Finite-Element (FE) Modelling of Constitutive and Fracture Response of Hot-

Stamped TWBs 

The modelling of the constitutive (flow) and fracture response of the hot-stamped laser-

welded blanks of Usibor® 1500-AS and Ductibor® 500-AS was performed via FE simulations of 

TWB mechanical tests using the LS-DYNA software [212]. The longitudinal and transverse 

uniaxial tension as well as equibiaxial tension Nakazima dome tests on the hot-stamped mono- 

and multi-gauge TWBs, presented in Sections 4.2.2.1 and 4.2.2.2, were simulated using a shell 

element formulation so as to maintain compatibility with current automotive crash simulation 

practice. The V-bend tests, presented in Section 4.2.2.3, were not simulated since the severe 

through-thickness stress and strain gradients in that test mandate the use of fine solid elements; 

however, the plane-strain tension loading of the TWBs is captured within the Nakazima dome 

simulations.  
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To simulate the fracture tests, the integrated hardness-mapped models of the TWB 

specimens (Figure 38) were generated using a user-defined material (UMAT) subroutine, 

developed by O’Keeffe and Butcher [213]. In these TWB models, the hardness of each region, i.e. 

the parent metals and weld, was mapped to the corresponding elements, given the results of the 

hardness measurements presented in Section 4.2.1. Then the mechanical properties for each 

hardness were assigned to the respective elements. 

The hardness of the hot-stamped Usibor® 1500-AS in all TWBs was around 495 HVN, 

corresponding to a 100%M microstructure. For this material condition, the flow curve was taken 

from the work by Omer et al. [12], and the Bai-Wierzbicki fracture locus was adopted based on 

the fracture data reported by ten Kortenaar et al. [52,201] and Cheong et al. [199]. In the mono-

gauge TWBs, the hardness of the hot-stamped Ductibor® 500-AS was around 248 HVN, 

corresponding to a 57%F+31%M+12%TM/B microstructure. This as-quenched material 

corresponded to the 1.2-mm-thick monolithic die-cooled Ductibor® 500-AS sheet characterized in 

the parent-metal study (Section 4.1.1). Therefore, the corresponding flow response and fracture 

locus were used. In the multi-gauge TWB, the hot-stamped Ductibor® 500-AS exhibited a 

somewhat softer microstructure of 73%F+27%M, with a hardness value of 218 HVN (See Section 

4.2.1). The hardening curve and fracture locus for this material condition were calculated using 

the proposed microstructure-based modelling approach described in Sections 4.3.1 and 4.3.2. 

Figure 39 shows the input data of mechanical properties for the parent metals of the studied TWBs. 

For the weld zone, according to the trend seen in the variation of the measured hardness 

across the weld line of the TWBs, i.e. a monotonic increase over the weld width of 1.6 mm from 

the softer parent metal to the harder one (See Section 2.4.1), the hardness variation within the weld 

was assumed to be linear. Correspondingly, the mechanical response across the weld zone was 

approximated to vary linearly between that of the parent metals in terms of hardness. Therefore, 

the hardening curves and fracture limits of the elements within the weld region were obtained via 

the linear interpolation of those the parent metals based on the mapped hardness. It is noted that to 

better understand the importance of the modelling of the narrow weld region in the laser-welded 

blanks, the simulations were also conducted once without considering the weld region in the TWB 

models via interfacing Usibor® 1500-AS and Ductibor® 500-AS at the weld center, and the results 

were compared with those of the “with weld” simulations. 
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Figure 38:  The integrated hardness-mapped models of the (a) tensile longitudinal, (b) tensile transverse, 

and (c) equibiaxial tension Nakazima dome TWBs. Note that U and D represent Usibor® 1500-AS and 

Ductibor® 500-AS, respectively. 

  
Figure 39:  The (a) flow curves and (b) fracture loci of the hot-stamped Ductibor® 500-AS and Usibor® 

1500-AS. Note that the solid lines correspond to measured data for the 248 HVN Ductibor® 500-AS and 

495 HVN Usibor® 1500-AS, while the dashed lines correspond to predictions for the 218 HVN Ductibor® 

500-AS using the developed microstructure-based numerical framework. 

The simulations were performed within an explicit time integration scheme with the von 

Mises yield criterion for material yielding and the GISSMO damage model for material fracture. 

To reduce the dependency of damage accumulation on the element size, mesh regularization was 

conducted for two different stress states corresponding to stress triaxiality levels of approximately 

0.57 (plane-strain tension) and 0.67 (equibiaxial tension). For this purpose, the Nakazima dome 

tests of the parent metals (495 HVN Usibor® 1500-AS and 248 HVN Ductibor® 500-AS) with the 

plane-strain and equibiaxial tension geometries [89] were simulated with element sizes of 1 mm, 

1.25 mm, 2.5 mm, and 5 mm. The scale factors of the experimental fracture curves for each mesh 
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size and loading condition (Figure 40) were determined such that the predicted displacement at 

fracture matched the measured data. For the Nakazima dome test simulations of the hot-stamped 

TWBs of the 495 HVN Usibor® 1500-AS and 248 HVN Ductibor® 500-AS for which a plane-

strain tension condition was dominant at the fracture point during the testing (Figure 21), the plane-

strain tension regularization curves of the parent metals were used. However, for the other 

simulations, their equibiaxial tension regularization curves were utilized. It is noted that for the 

218 HVN Ductibor® 500-AS, the equibiaxial tension regularization curve of the 248 HVN 

Ductibor® 500-AS was adopted for all of the simulations. More details about the simulation 

specifications can be found in Appendix D. 

  
Figure 40: The mesh regularization curves for the hot-stamped (a) Usibor® 1500-AS (495 HVN) and (b) 

Ductibor® 500-AS (248 HVN) obtained from simulations of the plane-strain and equibiaxial tension 

Nakazima dome tests. 

4.4.1. Tensile Test Results 

Figure 41 shows the predicted and measured engineering stress-strain response of the various 

tensile longitudinal and transverse TWBs. Figure 42 presents the predicted UTS and elongation to 

fracture for different TWB tensile models (with and without the weld region), compared to the 

measured data. It is seen that the predicted hardening behavior of the TWBs, with and without 

considering the weld region, matches well with the measured data over the range of the 

deformation histories. The predicted UTS values for all TWB types, based on both modelling 

approaches, have less than 5% deviation from the measured data. The elongation to fracture for 

the transverse TWB tensile models was predicted relatively well, although the simulations that 

considered the weld region in the TWB models had slightly better predictions in this case. The 

total elongation of the longitudinal TWB tensile models was somewhat overestimated with and 
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without considering the weld region. The reason for this overprediction is attributed to the fact that 

the regularization factors employed in the tensile test models corresponded to the equibiaxial 

tension loading conditions. A comparison of the contour plots of the measured and predicted (from 

the “with weld” simulation) major true strain distributions before fracture in the longitudinal and 

transverse tensile tests in Figures 16 and 17, respectively, reveals that the predicted strain 

distributions agree well with the DIC data. The predicted and experimental strain-localization 

patterns are comparable. In the case of the transverse TWB tensile model, the simulation showed 

two symmetric shear bands in the necking zone (Figure 17b), in contrast to the experiment with 

only one shear band (Figure 17a). Such an observation is related to the fact that the properties were 

uniformly assigned in the entire sample in the simulation, whereas the real material locally exhibits 

some degree of variation. For this reason, one of the shear bands has become dominant during the 

experiment. It should be noted that the simulations also accurately predicted the location of strain 

localization (and fracture initiation) in the Usibor® 1500-AS and Ductibor® 500-AS sides in the 

longitudinal and transverse tensile samples, respectively. Similar predictions for the strain 

distributions and fractured materials and locations were obtained from the “without weld” 

simulations. 
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Figure 41: The predicted and measured engineering stress-strain curves of the TWB tensile samples: (a) 

longitudinal and (b) transverse 1.2-mm-thick mono-gauge; (c) longitudinal and (d) transverse multi-

gauge; and (e) longitudinal and (f) transverse 1.6-mm-thick mono-gauge TWBs. Note that the circular 

markers represent the fracture points. 

 

 
Figure 42: A comparison of the predicted and measured (a) UTS and (b) elongation to fracture in the 

TWB tensile tests. Note that the indicated variations are the measured data variations. 
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4.4.2. Nakazima Dome Test Results 

Figure 43 shows the predicted and measured punch load versus punch displacement during 

the equibiaxial tension Nakazima dome tests of the various TWBs. Figure 44 presents the predicted 

maximum punch load and punch displacement to fracture for the different TWB models, compared 

to the measured data. As can be seen, the load-displacement response for the mono- and multi-

gauge TWBs were predicted very well with and without the weld region modelling. No significant 

difference between the predicted and measured maximum load and fracture displacements can be 

observed for the cases of mono-gauge TWBs. However, the simulation with the weld region 

modelling had better predictions of the maximum load and fracture displacement in the case of the 

multi-gauge TWB. A comparison of the contour plots of the measured and predicted (from the 

“with weld” simulation) major true strain distributions prior to fracture in the Nakazima dome test 

in Figure 20 shows that strain localization (and fracture initiation) in the Ductibor® 500-AS side 

around the interface with the weld was correctly predicted. The simulations without the weld 

region modelling had similar predictions for the strain distributions and fractured material but 

predicted fracture within Ductibor® 500-AS at the interface with Usibor® 1500-AS (which is the 

weld spot in reality) in the case of the mono-gauge TWBs. For the multi-gauge TWB, due to the 

thickness difference between the interface and adjacent elements within the Ductibor® 500-AS 

side, the “without weld” simulation accurately predicted fracture in the thinner (interior) elements. 

More details about the simulation results, including the predicted strain history and stress state, 

can be found in Appendix D. 

The predictions of the hardness-mapped TWB models with two “with weld” and “without 

weld” scenarios provide an insight into the need for taking account of the small-sized weld region 

of laser-welded blanks in crash simulations. It can be stated that the exclusion of the weld region 

in the TWB models still results in acceptable estimations for the mechanical behavior of the hot-

stamped laser-welded blanks of Usibor® 1500-AS and Ductibor® 500-AS. The reason is related to 

the narrow size of the weld region in the laser-welded blanks as well as the intermediate hardness 

of the weld zone (no softened HAZ) in the hot-stamped TWBs of Usibor® 1500-AS and Ductibor® 

500-AS so that weld fracture is not a concern. However, the modelling of the weld region with the 

interpolated mechanical properties of the parent metals based on the trend seen in the hardness 

variations across the weld can lead to more precise predictions for the load-displacement response 
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and fracture locations. The consideration of the weld region in the TWB models becomes more 

crucial when the weld region incorporates an area harder and/or softer than both of the parent 

metals, for example in laser-welded blanks of similar and dissimilar DP steels [214,215]. In these 

TWB types, dependent on the loading direction with respect to the weld line, fracture can occur 

within the softer HAZ or harder fusion zone, and therefore, the modelling of the weld region helps 

to more accurately predict the instant and location of fracture [73,214–216].  

 

 

 
Figure 43: The predicted and measured punch load versus punch displacement curves of the 

Nakazima dome samples: a) 1.2-mm-thick mono-gauge; b) multi-gauge; and c) 1.6-mm-thick mono-

gauge TWBs. Note that the circular markers represent the fracture points. 
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Figure 44: A comparison of the predicted and measured maximum punch load and punch displacement to 

fracture in the TWB equibiaxial tension Nakazima dome tests. Note that the indicated variations are the 

measured data variations. 
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Chapter 5: Conclusions and Recommendations for Future Work 

5.1. Conclusion  

The current research established numerical frameworks to predict the influences of the 

microstructure on the constitutive (flow) behavior and fracture response of two hot-stamping 

steels, Usibor® 1500-AS and Ductibor® 500-AS, as well as their tailor-welded blanks (TWBs). 

Given the fact that the as-quenched microstructures in these alloys were found to be strong 

functions of quench rate, the developed numerical solution schemes contribute to better understand 

the impacts of processing conditions on the mechanical performance of final hot-stamped products. 

As part of the TWB studies, due to the discovered importance of incorporating the weld region in 

the finite-element (FE) simulations of the hot-stamped TWBs, the proposed modelling approach 

for the inclusion of the weld can be also useful to accurately predict the mechanical response for 

the TWB components in different as-quenched conditions. In fact, the main contribution of this 

research to science is the development of the aforementioned predictive tools that are capable of 

estimating changes in the mechanical properties of the steel workpieces during conventional and 

tailored hot-stamping processes, associated with wanted as well as unwanted variations of quench 

conditions. These numerical strategies can significantly reduce the need for time-consuming and 

costly characterization experiments and improve predictions for the mechanical performance of 

hot-stamped components within crash-safety simulations. 

In the following, the main conclusions that stem from the present research are presented: 

 The strength and ductility of Ductibor® 500-AS are strongly dependent on quench rate. 

Cooling rates of 5, 365, and 1890 °C/s result in tensile strength of 525, 721, and 810 MPa 

and elongation to fracture of 27.1, 17.6, and 7.3%, respectively. 

 The as-quenched microstructures of Ductibor® 500-AS are normally composed of ferrite 

and martensite, with some tempered martensite/bainite locally found dependent on 

quench conditions.  

 The Ductibor® 500-AS steel has much lower hardenability than the Usibor® 1500-AS 

steel. For Ductibor® 500-AS, a cooling rate even as high as 1890 °C/s cannot produce a 
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fully-martensitic microstructure, while the 100% martensitic Usibor® 1500-AS can be 

formed with a cooling rate as low as 50 °C/s. 

 The die-cooled Ductibor® 500-AS, with UTS of 721 MPa and total elongation of 17.6%, 

offers lower strength and higher resistance to fracture than the die-cooled Usibor® 1500-

AS (1500 MPa UTS and 6% elongation [18]). Such mechanical properties support the 

use of Ductibor® 500-AS, joined to Usibor® 1500-AS within TWBs, in hot-stamped 

energy-absorption components.  

 The Ductibor® 500-AS sheet in the die-quenched condition exhibits appreciable plastic 

anisotropy in terms of the Lankford coefficient (R-value), which varies from 0.58 to 1.39 

relying on the material direction. 

 In the hot-stamped laser-welded blanks of Usibor® 1500-AS and Ductibor® 500-AS, the 

martensite content increases across the weld from the Ductibor® 500-AS side with a 

predominantly ferritic-martensitic microstructure towards the Usibor® 1500-AS side 

with a fully-martensitic microstructure. As a result, the hardness across the weld 

increases almost monotonically from the Ductibor® 500-AS parent metal to the Usibor® 

1500-AS parent metal. No noticeable hardness drop is observed in the HAZs. 

 The intermediate hardness level of the weld zone within the hot-stamped TWBs of 

Usibor® 1500-AS and Ductibor® 500-AS with respect to the parent metals makes these 

weldments less susceptible to failure within the weld. The high resistance to weld failure 

in these TWBs supports their commercial application within hot-stamped structural 

components.  

 The location of fracture in the hot-stamped TWBs of Usibor® 1500-AS and Ductibor® 

500-AS is a strong function of the loading orientation with respect to the weld line. 

Failure in these TWBs usually occurs within the softer parent metal (Ductibor® 500-AS) 

under predominantly-transverse loading and within the harder parent metal (Usibor® 

1500-AS) under predominantly-longitudinal loading. The observed weld fracture during 

the 0° V-bend tests was due to the fact that the major principal strains were concentrated 

within the weld region for this loading case. 
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 The developed multi-scale modelling approach for Usibor® 1500-AS and Ductibor® 500-

AS is able to predict the flow response and fracture limits of their as-quenched conditions 

as functions of microstructure with less than 10% error.  

 The macroscale predictions revealed that as the martensite content in the as-quenched 

microstructures of Usibor® 1500-AS and Ductibor® 500-AS increases, the strength of the 

steels increases, whereas their overall ductility decreases. The predicted trends were 

consistent with the experimental results. 

 The microscale predictions showed that in the mixed-phase microstructures of Usibor® 

1500-AS and Ductibor® 500-AS, (i) the softer phase experiences higher strains, while 

the harder phase sustains higher stresses; (ii) the stress triaxiality of the softer phase 

exceeds the macroscopic value, while that of the harder phase stays below the 

macroscopic value; and (iii) the Lode parameter at the micro level is similar to that at the 

macro level. 

 The modelling of the hardening behavior of the micro-constituents of the as-quenched 

microstructures of Ductibor® 500-AS using a dislocation-based hardening law revealed 

that as the martensite volume fraction increases, the strength of martensite and ferrite 

decreases and increases, respectively. The variations in the martensite strength are more 

pronounced due its strong dependence on the carbon content and the tendency of ferrite 

to shed carbon because of the low solubility of carbon in ferrite, i.e. the carbon-

partitioning effect. 

 The proposed FE modelling strategy successfully predicts the load-displacement 

response, strain distribution, and location of fracture for the hot-stamped TWBs of 

Usibor® 1500-AS and Ductibor® 500-AS. This approach is more accurate than FE 

simulations without modelling the weld behavior and is computationally less expensive 

than multi-scale computational homogenization simulations. 
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5.2. Recommendations for Future Work 

In an effort towards improving the understanding and modelling of the mechanical behavior 

of monolithic and tailor-welded blanks of press-hardening steels in various as-quenched 

conditions, the following recommendations for potential future work are presented: 

 In the current work, the range of the quench rates considered for the evaluation of the 

quench-rate sensitivity of the mechanical response of Ductibor® 500-AS was more 

extreme than that expected in the industrial hot-stamping process. It is important to 

further assess the quench-rate sensitivity of this alloy in terms of mechanical properties 

under commercial hot-stamping conditions and its influence on the crash energy 

absorption of structural components. 

 This study focused on the flow and fracture response of Ductibor® 500-AS and its TWBs 

with Usibor® 1500-AS under quasi-static conditions. Future work should expand these 

investigations to consider dynamic loading for revealing variations in the behavior of 

these materials due to higher strain rates and adiabatic heating.    

 In the fracture characterization campaigns, the ductility of the steels under equibiaxial 

tension loading was evaluated using standard Nakazima dome tests. However, due to the 

noticeable localized necking and friction involved during these tests, significant 

deviations from the equibiaxial stretching strain state were observed. To reduce such 

errors, Nakazima dome tests with mini hemispherical punches [217] are recommended, 

in which through-thickness necking is considerably suppressed, and friction is reduced 

due to the lower contact between the sample and punch. 

 In this study, the proposed damage-predictive modelling approach for press-hardening 

steels was evaluated only under proportional loading conditions. Future work should 

consider the performance of this technique under non-proportional loading states. For 

this purpose, there is a need for the employment of the linearization schemes for the MFH 

modelling that are suitable for general loading conditions, e.g. tangent-based and 

incremental secant-order linearization methods.   
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 In this study, the effects of carbon partitioning on the mechanical properties of the micro-

constituents of the as-quenched microstructures of Usibor® 1500-AS were neglected. 

Future work should investigate how the consideration of this phenomenon can affect 

predictions.  

 Future work should consider the implementation of the developed numerical modelling 

approach for mixed-phase press-hardening steels within a user-defined material (UMAT) 

subroutine for the finite-element method software. In such a case, damage accumulation 

in microstructure-mapped elements will be tracked based on the response of the micro-

constituents of the assigned microstructures. 

 The proposed damage-predictive methodology for multi-phase press-hardening steels is 

able to predict fracture initiation within the constituent phases. Future work should 

consider the evaluation of the accuracy of such predictions via metallurgical 

investigations at the microscale. 

 Recently, ArcelorMittal has introduced a new grade of hot-stamping steels, namely 

Ductibor® 1000-AS, that potentially offers higher strength and energy absorption 

compared to Ductibor® 500-AS. Future work should evaluate the performance of the 

developed numerical solution schemes in the modelling of the flow and fracture response 

of the as-quenched microstructures of this steel and its hot-stamped TWBs with Usibor® 

1500-AS. 
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