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ABSTRACT 

 

The use of advanced high strength steels (AHSS) has grown due to the necessity of 

lightweighting automotive vehicles. Certain grades that are used in anti-intrusion and other parts 

in vehicles are martensitic steels due to their high strength, allowing for thinner gauges and 

therefore lighter parts. In the case of an automobile collision or when roll formed, martensitic 

steels are often subject to bending. Therefore, improved bendability could allow for more 

effective application of martensitic steels. This study determined the effect of decarburization on 

the bendability of cold rolled martensitic (CRM) 1500 and press hardenable steel (PHS) 2000, 

with the numeric designation of each grade representing the minimum as-received (AR) UTS in 

MPa. Decarburization was completed in a box furnace at 900 °C for times between 5 and 60 min. 

Uniaxial tensile testing, bend testing with digital image correlation (DIC), and microhardness 

testing were used to evaluate the effects of decarburization on the bendability of CRM1500 and 

PHS2000. The Van-Ostrand-Dewey model was used to model decarburization and correlated 

well with both through-thickness hardness measurements and 2-D static secondary ion mass 

spectroscopy (SIMS) carbon analysis. 

 Increasing decarburization time led to a greater decarburization depth as well as a 

decrease in UTS. The decarburization times were capped at 15 min for the CRM1500 and 30 min 

for the PHS2000, as longer times resulted in UTS values lower than the minimum as-received 

UTS. Bendability showed improvement with increasing decarburization time. The best 

bendability achieved through decarburization was 95.0° for the CRM1500 and 62.9° for the 

PHS2000. These values represent an improvement of 2.3° and 32.8° relative to the respective 

baseline conditions. For both steels the strain at fracture for the outer tensile ñfiberò increased 

with increased decarburization time. The neutral plane at the point of fracture, as determined by 

DIC images, is shifted toward the inner radius of the bend, and with increased decarburization 

the PHS2000 exhibited an increase in magnitude of this shift of the neutral plane as a result of 

the improved bending angle increasing strain of the outer tensile ñfiberò. 
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CHAPTER 1 

INTRODUCTION 

 

Continually updated standards, set by the National Highway and Traffic Safety 

Administration (NHTSA) and the Environment Protection Agency (EPA) regulate the fuel 

economy and safety standards of passenger vehicles and light trucks. The most recent 

modification, made in March 31, 2020, amends the previous standard from 2018 to increase the 

stringency of the corporate average fuel economy (CAFE) and carbon dioxide (CO2) emissions 

by 1.5 pct each year for passenger cars and light trucks through model year 2026, with a fuel 

efficiency reaching 40.6 miles per gallon for model year 2026 [1]. This requires an average 

industry fleet-wide CO2 emissions basis of 201 grams per mile for model year 2030 compared to 

the 2020 CO2 emission average of 356 grams per mile [1]. 

Material selection is important in meeting these standards and producing lightweight high 

strength parts. To meet the lightweighting requirements, various materials, including aluminum, 

advanced high strength steels (AHSS), magnesium and plastic composites, are being substituted 

for mild steel [2ï6]. Factors that determine if the use of lightweight materials is feasible are cost 

efficiency, strength, weight, and if they meet safety standards. Using a method known as life 

cycle assessment (LCA), the impact of the production and use of a new lightweight material can 

be evaluated [2]. For example LCA can determine if the energy required to produce aluminum 

and carbon fiber is greater than the energy needed to produce the original steel parts [2].  

The use of aluminum and AHSS in the automotive industry has gained prominence with 

various studies proposing the use of aluminum could reduce the body-in-white (BIW) by 

35-42 pct and AHSS could reduce the BIW by 22-35 pct [7, 8]. Though aluminum has a greater 

potential for lightweighting vehicles, LCAs show that the payback period of greenhouse 

gas (GHG) emissions is 4-10 years while high strength steel only has a payback period of 

1-4 years [3]. This implies that the trade-off of higher production energy and emissions of 

primary aluminum and lower energy consumption during use is not favorable [2]. When 

compared to mild steel, high strength steel production requires no additional energy since the 

strength generally comes from alloying and microstructure control, resulting in a low GHG 
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payback period [2]. However, the use of secondary, or recycled, aluminum has a GHG payback 

period of 1-2 years. Therefore, the life cycle benefits of aluminum, for lightweighting, are 

dependent on the amount of recycled aluminum that is used while the benefits of high strength 

steel are based on the amount of mass that can be reduced [2]. 

One form of AHSS that is being used for lightweighting is martensitic steel. Martensite is 

among the strongest steel microstructures, allowing for the strength of the component to be 

increased while potentially reducing the amount of steel required. Martensitic steels are 

particularly employed in the anti-intrusion parts in vehicles, such as bumper beams, door impact 

frames, and door impact beams, Figure 1.1. In cold-forming applications, these steels are 

primarily roll-formed, which is described in section 2.1. However, due to the high strength of 

martensitic steel, the formability is relatively low. Optimizing the bendability would therefore 

expand the application of martensitic steels.  Additional applications employ hot-stamping or 

press-hardening to obtain a martensitic microstructure in more complex geometries [9]. 

 

 

Figure 1.1 Schematic illustration of vehicle body-in-white highlighting the location of anti-

intrusion beams commonly made from cold-formed martensitic steels [10]. 

  

The objective of this study is to examine the effect of surface decarburization on the 

bendability of martensitic steel. Cold rolled martensitic steels are typically formed using the roll 

forming process to produce long formed parts of complex geometry. This process uses 

incremental bending to distribute stains; therefore the improvement of bendability would allow 

for passes with larger bending angles and fewer passes overall, as discussed in section 2.1. 

Bending angle results from laboratory testing also show good correlation with crash-foldability 



 

3 
 

in the event of vehicular crash, as shown in section 2.3. The present study aims to show that 

through decarburization the bendability and therefore the crash-foldability, as well as the roll-

formability, can be improved without compromising the strength of the material. 

 This thesis explores the background and literature of decarburization in Chapter 2. This 

chapter includes a literature review of the uses of martensitic steel, bendability, modeling of 

decarburization, other studies on the effects of decarburization on the bendability, and various 

techniques (digital image correlation (DIC), finite element analysis, interrupted bend testing, 

etc.) that have been used to evaluate bendability. Chapter 3 covers the materials and 

experimental procedures (metallography, testing instrumentation, and data analysis) that were 

used during experimentation for this thesis. Chapter 4 covers the results and discussion of the 

data that were recorded and analyzed during experimentation. The effects of decarburization on 

the mechanical properties and bendability are presented as well as discussion of data recorded 

using DIC and micrographs from light optical and scanning electron microscopy. Finally, the 

summary and conclusions of this investigation are presented in Chapter 5. 
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CHAPTER 2 

LITERATURE REVIEW 

 

 This chapter summarizes the literature review relevant to the decarburization and 

bendability of martensitic steel grades. This section will cover past research including the 

bendability of martensitic steels, decarburization, modeling of decarburization, bending neutral 

plane, digital image correlation (DIC) and fracture analysis.  

2.1 Martensitic Steels 

 Martensitic transformation is a diffusionless process that allows the martensite to inherit 

the composition of the parent austenite. Sufficient rapid cooling transforms the face-centered 

cubic structure of the austenite by trapping carbon (C) atoms in the octahedral sites of the 

body-centered cubic structure creating a body-centered tetragonal structure (BCT) [1, 2]. 

Tetragonality of the BCT structure increases with increasing carbon content. The carbon content 

of a steel has a large effect on the overall properties of martensitic steels, in particular, its 

strength and hardness. With increasing carbon content there is an increase in the strength and 

hardness of the martensite. Hardness increases with increasing carbon content due to the 

distortion of the iron lattice as a result of the tetragonality imposed by the carbon atoms. This 

distortion significantly mitigates the movement of dislocations [11]. Martensitic steels are used 

in the form of press hardened steels (PHS) and cold rolled (then hardened through 

annealing/quenching) for automotive body applications. 

 PHS are created by heating the steel above the austenization temperature, forming the 

steel at high temperatures and then quenching using water-cooling of the dies to form a 

martensite structure [13]. An advantage to this method of steel part production is that the amount 

of springback is significantly reduced. Initially used for agricultural components, the use of PHS 

in the automotive industry has increased since the 1980s [14]. Due to its high strength, PHS are 

used in bumper beams, door impact beams, and other anti-intrusion parts, allowing for car safety 

to be maintained while decreasing the overall weight of the vehicle by using thinner sections 

[15]. 
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Cold rolled martensitic (CRM) steels and PHS are both used for the same anti-intrusion 

parts in the automotive industry. In order to form parts, such as a bumper beam, CRM steels are 

frequently formed by roll forming [16]. Incremental bending during roll forming is being used to 

form parts for automotive application and it is estimated to be able to produce a quarter of the 

vehicle structure with one set of tooling [17].  Roll forming is the process of using rollers to 

progressively bend strip into complex parts with incremental bend angles, schematically shown 

in Figure 2.1, and is particularly suited for producing long formed sections [9]. The advantage 

that PHS has over CRM steel is that PHS can achieve more complicated shapes as the ductility 

of the heated steel is much higher than at room temperature, albeit at greater cost [16].   

 

 

Figure 2.1 Schematic of roll forming process [18]. 

 

2.2 Battery Packaging 

The transition from gas powered vehicles to battery electric vehicles (EVs) has increased 

due to global regulations that are attempting to reduce carbon footprints and growing consumer 

concerns regarding greenhouse gas emissions [19]. EVs are found to have a lower operating cost 

for the consumer, however they have a greater upfront cost than gas powered vehicles due to 

battery packaging, as the battery package for an EV is significantly higher than the cost of a 

drive train in a gas powered vehicle [19]. This is due to the necessity of large and expensive 

batteries to meet consumer demand related to mileage per charge [19]. One method to extend the 

driving range of EVs is to use lighter materials to reduce the overall mass of the vehicle [8, 9]. 
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As is the case with light weighting anti-intrusion and crash impact parts in other parts of 

automotive vehicles, light weighting of EVs can benefit from using martensitic steels. Further, 

the higher strength helps to satisfy safety requirements, such as battery swelling and fire risk 

during collisions [2]. 

 Some of the safety requirements considered for the Steel E-Motive Vehicles program at 

ArcelorMittal are underfloor protection, thermal runaway, durability, crashworthiness, and crush 

performance [20]. Thermal runaway occurs when a lithium ion battery is subjected to electrical, 

mechanical or thermal mistreatments resulting in abrupt increases in temperature [21]. One 

advantage to the use of advanced high-strength steels (AHSSs) to achieve the safety 

requirements is that AHSS minimize deformation in the battery enclosure volume, reducing the 

risk of thermal runaway using greater thermal containment [20]. SSAB currently manufactures a 

martensitic grade, DOCOL®, which when roll-formed is capable of reducing the height of the 

battery enclosure [22]. Figure 2.2(a) shows a schematic of the location of the battery and 

Figure 2.2(b) shows the exploded view schematic of the battery packaging used in the Steel E-

Motive Vehicles program at ArcelorMittal [23]. ArcelorMittal uses MartINsite® for cross 

members, frame, brackets and rails to the body-in-white and lower shield and reinforcement [23].   

 

 

 

(a) (b) 

Figure 2.2 Schematic of (a) location of battery packaging and (b) exploded view of battery 

packaging. (1) the top cover, (2) the cross-members, (3) the cladded cooling 

system, (4) the frame, (5) the brackets and rails to the body-in-white, and (6) the 

lower shield and reinforcement [21]. 
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A study by Huang et al. tested prismatic and pouch battery cells of the same capacity 

until failure through electrical misuse [14, 16]. Figure 2.3 shows a schematic of these two types 

of EV battery packaging. Figure 2.3(a) shows a pouch battery pack which is typically comprised 

of a flexible thin plastic/aluminum housing which allows for resistance in some loading 

directions [25]. Figure 2.3(b) shows a prismatic battery pack which is commonly comprised of a 

rigid plastic or metal housing [25]. The prismatic cell, with a stainless steel shell, had lower 

temperature thermal runaway when compared to an aluminum-plastic composite pouch cell [22]. 

The lower temperature was due to a safety valve in the prismatic cell that released the heat and 

gasses that built up.  

 

  

(a) (b) 

Figure 2.3 Schematic of (a) pouch and (b) prismatic battery packages [24]. (1) is the positive 

pole, (2) is the negative pole, (3) is the housing, (4) is the pressure valve and (5) is 

the compound. 

 

2.3 Bendability 

 The use of tight radius bend testing has gained prominence over the forming limit 

curves (FLCs) in plane strain characterization [26]. This is due to the mechanics of the bending 

testôs ability to mitigate necking instabilities [26]. Tight radius bend testing produces an 

approximately plane strain tension state that is similar to that found in folds caused by an 

automotive crash event. Plane strain loading is the result of the sheet being wide and thin relative 

to the punch radius and is what occurs in crash folding [26]. The strain state for both crash 

folding and tight radius bend testing is plane strain tension corresponding to the lowest ductility 

of the sheet material. 
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 The relationship between maximum bending angle via sharp radius curvature bending 

(VDA 238-100), and crash folding ability was developed by Larour et al. [27].  In this study, 

specimens were tested using both bend testing (ISO7438:2005 standard) and crash testing using 

a horizontal crash unit that allows axial and bend crash testing. Figure 2.4(a) shows how the 

metric known as crash index was used as a way of measuring the axial crash foldability; 

increased cracks or crack lengths result in a lower crash index. Figure 2.4(b) shows the 

relationship between the bend angle and the crash index. Figure 2.5 shows results from a study 

by Link et al., showing a similar relationship between the bend angle and the total crack length 

per specimen formed during crash testing [28]. The relationship shown in Figures 2.4(b) and 2.5 

indicates that maximum bending angle is a good indicator of crash foldability [19, 20].  

 

  

(a) (b) 

Figure 2.4 (a) Crash index classification (axial crash folding behavior) and (b) relationship 

between crash index and bend angle for PHS specimens tested using crash and 

bend testing [27]. 

 

During unconstrained elastic bending, the transition between tensile and compressive 

strain occurs halfway through the thickness of the steel at the neutral plane. However, during 

plastic bending with a sharp bending radius, as is the case with the VDA 238-100 standard, the 

neutral axis often shifts toward the inner surface of the steel [9].  This causes the ñfibersò in the 

region of tensile strain, or outer surface, to acquire more strain than in the compressive region. 
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The thickness at the bend reduces as the mid-thickness ñfiberò is stretched since the volume of 

the sample must be maintained. This reduction in thickness is related to the size of the punch 

radius; with decreasing punch radius, there is a greater reduction of thickness at the bend [9].  

 

 

Figure 2.5 Axial crash test total crack length as a function of VDA 238-100 bending 

angle [28]. 

 

The neutral plane of a flat steel specimen is considered to be located at mid-thickness of 

the steel. When bent, the neutral plane of the steel is the plane that experiences neither tension 

nor compression. The neutral plane of the steel will move toward the inner bend as a result of 

thinning at the apex of the bend. Methods to determine the location of the neutral plane include 

equations to be used after bending, hardness measurements of the through-thickness, as well as 

DIC to view how the neutral plane varies during bending. When in bending the ñfibersò in the 

tensile region only increase in length whereas the ñfibersò in the compressive region decrease in 

length but then may increase [29]. The neutral axis or ñfiberò is located where the strain is 

reversed from compressive to tensile and as a result experiences zero strain; i.e. there is no length 

change at this position. The radial position of where the ñfiberò is unchanged in length during 

can be calculated by:  

 RN = R0Ri (2.1) 
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where RN, R0 and Ri are the neutral, outer and inner radius, respectively, shown in the schematic 

located in Figure 2.6 [29]. Research by Verberne also discusses the through-thickness hardness 

and how it relates to the neutral plane [30]. Figure 2.7 shows that the through-thickness hardness 

of a 700 µm thick bend specimen by nanoindentation, exhibits a minimum at the location of the 

neutral plane, approximately 330 µm. Another study by Laschke [31] shows that the hardness of 

the steel at the neutral plane is the minimum hardness through-thickness. 

 

 

Figure 2.6 Schematic showing the locations of RN, R0, and Ri,  as well as the neutral plane in 

a specimen. 

 

 

Figure 2.7 Through-thickness hardness of an interstitial free (IF) steel, bent via free bending, 

showing the hardness decrease toward the neutral plane of the steel. Data was 

used from Figure 4.6 in Verberne [30]. 

RN 

Ri 

R0 

Neutral Pane 



 

11 
 

 In a study by Hazra et al. it was determined that ultra-high strength steels were able to 

support higher major strains in bending (16-17 pct) as opposed to stretch forming (10-11 pct). If 

the incremental bending is too severe it can cause defects to occur, the most common being 

longitudinal bow [32]. Not only does increased bending angle increase longitudinal bow, it also 

increases longitudinal strain. Improved bendability of the steel would allow for fewer passes as 

the bending angle per pass could be increased without the formation of defects. 

2.4 Decarburization 

 Decarburization causes a soft, ductile ferritic layer to form near the surface of the steel. 

Decarburizing the outer layer of a martensitic steel was performed by Roumina et al. [33] on a 

functionally graded 300M steel. The results showed that an inner hard core with a thickness of 

one third the sheet thickness yielded the best bendability for a steel with composition outlined in 

Table 2.1. Fracture was observed to occur in one of two possible ways. The first being the hard 

core controlling the fracture behavior of the steel, so as the tensile stress reaches the fracture 

stress of the hard core, final fracture will occur. The other possible mode of fracture is the 

formation of microcracks on the soft outer surface propagating inward and initiating the hard-

core fracture. Roumina et al. observed both behaviors in the compositionally graded 300 M steel, 

through either microscopy of the bend radius as seen in Figures 2.8(a) and (b) or the sudden 

fracture that occurred when the sample failed [33]. 

 

 
 

(a) (b) 

Figure 2.8 Optical micrographs of the bent graded sample, decarburized for 65 min, along 

the longitudinal axis (a) unloaded before fracture and (b) after fracture [33]. 

 

Since this steel was compositionally graded, the springback was limited [33]. The 

bending angle of specimens decarburized in an atmosphere with a CO/CO2 ratio of 10.3, for 5, 

10, 20, and 65 min are plotted with respect to the springback angle in Figure 2.9. The springback 
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angle is the difference between the angle measured when the sample is loaded and the angle 

measured when the sample is unloaded [9]. Figure 2.9 illustrates that increased time of 

decarburization not only leads to a greater bend angle, but is also beneficial in minimizing 

springback.  

 

Table 2.1 ï Composition of the 300M and 0.24 pct C Steels studied by Roumina et al. [33]. 

 

wt pct Fe C Mn Cr Si Ni Mo 

300M Steel Balance 0.4 0.7 0.7 1.7 1.7 0.3 

0.24 pct C Steel Balance 0.24 1.25 0.2 0.24 N/R N/R 

 

To compare the 65 min decarburized steel with a baseline material, the compositionally 

graded steel was compared to a homogeneous martensitic steel with a composition of 0.24 pct C, 

as that was the average carbon content of the compositionally graded steel, as well as the 300 M 

steel not subjected to decarburization. Figure 2.10 depicts the load-bending angle plot for the 

three conditions; 65 min decarburized, non-graded 300M, and the non-graded 0.24 pct C steel. 

The bending angle (displacement) for the graded 300 M steel is significantly larger than either of 

the other conditions. The non-graded 300 M steel fractured with little punch displacement. 

 

 

Figure 2.9 Springback angle as a function of bending angle obtained for 300M specimens 

decarburized for 5, 10, 20, 65 min at 1100 °C by Roumina et al. [33]. 

 

A key factor controlling the rate of decarburization and therefore subsequent bendability 

is the chemical composition of the steel. This was shown by Järvinen et al. who observed 
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alloying effects by titanium (Ti) and vanadium (V) when combined with chromium (Cr) and 

molybdenum (Mo) [34]. The compositions of the 34MnB5-based steels used in this study, Table 

2.2, were boron-alloyed and boron-free. It was reported that Steel E had the largest bending 

angle, 73° and had a thin ferritic layer, approximately 10-15 µm thick at the surface. The 

researchers determined that several factors played key roles in evaluating the three-point bending 

of the steel; namely local cooling rate, fraction of secondary phase, and subsurface 

microstructure.  

 

 

Figure 2.10 Load-displacement curve for bending of non-graded 300 M, non-graded 0.24 pct 

steel, and graded 300 M [33]. 

 

Specimens were cut from heat treated steel blanks. It was found that samples cut from the 

middle of the steel sheet had the highest strength but lowest total elongation, while the samples 

cut near the edge of the sheet had lower strength but greater total elongation. This trend was 

observed for all conditions that were studied and was attributed to a variation in local cooling 

rate. The variation in Ti and Al of the steels in this study was to determine the effect these two 

elements have on the formation of secondary phase particles as they are strong nitride formers.  

Steel A contained a hyperstoichiometric amount of Ti leading to it having the largest amount of 

coarse secondary phase particles while Steel E had the least due to an intentional absence of Ti 

and Al. As for the subsurface microstructure, Steel E showed the largest bending angle (73°) 

with a thin, approximately 10 µm, ferritic layer. 
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Table 2.2 ï Composition of 34MnB5 based Boron-alloyed and Boron-free steels (wt pct) [34]. 
 

Steel C Si Mn Cr Mo V Ti Al  B N 

Ref 0.35 0.26 1.30 0.15 0.01 0 0.029 0.033 0.0026 0.0033 

A 0.35 0.30 1.37 0.30 0 0 0.090 0.023 0.0022 0.0029 

B 0.34 0.30 1.37 0.30 0 0.144 0.020 0.024 0.0019 0.0036 

C 0.34 0.29 1.37 0.02 0.29 0 0.019 0.021 0.0019 0.0017 

D 0.34 0.30 1.36 0.02 0.30 0.146 0.020 0.028 0.0017 0.0033 

E 0.34 0.29 1.28 0.02 0.30 0.147 0.001 0.004 0.0001 0.0060 

 

Other research has been done to confirm the effects of decarburization on the bendability 

of martensitic steel. Choi and De Coomanôs work on a press-hardened 22MnB5 steel with 

composition shown in Table 2.3 [35] investigated whether decarburization can be useful to 

improve the ability of a press-hardened steel to deform plastically. Samples were heated at 1173 

K for 4, 6 and 10 min with the 6 min sample providing the deepest decarburization layer of 48 

µm. The ferrite portion of the decarburized layer for the sample that was decarburized for 6 min 

can be seen in Figure 2.11. 

 

Table 2.3 ï Composition of the 22MnB5 PHS (wt pct) [35] 

 

wt pct Fe C Mn B Si Cr Ti 

22MnB5 Balance 0.24 1.22 0.002 0.25 0.16 0.03 

 

Three-point bending was performed using the ISO7438 standard method with sample 

sizes of 20 mm x 60 mm with the long side parallel to the rolling direction. Test specimens were 

heated in air and in nitrogen (N2) for 6 min separately to assess the effects of decarburization. 

The specimen treated in oxygen caused surface and subsurface decarburization and oxidation. 

The resulting bending curves are shown in Figure 2.12(a). 

Figure 2.12(a) suggests that the bending angle of the specimen treated in air is double the 

bending angle of the specimen that was treated in N2. Bendability of the samples treated in air 

was shown to be higher for the 6 min heat treated sample as opposed to the 4 min heat treated 

specimen. The author attributed this improved bendability to crack propagation rate being 

reduced for the 6 min sample due to the ferrite near the surface blunting the crack tip. Bending of 

samples heated for 10 minutes tended to worsen. The load-bending angle curves for the 4, 6 and 
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10 min conditions are shown in Figure 2.12(b). Bend angle was determined empirically using 

Equation 3.2, which is discussed in section 3.3.2. 

 

 

Figure 2.11 SEM micrograph of 22MnB5 press-hardened steel heated at 1173K (900 °C) for 

6 min. A decarburization layer with a thickness of 30mm is clearly visible [35]. 

 

  

(a) (b) 

Figure 2.12 (a) Load-bending angle curve for the 22MnB5 PHS heated in air and nitrogen at 

1173K (900 °C) for 6 min. (b) Load-bending angle curve for 22MnB5 PHS heat 

treated in air for 4, 6, and 10 min [35]. 
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2.5 Modeling of Decarburization 

Decarburization can be modeled by considering the diffusion of carbon through the 

austenite phase to the surface of the material when the steel is heated above the Ac3 temperature. 

An important equation in calculating the depth of decarburization is the solution to Fickôs second 

law [36]: 

 
ὅ #

ὅ #
=1-erf

ὢ

ςЍὈὸ
 (2.2) 

where CX, C0, and CS are the concentration of carbon at x distance from the surface, bulk 

concentration of the steel, and the concentration at the surface, respectively. X is the distance 

from the surface, D is the diffusivity of carbon through austenite at a specific temperature, 

determined by Eq. 2.3, and t is time. 

 $ = ὈὩ  (2.3) 

where D0 is the initial diffusivity of carbon in austenite (6.20 x 10-7 m2·s-1), Q is the activation 

energy for C diffusion (80,000 J·mol-1), R is the gas constant (8.314 J·mol-1·K-1), and T is the 

temperature.  

One study that researched depth of decarburization using the above equations was 

completed by Prawoto et al. [37]. The chemical composition of the steel studied can be found in 

Table 2.4. At 900 °C the experimentally tested samples had a decarburization that correlated well 

with the model, as is shown by Figure 2.13(a).  

 

Table 2.4 ï Chemical Composition (wt pct) of the Steel Studied by Prawoto et al. [29].  
 

C Mn P S Si Cu Ni Cr V Mo 

0.265 0.498 0.014 0.026 0.122 0.315 0.125 0.172 0.0023 0.036 

 

Another study that used Eq. 2.1 and 2.2 to model depth of decarburization was by Choi 

and De Cooman [35]. In this study the extent of decarburization was found to agree with the 

through thickness hardness distribution of the sample, which can be used to determine the 

decarburization level according to Eq. 2.4. The Vickers hardness of the steel at the varying times 

of decarburization can be found in Figure 2.13(b).  
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Figure 2.13 (a) Model prediction (circles) and experimental results (squares) of depth of 

decarburization at 900 °C as a function of time obtained by Prawoto et al. [29]. 

(b) Through thickness Vickers hardness plotted as a function of distance from the 

surface of uncoated 22MnB5 steels decarburized for 4 (circle), 6 (square), and 

10 min (triangle) [35]. 

 

Another solution to Fickôs second law is the Van-Ostrand-Dewey equation: 

 CC = CS + C0 - CSerf
x - ɝ

2Dɔt
 (2.5) 

and was studied by J. Gegner [38]. When using this equation, the carbon concentration at the 

surface can be assumed to be zero as the atmosphere has excess oxygen. 

Gegner studied a standard 100Cr6 (SAE 52100) bearing steel, with initial carbon content 

of 0.93 wt pct (1.02 mol pct). The bearing steel was heat treated at 890 °C for 30 min in air. Heat 

treated specimens were then analyzed using Secondary Ion Mass Spectroscopy (SIMS) and 

compared to the Van-Ostrand-Dewey model, presented in Figure 2.14. Figure 2.14 shows the 

depth of decarburization to be about 400 µm.  A diffusivity of 9.94x10-8 cm2s-1 was employed 

along with a correction factor (ɝ) of 100 to account for the near surface inflection point that is 

caused by the formation of Ŭ+ɔ interlayers.  
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Figure 2.14 Comparison of SIMS data and Van-Ostrand-Dewey model. Data replotted from 

Figure 8 in Gegner [38]. 

 

2.6 Digital Image Correlation 

One drawback of testing to the VDA 238-100 standard, which will be discussed in 

section 3.3.2, is that the only experimental values that are obtained after testing are load and 

displacement. As there is no gauge to base strain measurements on or a location for an 

extensometer, strain values are difficult to determine when bend testing. DIC can be useful for 

in-situ strain measurements of a sample being mechanically tested. DIC uses a speckled pattern 

on the surface of a material to determine the strain based on images taken during testing. The use 

of DIC in bend testing following the VDA 238-100 standard was first done by Roth and Mohr 

[39] using a modified experimental instrument. Similar work by Cheong et al. uses an inverted 

V-bend test frame, as seen in Figure 2.15, that allows for DIC across the outer bend radius of the 

steel [26]. 

 To overcome both the difficulty of traditional VDA 238-100 instrumentation on DIC as 

well as determining the strain at fracture, interrupted bend testing has been used. The use of 

interrupted bend testing along with DIC was studied by Mishra and Thuillier [40]. The chemical 

composition of the DP980 steel study by Mishra and Thullier is in Table 2.5. Figure 2.16 shows 

the DIC strain results for the outer bend radius of a DP980 steel at various punch displacements. 
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Interrupted bend testing was used by Cai et al. to determine the fracture strain of PHS when bend 

testing [41]. Samples were bent to 60, 70, 80, and 90 pct of the maximum bending angle. The 

inner and outer radius was measured at each interruption and the equivalent plastic strain was 

calculated and related to the equivalent strain, determined using Equation 2.6: 

 ŮӶ = 
2

Ѝ3
Ā Ů1 = 

2

Ѝ3
ÌÎ
Ὑ

Ὑ
  (2.6) 

where ŮӶ is the equivalent strain, Ů1 is the strain on the outer most fiber, Ro is the outer radius and 

Ri is the inner radius. The equivalent strain was then plotted, and the fracture strain was 

determined by fitting a line and substituting the maximum bending angle. The fracture strains 

determined using this method compared well with previously reported strain values determined 

through DIC. 

 

 

Figure 2.15 Schematic of inverted V-bend test instrumentation used by Cheong et al. [26] 

 

 

 

Table 2.5 ï Composition (wt pct) of the DP980 Steel Studied by Mishra and Thullier [40].  

Steel C Si Mn P S Ni Cr Ti V Al  Mo Nb B 

DP980 0.1 0.05 2.2 0.008 0.002 0.02 0.24 0.00 0.00 0.04 0.35 0.00 0.00 
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(a) (b) 

  

(c) (d) 

Figure 2.16 DIC strain (Ůxx) maps of the outer bend radius for displacements of (a) 1.89 mm, 

(b) 5.32 mm, (c) 6.79 mm, and (d) 7.79 mm for a DP980 steel. (Note the changes 

in color scale.)  Punch is oriented normal to page [40]. 

 

The measurement of strain, through thickness at the edge of the specimen using DIC was 

researched by Roumina et al. [33] which allows for imaging of the areas that are deformed in 

compression or tension as well as the neutral plane which would experience neither. 

Figure 2.17(a)-(b) shows the images of the bend specimen at two different punch strokes along 

with the respective DIC through-thickness strain (von Mises) maps. A comparison von Mises of 

2D and 3D DIC shows great correlation allowing for valid analysis of the von Mises strain from 

the 2D analysis [42]. 
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Figure 2.17 V-bend test specimen geometry at two different punch displacements for the 

compositionally graded steel (Table 2.1) decarburized for 65 min, and the 

corresponding circumferential through-thickness strain maps for (a) maximum 

strain of 0.08 and (b) strain of 0.14 at the outer surface under tension [33]. 

   

2.7 Fracture Analysis 

Another useful application of interrupted bend testing is being able to investigate how 

fracture occurs along the bend radius of the specimen. Mishra and Thuillier imaged specimens 

using scanning electron microscopy at various punch displacements. Figure 2.18 shows the 

formation and propagation of cracks [40]. 

Fracture in steel involves two processes, crack initiation and crack propagation [9]. In 

general, there are two types of fracture, ductile and brittle. Ductile fracture in materials tends to 

be associated with significant deformation, in the form of microvoid coalescence, which is 

present at the fracture surface. Brittle fracture, however, is caused by rapid crack propagation 

resulting in cleavage or intergranular fracture [9]. Factors that can affect the type of fracture in 

steel are temperature, state of stress and rate of loading. It is typical for separation during brittle 

fracture, in tensile testing, to occur normal to the applied load and to happen without 

warning [9]. In ductile fracture it is common for shear fracture to occur as a result of extensive 

slip occurring along the plane of maximum shear; this type of fracture results in microvoid 

coalescence at the fracture surface [9]. 
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(a) (b) 

 
(c) 

Figure 2.18 SEM observations of 1.74 mm thick DP980 steel (Table 2.6). Micrographs 

taken at displacements of (a) 6.79 mm (no cracks). (b) 7.28 mm (beginning of 

cracks). (c) 7.79 mm (cracks extending) [40]. 

 

2.8 Inclusions  

 Inclusions consisting of MgO and CaAl2O3 are present in the PHS2000 researched in this 

thesis, contributing to tensile fracture, as is discussed in section 4.7. To deoxidize steel, steel 

manufacturers add silicon or aluminum to the molten steel as it more readily chemically reacts 

with the oxygen in the molten steel. The steel may also be treated with calcium (Ca) by wire 

addition. The required Ca amount is calculated by a ratio of calcium content to total oxygen 

content of the grade [43]. The calcium modifies the chemical and phase composition of the 

alumina-killed steel to transform solid alumina inclusions into liquid inclusions. A main benefit 

of this process is to prevent nozzle clogging in continuous casting as the solid alumina inclusions 

are liquified [44]. However, if the Ca content is not high enough, complete transformation of 

solid calcium aluminates will not occur and if the Ca content is too high calcium sulfides can 

form [43].  Calcium treatment for sulfide shape control is also used to reduce toughness 

anisotropy in some steel products. 

500 µm 500 µm 

500 µm 
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 Inclusions containing magnesium oxide (MgO) are commonly found in Ca-treated 

aluminum killed steels [45]. A study by C. Pistorius et al. shows that the ñunintentionalò addition 

of MgO can be beneficial to the success of calcium modification [46]. Figure 2.19 shows that 

with increasing MgO content, by mass pct, there is an increase in the liquid mass pct for a given 

Ca:O ratio. The presence of MgO in molten steel has been attributed to the refractories in the 

steel making process [47]. Several studies [41 ï 43] show that alumina inclusions transform to 

MgO·Al 2O3 spinel inclusions at the beginning before transforming to calcium aluminate 

inclusions in Al-killed steel [51]. 

 

 

Figure 2.19 Mass percentage of liquid in Al2O3-CaO-MgO mixtures, for different MgO 

content in mass percentage (as labelled on each curve) and different ratios of 

calcium to total oxygen in the inclusions data from Pistorius [46]. 
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CHAPTER 3 

EXPERIMENTAL PROCEDURES 

 

 The focus of this chapter is to outline the experimental procedures used to examine the 

effects of decarburization on the bendability and tensile properties of select martensitic grades. 

The studied materials and heat treating conditions are presented. Heat treating conditions were 

determined to achieve austenization and decarburization of steel while maintaining the minimum 

ultimate tensile strength of the as-received (AR) material. Mechanical testing with digital image 

correlation was used to detail the bending response of the steels with respect to the degree of 

decarburization. 

3.1 Materials 

 Steels selected for this study were press-hardenable steel (PHS) 1500 and 2000, and a 

cold-rolled martensitic steel (CRM) 1500. Chemical composition and other data for PHS1500 are 

presented in Appendix A (this steel was Al-Si coated, preventing decarburization). The 

numerical designation given to each of these steels refers to the minimum ultimate tensile 

strength in MPa expected after hardening. Both steels were received by ASPPRC in a hardened 

condition.  Laboratory simulated heat treating, performed by Gestamp, was used on blanks 

austenitized at 930 °C for 195 sec in a controlled atmosphere to create the PHS2000. After 

austenization, the blanks were quenched to fully martensitic microstructures between water-

cooled flat dies that prevented significant deformation and enabled sufficient cooling to avoid the 

formation of non-martensitic products. The CRM1500 steel was produced through continuous 

annealing and provided courtesy of Honda. The chemical compositions along with the sheet 

thickness (THK) are reported in Table 3.1, with not reported elements shown as N/R. 
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3.2 Decarburization 

Decarburization was conducted on both tensile and bend specimens using a Carbolite® 

Gero CWF1300 box furnace at 900 °C for various lengths of time. This temperature was chosen 

due to it being above the austenitization temperature, Ac3 of 825.7 °C for CRM1500 and 

802.9 °C for PHS2000, as determined by the Andrews equation [52]:  

 ὃὧ Јὅ ωρπςπσЍὅ ττȢχὛὭρυȢςὔὭσρȢυὓέ ρπτȢτὠ ρσȢρὡ (3.1) 

where the element symbols represent the concentration in wt pct of the element in the steel. 

Samples were heat treated in an orientation that allowed both faces of the steel to be exposed to 

the air within the box furnace, as shown in the schematic in Figure 3.1. The maximum time of 

decarburization was established when the ultimate tensile strength (UTS) of the decarburized 

steel became less than that of the AR condition, i.e. 15 min for the CRM1500 and 30 min for the 

PHS2000. Other decarburization times were employed in 5 min descending increments from the 

maximum decarburization time to 0 min. A baseline sample free of appreciable decarburization 

was also created to include a fully martensitic sample. Processing parameters for the industrially 

produced materials were not available and the lab heat treatments ensured a fully martensitic 

comparison condition. Baseline samples of the PHS2000 and CRM1500 were heat treated in a 

steel bag with titanium (Ti), as an oxygen getter, at 900 °C for 10 min. All samples were 

removed from the furnace and directly quenched in a salt brine to ensure through hardening of 

the material. Furnace and sample temperature were monitored using a K-type thermocouple 

attached to a data acquisition console and temperature output was represented using Omega® 

Software. 

  

Table 3.1 ï Chemical Composition of AHSS Grades (wt pct)  

 
THK 

(mm) 
C Mn Si Ni Cr Ti Al  N S P 

CRM1500 1.6 0.21 1.03 0.20 0.04 0.03 0.03 0.03 0.003 0.003 0.01 

PHS2000 1.5 0.34 1.27 0.23 0.06 0.14 0.01 0.03 0.003 0.001 0.01 

  

 B Mo Cu Co Nb V W Ca As Sn 

CRM1500 0.002 0.002 0.15 0.02 N/R 0.01 N/R 0.003 0.002 0.001 

PHS2000 0.002 0.02 0.01 0.02 0.04 0.01 0.01 N/R N/R N/R 
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Figure 3.1 Schematic illustrating the orientation of the samples in the box furnace. 

 

3.3  Mechanical Testing 

 This section will cover the test set-up and procedures for the mechanical testing that were 

used during this study, as well as the definitions of mechanical properties. Mechanical testing 

that was used in this research involved microhardness indentation, free bend testing, interrupted 

bend testing and uniaxial tensile testing. For each test, sample preparation and fixturing were 

performed adhering to applicable standards.  

3.3.1 Microhardness Testing 

 The hardness of martensitic steel is directly related to the carbon content of the steel. This 

makes hardness measurement a useful tool in determining the depth of decarburization. After 

being heat treated and tensile tested, grip sections were sectioned using a LECO® MSX205 

metallographic saw. Rustlick cutting fluid was used as a coolant to prevent the sample from 

heating. Once sectioned, the samples were mounted in Bakelite using a LECO® PR-32 mounting 

press. Once mounted, samples were subjected to grinding on a 320 grit Cameo Pad for 3 min, 

400 grit for 3 min and 30 sec, and 600 grit for 4 min. Finally, samples were polished with 9, 6, 3, 

and 1 µm diamond suspension for 4 min and 30 sec. The polishing cloth for the 9, 6, and 3 µm 

polishing step was silk, while the 1 µm polishing cloth was LeclothTM pad. Samples were 

cleaned thoroughly after each step in order to prevent cross contamination. All grinding and 

polishing was performed on a LECO® GPX300 auto-polisher. 
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 Microhardness testing was performed following ASTM E384 [41] using a LECO® 

LM110AT automatic hardness indenter with CornerStone® software to measure the diagonals 

and Vickers square-based pyramid indenter. The mounting mechanism of the instrument was 

such that the surface of the specimen was perpendicular to the axis of indentation. Indents were 

taken using 200 gf with the load being applied for 10 sec; indents were separated by 2.5 Vickers 

diagonals. Hardness indentations were taken across the cross section of the steel. 

3.3.2 Bend Testing 

Bend testing was performed following the VDA 238-100 standard [42] on an Instru-Met® 

ReNew 1125 electromechanical load frame with a control interface of TestWorks 4 software. 

The standard calls for 60 mm x 60 mm square samples machined using wire electro discharge 

machining (EDM). Figure 3.2 shows the VDA 238-100 bend test instrumentation. The samples 

were placed symmetrically on two frictionless rollers with diameter of 30 mm. The separation of 

the rollers was adjusted relative to the thickness of the samples, according to Equation 3.2 [42]:  

where L is the roller distance and a is the sheet thickness in mm. The punch radius for the 

instrumentation was 0.4 mm and the punch was positioned so that it was transverse to the rolling 

direction. The punch travelled at a rate of 20 mm·min-1 and was stopped when the load dropped 

1 pct from the peak load.  

 

 

Figure 3.2 Schematic of instrumentation used for free bend testing following the 

VDA 238-100 standard. 

 L = 2 Ͻ a + 0.5 ÍÍ (3.2) 
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The bending angle, Ŭ, shown in Figure 3.3, was calculated from the displacement at 

maximum load using the empirical formula, Equation 3.3: 

where R is the roller radius in mm, a is the sample thickness in mm, S the punch stroke in mm, L 

the roller distance in mm, while g, h and i are given by Equations 3.4, 3.5 and 3.6 respectively: 

 g =R + 
L

2

2

+ R + a - S2 (3.4) 

 h = 2R + a2*-R + 
L

2
+ 2R + 

L

2

3

- 2R + a - S2*-R + 
L

2
 (3.5) 

 i = R + a4- 2R + a2*R + 
L

2

2

- R + a - S2*R + a2+R + a - S2*R + 
L

2

2

+R + 
L

2

4

 (3.6) 

  

 

Figure 3.3 Schematic showing the location where Equation 3.3 calculates the bend angle, Ŭ. 
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Prior to bend testing, the oxide scale layer on the decarburized samples was removed 

from the surface of the steel specimen. This was accomplished using a solution of 0.2 pct 

hexamethylene tetramine [43], 10 pct hydrochloric acid (HCl) and 89.8 pct deionized (DI) water. 

Samples were submerged in the solution for 2 min and then removed and rinsed using methanol. 

Once the acid was removed from the steel, samples were scrubbed using a sponge to remove the 

remainder of the oxide. Oxide removal was confirmed by light optical microscopy of the cross-

section of the bend specimen, as will be discussed in section 4.4. 

3.3.3 Tensile Testing 

 Tensile specimens were machined using EDM to the specifications listed in the ASTM 

E8 standard for sheet samples, with gauge width and length measuring 12.7 mm and 57.2 mm, 

respectively. Tensile testing was completed using the MTS® Alliance RT/10 uniaxial 

electromechanical load frame operated using TestWorks 4® Software and a load cell rated to 

89 kN. An MTS® Model 632.11B-20 knife-edge extensometer was used to measure the 

extension of the sample without causing premature fracture. The cross-head speed was set to 

1.25 mm·min-1 to generate a quasi-static strain rate of approximately 3.7x10-4 s-1 as determined 

by Blesi [44]. 

 For each condition, two tensile tests were performed and used to determine the tensile 

properties using initial thickness, width, and gauge length. The tensile properties determined 

were the yield strength, ultimate tensile strength, uniform elongation, and total elongation from 

the recorded engineering stress-strain curves. For ease of inspection, only one tensile curve will 

be plotted for each condition, and properties will be summarized as an average with standard 

deviation.  

3.4 Data Analysis 

 This sub-section will cover the methods used to analyze the data that required further 

processing after being acquired during testing. Both Microsoft® Excel and Matlab® were used for 

analysis. 

3.4.1 Stress-Strain Data 

 Stress and strain data were computed from the load and extensometer data acquired by 

the TestWorks 4® software. In order to calculate the engineering strain, the extensometer data 

were divided by the gauge length, 54.8 mm. The engineering stress was determined by dividing 
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the load data by the cross-sectional area created by the gauge width and sample thickness. Yield 

strength (YS) was determined using the 0.2 pct offset method, the peak load divided by the initial 

cross-sectional area was determined to be the ultimate tensile strength (UTS). Uniform 

elongation (UE) is the total strain at maximum stress, and the total elongation (TE) is the total 

strain of the tested specimen at fracture. Figure 3.4 shows a schematic of a tensile curve 

indicating each of these properties. 

 

 

Figure 3.4 Schematic tensile curve indicating the location of the YS, UTS, UE and TE 

(plastic and total), as well as the 0.2 pct offset used to determine the YS. 

 

3.4.2 Digital Image Correlation 

 DIC was used to analyze the through-thickness strain and the strain of the bend radius on 

the compression side of the specimen. To make an accurate strain measurement, the surface was 

coated with a white base, Krylon Colormaxx® spray paint, followed by a black speckle pattern 

that covers approximately 50 pct of the surface. The black speckle pattern was applied either 

through Krylon Colormaxx® spray paint or a Correlated Solutions® speckle pattern roller. 

 For through-thickness strain measurement, DIC images were captured using a 

Basler® acA3800-14 µm camera set-up to observe a field-of-view (FOV) of approximately 

2.5-3 cm x 0.15 cm, focused on the edge of the specimen. To achieve this, the lens had an 
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extension of 50 mm and was approximately 48 cm from the surface of the edge of the specimen. 

A red filter as well as a linear polarizer were used to create the greatest contrast, with the 

aperture fully  open. Two Lowelpro® lights were placed on either side of the camera to provide 

adequate lighting as well as eliminate any shadows that may occur due to instrumentation. The 

DIC set-up near the Instru-Met load frame is shown in Figure 3.5a and the camera lens set-up 

can be found in Figure 3.5b. The software used to capture the images was Pylon Viewer set to a 

data acquisition rate to match the bend test at 10 Hz. Aramis® software was used to analyze the 

DIC images and output the strain measurements. 

 

 
 

(a) (b) 

Figure 3.5 (a) Photograph of the camera and light set-up with respect to the load frame. 

(b) Photograph of the camera and lens set-up. 

 

3.5  Microstructural Characterization  

 This sub-section will cover the techniques used to analyze the microstructure of the steel 

in the as-received (AR) as well as each heat-treated condition. All samples for microstructural 

characterization were prepared using metallographic methods as outlined in section 3.3.1. 

Techniques used to analyze the microstructure were light optical microscopy (LOM), scanning 

electron microscopy (SEM) with energy dispersive X-ray spectroscopy (EDS), and secondary 

ion mass spectroscopy (SIMS). 
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3.5.1 Light Optical and Scanning Electron Microscopy 

 A 2 pct Nital (98 pct ethanol and 2 pct nitric acid) etchant was used to reveal the 

microstructure of the samples as it preferentially corrodes the grain boundaries. The etchant was 

applied to the sample surface via etchant-soaked cotton swabs in a rotating motion for 5-10 sec. 

 LOM micrographs were recorded using both the Olympus® PMG microscope using 

Pax-it!TM software and the Olympus® DSX500 digital microscope. Contrast, exposure, and 

magnification were modified to produce micrographs. For images taken using the Olympus PMG 

microscope, the magnification was restricted to 500x as the LOM loses resolution at higher 

magnification.  

 To acquire higher magnification images of the polished and etched surface, a JEOL® 

7000 field emission SEM (FESEM) with an accelerating voltage of 20 kV and a working 

distance of 10 mm was used. Fractographs were taken either using a FEI Quanta 600i 

Environmental SEM (ESEM) or the FESEM both with an accelerating voltage of 20 kV and a 

working distance of 10 mm. Samples were sectioned and mounted so the fracture surface was 

oriented perpendicular to the electron beam. Fractography was used to observe key features and 

locate the fracture initiation sites. 

3.5.2 Secondary Ion Mass Spectroscopy 

 SIMS was carried out using an ION-TOF ® TOF.SIMS 5 Time-of-Flight (ToF) SIMS, 

which was supported by the National Science Foundation under Grant No.1726898. Samples 

were prepared for SIMS using the same mounting, grinding, and polishing techniques listed in 

section 3.3.1. After polishing, samples were subjected to argon (Ar) sputtering at 10 keV 

accelerating voltage that removed any artifacts from the surface. ToF-SIMS mode was used to 

remove any oxide and contamination from the area of observation, that may have built up on the 

surface of the polished sample. Once sputtering and removal of oxides were completed, static 

SIMS was used to measure the carbon (C) ion count through the thickness of the steel. C ion 

count was normalized using the total ion count for the analyzed area (Once the carbon ion count 

is normalized it can be fitted to a known carbon concentration.) The analysis was completed on 

an area of 500 x 500 µm2 using a bismuth primary ion beam and 30 keV accelerating voltage. 

SIMS data were analyzed using SurfaceLab 7® software from ION-TOF®. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

 

 This chapter outlines the results from laboratory testing and data analysis of the 

CRM1500 and PHS2000 martensitic steels. This section covers modeling of decarburization, 

through-thickness hardness profiles, tensile testing, bend testing, digital image correlation (DIC), 

fractography and microstructural characterization. Due to its Al-Si coating, PHS1500 was not 

effectively decarburized and the characterization data for PHS1500 are summarized in 

Appendix A. 

4.1 As-received Properties and Microstructure 

 The primary materials used in this research are a CRM1500 and PHS2000 steel. The AR 

condition for both materials were tested using tensile and bend testing. Figure 4.1 shows the 

engineering stress-strain curves for the AR CRM1500 and PHS2000. Figure 4.2(a) and (b) 

represents the bending angle as a function of load during the test for the AR CRM1500 and 

PHS2000, respectively. The inflection point at approximately 4 kN for each of the 

load-displacement curves is attributed to onset of rotation of the frictionless rollers. Table 4.1 

lists the tensile properties and average bending angles of both steels from 2 replicate tensile and 

5 replicate bend specimens. 

 

 

Figure 4.1 AR tensile curves for CRM1500 and PHS2000. 
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The AR PHS2000 steel grade exceeded its minimum strength designation by 

approximately 100 MPa and the AR CRM1500 exceeded its minimum strength designation by 

30 MPa. Both steels exhibited similar uniform elongation (4.1 and 5.3 pct for CRM1500 and 

PHS2000, respectively) and total elongation (7.3 and 7.4 pct for CRM1500 and PHS2000, 

respectively). The CRM1500 has a greater overall bending angle likely due its lower strength. 

For comparison, a technical brochure for DOCOL 1500 shows a bending angle of approximately 

88° [57], which is slightly lower than the 95.4° measured for the CRM1500 specimen examined 

here. Comparison of the bending angle of the AR PHS2000 to technical reports on the bending 

angle of PHS2000, between 40 and 51° [60, 61], shows that the AR PHS2000 exceeds the 

reported bending angle by 10-20°. 

 

  

(a) (b) 

Figure 4.2 AR load-bending angle curves for (a) CRM1500 and (b) PHS2000. Arrow 

indicates inflection point caused by onset of roller rotation. 

 

Table 4.1 ï Tensile Properties and Average Bending Angle of AR CRM1500 and PHS2000 

Steel YS (MPa) UTS (MPa) UE (pct) TE (pct) 
Avg. Bending 

Angle (°) 

CRM1500 1400 ± 13 1620 ± 14 4.2 ± 0.3 7.6 ± 0.2 95.4 ± 5.7 

PHS2000 1550 ± 32 2090 ± 10 5.3 ± 0.3 7.4 ± 0.5 60.3 ± 8.2 
 

 

The AR microstructure of both CRM1500 and PHS2000 was observed using LOM and 

SEM. The samples were etched with 2 pct Nital and were observed through-thickness. Figure 4.3 

and Figure 4.4 show the LOM and SEM micrographs for the AR microstructure of the CRM1500 
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and PHS 2000 respectively. CRM1500 is characterized as martensitic with a thin ferritic layer at 

the surface, shown in Figure 4.3. When hardness tested using a 50 g load, the surface of the 

CRM1500 exhibited an average hardness of approximately 248 HV, which is in the range for 

ferrite hardness [59]. PHS2000 is characterized as having a fully martensitic microstructure as 

shown by the micrographs in Figure 4.4 and the through-thickness hardness measurements in 

Figure 4.5(b) [11]. The processing conditions of the AR CRM1500 caused a softer center band 

with a hardness of 427 HV.  This value would correspond to an as-quenched hardness of 

martensite with 0.142 pct carbon [11] and may indicate the presence of carbon segregation.  

There was also a lighter etching response near the centerline of the sheet, as can be seen by the 

image in Figure 4.6. A through thickness hardness profile, shown in Figure 4.5(a), shows that 

there is a decrease in hardness at the center of the steel that corresponds with the lighter etched 

region. LOM and SEM micrographs of the lighter etched regions taken at approximately mid-

sheet thickness position are shown in Figure 4.7(a)-(b).  LOM and SEM micrographs of the 

darker etched regions taken at approximately one third sheet thickness are shown in 

Figure 4.7(c)-(d). The micrographs do not indicate a clear difference between these two regions. 

One possible explanation of the band in the AR CRM1500 could be variation in carbide fraction 

or size in the regions of the CRM1500, Figure 4.6(a)-(b), such as could relate to incomplete 

cementite dissolution during reheating. Carbide would lower the carbon content in the 

surrounding martensite causing lower hardness. This suggests that the CRM1500 was subjected 

to overaging or tempering prior to use in this research. 

 

  

(a) (b) 

Figure 4.3 (a) LOM and (b) SEM micrographs of the microstructure of the AR CRM1500. 
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(a) (b) 

Figure 4.4 (a) LOM and (b) SEM micrographs of the microstructure of the AR PHS2000. 

 

  

(a) (b) 

Figure 4.5 (a) Through-thickness Vickers microhardness profile of AR CRM1500 and (b) 

Through-thickness Vickers microhardness profile of AR PHS2000.  

 

 

Figure 4.6 Image of AR PHS2000 after etching with 2 pct Nital. 
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(a) (b) 

 
 

(c) (d) 

Figure 4.7 LOM and SEM micrographs of the lighter etched (lower hardness) (a) and (b) and 

darker etched (higher hardness) (c) and (d) regions of AR CRM1500. Red circles 

highlight potential coarse carbides. 

 

Baseline conditions were created by heat treating tensile and bend specimens at 900 °C in 

stainless steel bags with Ti as oxygen getters. All testing was completed using the conditions as-

quenched. The though-thickness hardness measurements of the baseline conditions, Figure 4.8(a) 

and (c), show that the baseline samples had hardness that was fairly constant. 

Figure 4.8(b) and (d) shows the microstructures of the edges of the CRM1500 and PHS2000 

baseline specimens, respectively. For the base line CRM1500, a thin continuous decarburized 

layer can be observed at the edge of the specimen, whereas the PHS2000 does not exhibit such a 
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decarburized layer. These baseline conditions were subjected to both tensile and bend testing. 

Figure 4.9 shows the tensile curves of the baseline CRM1500 and PHS2000, and resulting 

properties are shown in Table 4.2. When compared to the AR conditions the CRM1500 exhibits 

greater UTS, perhaps reflecting tempering (overaging) of the as-received material during 

continuous annealing. In contrast, the PHS2000 exhibits a similar YS and UTS as the AR, 

although there is a significant decrease in UE and TE, which is discussed in section 4.7. 

Figure 4.10(a) and (b) shows the load-bending angle curves for the baseline CRM1500 and 

PHS2000, respectively. A comparison of the CRM1500 and PHS2000 shows that the CRM1500 

has a maximum bending angle reflecting more extensive bending and significantly greater loads. 

 

  

(a) (b) 

  

(c) (d) 

Figure 4.8 Hardness measurements through-thickness and micrographs of the baseline 

(a)-(b) CRM1500 and (c)-(d) PHS2000. 
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Figure 4.9 Tensile curves for baseline CRM1500 and PHS2000 conditions. 

 

  

(a) (b) 

Figure 4.10 Load as a function of bending angle for the baseline (a) CRM1500 and 

(b) PHS2000. 

 

Table 4.2 ï Tensile Properties of Baseline (as quenched) CRM1500 and PHS2000 

Steel YS (MPa) UTS (MPa) UE (pct) TE (pct) 
Avg. Bending 

Angle (°) 

CRM1500 1320 ± 69 1660 ± 81 4.1 ± 0.5 6.5 ± 0.2 92.7 ± 3.9 

PHS2000 1420 ± 178 1740 ± 249 1.1 ± 0.3 1.1 ± 0.3 30.1 ± 2.6 
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4.2 Modeling of Decarburization 

 The depth of decarburization was computed using the Van-Ostrand-Dewey 

equation (Equation 2.5). Since the carbon content at the surface was assumed to be zero the 

model was shifted further to the right than what was experimentally observed with 

through-thickness hardness measurements. The fitting term ɝ, which ranged between 25 to 150 

µm, was then used to shift the curves so that it was a more accurate representation of the 

hardness measurements. The computed results were compared to the through-thickness hardness 

measurement as carbon content of martensite is directly related to hardness; therefore a 

decarburized layer, which can consist of ferrite and martensite instead of a lower carbon 

martensite, has a lower hardness than the hard martensitic center. Figure 4.11 shows the model-

hardness comparison for the 5 (ɝ = 50 Õm), 10 (ɝ = 75 Õm), 15 (ɝ = 100 Õm), 30 (ɝ = 125 µm), 

45 (ɝ = 125 Õm), and 60 min (ɝ = 150 µm) conditions of CRM1500 while Figure 4.12 shows the 

model-hardness comparison for the 5 (ɝ = 25 µm), 10 (ɝ = 50 µm), 15 (ɝ = 75 µm), 

20 (ɝ = 100 Õm), 25 (ɝ = 100 Õm), 30 (ɝ = 100 Õm), 45 min (ɝ = 125 Õm), and 

60 min (ɝ = 150 µm) conditions of PHS2000. 

Figures 4.11 and 4.12 show good correlation between the Van-Ostrand-Dewey model and 

the hardness measurements for most conditions. The CRM1500 5 min decarburized condition, 

Figure 4.11(a), appears to exhibit a decrease in hardness measured near the center of the steel. 

This may be due to the heat treatment of 5 min and salt brine quench not being sufficient to 

eliminate the carbon segregation or variation in cementite dissolution that may have been present 

in the AR condition. Deviation of the Van-Ostrand-Dewey model from the measured through 

thickness hardness was also observed for CRM1500 45 and 60 min conditions, Figures 4.11(e) 

and 4.11(f) respectively. This deviation was not investigated further as the actual carbon 

gradients were not measured and heat treatment for bend testing was restricted to 30 min based 

on the minimum UTS criterion employed, as will be discussed in section 4.3. 

Since the Van-Ostrand-Dewey model and the hardness measurements showed good 

correlation, Equation 2.5 can be rewritten to use hardness values instead of carbon 

concentrations: 

 Hx-Hs = H0-Hserf
x - ɝ

2Dɔt
 (4.1) 
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where Hx is the hardness at a depth x, Hs is the hardness at the surface, H0 is the bulk hardness of 

the AR steel, x is the depth, ɝ is a correction factor, Dɔ is the diffusivity of carbon at 900 °C, and 

t is time in seconds. Depth of decarburization can be represented by the position where the 

hardness reaches 99 pct of the bulk hardness. This representation along with Equation 4.1 can be 

used to determine the depth of decarburization. Table 4.2 shows the calculated depth of 

decarburization of the CRM1500 and the PHS2000 for each decarburization condition. As the 

maximum decarburization time for the CRM1500 was determined to be 15 min for the UTS 

levels to remain above 1500 MPa, samples were not heat treated for 20 and 25 min and these 

conditions do not have values listed in Table 4.3. Depth of decarburization for the CRM1500 

initially starts off at a greater depth than the PHS2000 for shorter decarburization times and then 

becomes similar with increased decarburization times. This is attributed to the presence of a 

decarburization in the AR CRM1500. 

 

   

(a) (b) (c) 

   

(d) (e) (f) 

Figure 4.11 Comparison of modeled carbon content (dashed line and left axis) with through-

thickness hardness measurements (circles and right axis) for CRM1500 

decarburized at 900 °C for (a) 5, (b) 10, (c) 15, (d) 30, (e) 45, and (h) 60 min. 
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(a) (b) (c) 

   

(d) (e) (f) 

  

(g) (h) 

Figure 4.12 Comparison of modeled carbon content (dashed line, left axis) with through-

thickness hardness measurements (circles, right axis) for PHS2000 decarburized 

at 900 °C for (a) 5, (b) 10, (c) 15, (d) 20, (e) 25, (f) 30, (g) 45, and (h) 60 min. 

 

Table 4.3 ï Depth of Decarburization (µm) for Specific Decarburization Times at 900 °C 

Time (min) 5 10 15 20 25 30 45 60 

CRM1500 63.1 94.3 127.7 --- --- 163.7 178.6 212.6 

PHS2000 40.3 71.4 104.2 132.3 136.9 142.3 176.8 211.0 
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Figure 4.13 (a)-(d) presents micrographs near the surface of the steel to show the ferrite 

region after decarburization of the CRM1500 steel for 5, 10, 15 and 30 min, respectively. Figure 

4.14 (a)-(d) shows the near-surface microstructures for the similarly decarburized PHS2000 

conditions. The microstructure of the AR CRM1500 and AR PHS2000 is fully martensitic, as 

discussed in section 4.1. Due to the significantly lower carbon content caused by decarburization, 

the near-surface microstructure etches much faster than the martensitic microstructure.  

 

  

(a) (b) 

  

(c) (d) 

Figure 4.13 LOM of the cross-section near the surface of the (a) 5, (b) 10, (c) 15, and (d) 

30 min decarburized CRM1500 conditions. The horizontal line represents the 

depth to which some ferrite was present. 
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(a) (b) 

  

(c) (d) 

Figure 4.14 LOM of the cross-section near the surface of the (a) 5, (b) 15, (c) 25 and 

(d) 30 min decarburized PHS2000 conditions.  The horizontal line represents the 

depth to which some ferrite was present. 

 

For the micrographs presented in Figure 4.13 the ferrite region extends approximately 5, 

15, 25, and 40 µm in to the samples decarburized for 5, 10, 15, and 30 min respectively. As for 

the PHS2000, Figure 4.14, the ferrite region extends approximately 5, 20, 35, and 45 µm in to 

the samples decarburized for 5, 15, 20, and 30 min respectively. In relation to the Van-Ostrand-

Dewey model and hardness profiles, the micrographs show a similar increase in ferrite layer 

thickness with increasing decarburization time.  

To demonstrate that the Van-Ostrand-Dewey modeling and hardness measurements were 

reliable at determining depth of decarburization, static SIMS analysis of the cross-section of the 
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steel specimens was conducted. Static SIMS data were generated as carbon ion count; this was 

then normalized using the total ion count and compared to an unaffected region, i.e.  

mid-thickness. The 2D ion (C-) image taken during the analysis of the PHS2000 heat treated for 

30 min, Figure 4.15(a), shows a lesser carbon ion count near the surface (darker) and higher 

carbon ion count further from the surface (lighter). Initial static SIMS analysis yielded 

comparable results to the hardness measurements and calculations, i.e. showing similar through-

thickness carbon concentrations, Figure 4.15(b), validating the Van-Ostrand-Dewey 

decarburization model.  

 

 
 

  

Figure 4.15 (a) 2D ion image of the surface analyzed using SIMS. (Color image ï see PDF 

version) and (b) Carbon content as determined by Van-Ostrand-Dewey Equation 

(dashed and left axis), SIMS (solid and left axis), and through-thickness hardness 

(circles and right axis) for the 30 min decarburized PHS2000 condition. 

 

For subsequent samples, special care was taken to retain the edge of the specimen during 

the grinding and polishing process, by modification of sample orientation or through the use of 

metal shot and harder Bakelite. However, edge retention proved difficult to accomplish. Without 

the retained edge, further static SIMS analysis of the cross-section was not feasible. The data 

output from the SIMS analysis indicated carbon enrichment at the surface of the steel as opposed 

to the expected depletion of carbon at the surface, shown in Figure 4.16. This is a result of the 

ion yield of the non-horizontal specimen surface, due to the rounding of the soft decarburized 
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edge during grinding and polishing. As a result, systematic analysis of C content for remaining 

surface decarburization carbon conditions was not possible. 

SEM micrographs also revealed the ferrite-martensite microstructure of the decarburized 

steels. For example, Figures 4.17(a) and (b) show the SEM micrographs of a 30 min 

decarburized CRM1500 and PHS2000 sample, respectively. The larger grains near the surface of 

the steel are ferrite and the regions containing laths and other substructure are martensitic areas. 

 

  

(a) (b) 

  

(c) (d) 

Figure 4.16 SIMS of PHS2000 data plotted as Normalized Ion Count for (a) AR mounted in 

Bakelite, (b) 30 min decarburized mounted in Bakelite, (c) 120 min decarburized 

mounted in Bakelite, and (d) 30 min decarburized mounted in epoxy.  Results are 

believed to reflect rounding of the edge rather than the true carbon profile. 
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(a) (b) 

  

(c) (d) 

Figure 4.17 SEM micrographs depicting ferrite near the surface of the 30 min decarburized 

(a)-(b) CRM1500 and (c)-(d) PHS2000 conditions. Higher magnification 

micrographs of (b) CRM1500 corresponding to location A and (d) PHS2000 

corresponding to location B. Samples were etched using 2 pct Nital. 

 

4.3 Tensile Properties of the Decarburized Conditions 

 Duplicate tensile specimens of the CRM1500 were decarburized at 900 °C for 5, 10, 15, 

30, 45, and 60 min. Similarly, duplicate tensile specimens of PHS2000 were decarburized at 

900 °C for 5, 10, 15, 20, 25, 30, 45 and 60 min. The baseline (0 min) condition was included - 

subjecting both steels to a heat treatment where the samples were placed in stainless steel bags 

with Ti as oxygen getters for 10 min at 900 °C and quenched by submerging in a salt brine as 

described in section 3.2. Post heat treatment, tensile specimens were tensile tested following the 

ASTM E8 standard and using a knife edge extensometer. The tensile results for CRM1500 and 
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PHS2000 are presented in Tables 4.4 and 4.5 respectively. Figure 4.18 shows engineering stress-

strain curves for CRM1500, while Figures 4.20 and 4.21 show stress-strain curves for the low 

and high elongation conditions of PHS2000, respectively. Figures 4.19 and 4.22 show the 

variation in tensile properties (UTS, YS, UE, and TE) with respect to the decarburization time 

for CRM1500 and PHS2000, respectively.  

 Tensile results were used to determine when the duration of decarburization would cause 

the UTS of the steel to drop below the minimum UTS of the AR material, 1500 MPa for 

CRM1500 and 2000 MPa for PHS2000. For the CRM1500 this was determined to occur around 

15 min, and for the PHS2000 around 30 min. In general, both the CRM1500 and PHS2000 

exhibit decreasing UTS and YS with increased decarburization in Figures 4.19(a)-(b) and 

4.22(a)-(b) as shown by the linear trend line. The R2 value for the UTS of CRM1500 and YS for 

CRM1500 and PHS2000 show favorable correlation. The AR condition for both steels was not 

accounted for in the linear fit as the processing conditions are unknown. The linear fit of the UTS 

of the PHS2000 does not show good correlation; this is likely due to premature fracture as 

observed in Figure 4.20. For the CRM1500, the baseline and 5 min conditions show that once 

heat treated and quenched, the UTS increases. This is likely due to the low hardness region 

present in AR material as can be seen by the through-thickness hardness values shown in 

Figure 4.5(a).  

 

 

Figure 4.18 Engineering stress-strain curves for the AR, 0, 5, 10, 15, 30, 45 and 60 min 

decarburization conditions of CRM1500. 
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Table 4.4 ï Tensile Properties of CRM1500 

Condition YS (MPa) UTS (MPa) UE (pct) TE (pct) 

AR 1400 ± 13 1620 ± 14 4.2 ± 0.3 7.6 ± 0.2 

0 min 1320 ± 69 1660 ± 81 4.1 ± 0.5 6.5 ± 0.2 

5 min 1340 ± 3 1680 ± 2 4.7 ± 0.2 7.8 ±0.7 

10 min 1320 ± 12 1660 ± 1 4.9 ± 0.4 8.1 ± 0.3 

15 min 1300 ± 20 1630 ± 7 4.3 ± 0.2 7.2 ± 1.7 

30 min 1220 ± 53 1540 ± 36 4.2 ± 0.3 6.7 ± 0.5 

45 min 1150 ± 20 1470 ± 18 4.5 ± 0.2 7.5 ± 0.2 

60 min 1120 ± 19 1420 ± 19 4.5 ± 0.5 7.5 ± 1.0 
 

 

Another important feature in the tensile data pertains to the PHS2000. When subjected to 

decarburization for lengths of time between 10 and 25 min, the PHS2000 exhibited low ductility, 

as can be seen by the engineering stress-strain curves in Figure 4.22. Samples that exhibited low-

ductility fracture were observed to have a fracture surface that was normal to the tensile 

specimen. In contrast, the samples that had high elongation exhibited a fracture surface that was 

45° to the tensile direction, as is typical in ductile specimens. Tensile testing was not always 

reproducible for the PHS2000, as the 5 and 25 min conditions exhibited both lower and higher 

ductility when replicate testing was run as shown in Figure 4.23. The low ductility in the PHS2000 

may be related to the presence of magnesium oxide (MgO) and calcium aluminate (CaAl2O3) 

inclusions initiating fracture in an already low ductile material, as discussed in section 4.6 where 

fractography of the tensile specimens is also presented. 

  

Table 4.5 ï Tensile Properties of PHS2000 

Condition YS (MPa) UTS (MPa) UE (pct) TE (pct) 

AR 1550 ± 32 2090 ± 10 5.3 ± 0.3 7.4 ± 0.5 

0 min 1420 ± 178 1740 ± 249 1.1 ± 0.3 1.1 ± 0.3 

5 min 1610 ± 301 1960 ± 23 3.3 ± 2.2 4.1 ± 2.7 

10 min 1540 ± 41 1950 ± 23 2.2 ± 0.0 2.2 ± 0.0 

15 min 1540 ± 38 1760 ± 332 1.8 ± 1.0 1.8 ± 1.0 

20 min 1400 ± 95 1640 ± 377 1.6 ± 0.8 1.6 ± 0.8 

25 min 1440 ± 19 1930 ± 13 3.8 ± 1.7 4.4 ± 2.5 

30 min 1460 ± 38 1960 ± 80 4.1 ± 0.8 5.5 ± 0.9 

45 min 1410 ± 41 1890 ± 72 4.6 ± 0.0 5.7 ± 0.0 

60 min 1360 ± 22 1820 ± 33 4.5 ± 0.0 5.6 ± 0.0 
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(a) (b) 

  

(c) (d) 

Figure 4.19 (a) YS, (b) UTS, (c) UE, and (d) TE as a function of decarburization time for the 

CRM1500. The ñ0ò min condition represents the baseline condition. 
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Figure 4.20 Engineering stress-strain curves for the PHS2000 conditions that exhibited 

premature fracture (0, 10, 20 and 25 min). 

 

 

Figure 4.21 Engineering stress-strain curves for the PHS2000 conditions that exhibited high 

elongation (AR, 5, 25, 30, 45 and 60 min). 
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(a) (b) 

  

(c) (d) 

Figure 4.22 (a) YS, (b) UTS, (c) UE, and (d) TE as a function of decarburization time for 

the PHS2000. The ñ0ò min condition represents the baseline condition. The 

filled circles represent the samples that experienced low ductility fracture. 
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Figure 4.23 Engineering stress-strain curves for the replicate specimens illustrating both 

low (solid) and high (dashed) ductility 5 and 25 min PHS2000 conditions. 

 

4.4 Bend Testing 

Prior to bend testing, samples were submerged in a pickling bath, as explained in 

section 3.3.2. Figure 4.24(a)-(b) shows cross-sectional micrographs of a bend specimen before 

and after pickling, respectively. To determine if oxides had an effect on the bendability, three 60 

min decarburized PHS2000 samples were bend tested directly after quenching while three 60 

min samples were pickled prior to testing. Figure 4.25 shows the bend angle for the oxidized and 

pickled PHS2000, revealing that there is not a noticeable effect on bendability caused by the 

oxidation. However, the bend specimens were still subjected to the deoxidizing bath since the 

oxides are less ductile than the steel substrate and might cause premature failure.  

After the maximum decarburization time was determined so that the UTS was maintained 

above 1500 MPa (15 min/128 µm) and 2000 MPa (30 min/142 µm), respectively, bend 

specimens were heat treated and subjected to bend testing. Individual loads (Fmax), punch 

strokes (S) and bending angles (Ŭ) are located in Tables 4.6 and 4.7 for CRM1500 and PHS2000 

respectively. Figure 4.26(a) and (b) shows the maximum load and punch stroke, for CRM1500 

and PHS2000, respectively. For a valid bend test to occur, at least three samples with bend 

angles within a 5 pct range must be tested per the VDA 238-100 standard and if the three 

samples are not within a 5 pct range then 5 samples are to be tested. It can be seen that the 

PHS2000 experienced greater loads than the CRM1500 likely due to its increased strength. In 
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contrast, the CRM1500 experienced greater punch displacements and therefore greater bending 

angle than the PHS2000, likely due to its greater ductility. 

 

  

(a) (b) 

Figure 4.24 Cross-sectional micrographs showing the surface of a 5 min decarburized 

PHS2000 (a) before and (b) after pickling. 

 

 

Figure 4.25 Bending angle of triplicate oxidized and oxide free PHS2000 samples 

decarburized for 60 min. 

 

Table 4.6 ï Bending Results for CRM1500 

Condition 
Depth of 

Decarburization (µm) 
Fmax (kN) S (mm) Ŭ (Á) 

AR* 0 11.3 ± 0.0 10.5 ± 0.5 95.4 ± 5.2 

0 min* 0 11.4 ± 0.5 10.2 ± 0.3 92.7 ± 3.9 

5 min* 63 11.8 ± 0.1 10.0 ± 0.2 91.5 ± 2.5 

10 min* 94 11.5 ± 0.1 10.1 ± 0.2 92.5 ± 1.6 

15 min* 128 11.2 ± 0.3 10.4 ± 0.4 95.0 ± 4.6 

*Indicates the use of 5 bend specimens. 
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Table 4.7 ï Bending Results for PHS2000 

Condition 
Depth of 

Decarburization (µm) 
Fmax (kN) S (mm) Ŭ (Á) 

AR* 0 14.2 ± 0.5 7.1 ± 0.8 60.3 ± 8.2 

0 min 0 9.0 ± 0.4 3.9 ± 0.3 30.1 ± 2.6 

5 min* 40.3 13.1 ± 1.4 5.4 ± 1.3 43.8 ± 12 

10 min* 71.4 14.0 ± 0.6 6.6 ± 0.7 54.6 ± 6.9 

15 min 104.2 13.6 ± 0.3 6.6 ± 0.2 54.4 ± 1.7 

20 min 132.3 12.9 ± 0.4 6.4 ± 0.1 63.0 ± 1.4 

25 min 136.9 12.0 ± 0.6 6.2 ± 0.9 51.0 ± 9.1 

30 min 142.3 13.3 ± 0.5 7.4 ± 0.2 62.9 ± 2.0 

45 min 176.8 12.0 ± 0.8 8.1 ± 0.2 70.6 ± 1.7 

60 min* 211.0 11.8 ± 0.3 7.5 ± 0.2 64.0 ± 2.5 

*Indicates the use of 5 bend specimens. 
 

 

  

(a) (b) 

Figure 4.26 (a) Fmax and (b) punch displacement as a function of decarburization time for 

CRM1500 (circles) and PHS2000 (triangles). 

 

As the bending angle is determined by Equation 3.2, which uses the geometry of the 

instrumentation along with the punch displacement, the load displacement curves can be 

converted into load-bending angle curves. Load-bending angles for the 5, 10 and 15 min 

decarburized CRM1500 are shown in Figure 4.27, while the load bending angles for the 5, 10, 

20, 25, 30, and 45 min decarburized PHS2000 conditions are shown in Figure 4.28. The 
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inflection point at approximately 4 kN for each of the load-displacement curves is attributed to 

onset of rotation of the frictionless rollers.  

 

  

(a) (b) 

 

(c) 

Figure 4.27 Load as a function of bending angle for (a) 5, (b) 10, and (c) 15 min decarburized 

CRM1500. 
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(a) (b) (c) (d) 

    

(e) (f) (g) (h) 

Figure 4.28 Load as a function of bending angle for (a) 5 (b) 10, (c) 20, (d) 25, (e) 30 and (d) 45 min decarburized PHS2000. 
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The CRM1500 load-bending angle curves show substantial bending in the non-linear 

region of the bend test. However, the PHS2000 exhibited minimal bending in the non-linear 

region prior to fracture. This difference between the CRM1500 and PHS2000 is likely due to the 

lower ductility of the (higher strength) PHS2000 relative to the CRM1500. 

Figures 4.29(a) and (b) show the load-bending angle curves for the baseline and 15 min 

conditions for CRM1500 and the baseline and 30 min conditions for PHS2000, respectively; 

these conditions are representative of the minimum and maximum bending angle achieved. 

Figure 4.29(a) and (b) show that the decarburized condition for both the CRM1500 and 

PHS2000 exhibit an improved (greater) bending angle with respect to the baseline condition. 

However, the CRM1500 is not statistically relevant as the bending angle all fall within error. 

 

  

(a) (b) 

Figure 4.29 Load as a function of bending angle for (a) CRM1500 baseline and 15 min 

decarburized and (b) PHS2000 baseline and 30 min decarburized.  

 

The average bending angles along with the standard deviation as a function of 

decarburization time are shown in Figure 4.30(a) and (b) for CRM1500 and PHS2000, 

respectively. Though outside of statistical significance, the CRM1500 steel showed a small 

initial decrease in bendability, with respect to the baseline condition, to 90.8° for a 5 min 

decarburization time. However, an increase in bendability, to 95.0° was observed for the 

CRM1500 when further decarburized to 15 min. It should be noted that all of the CRM1500 

samples fell within the error bars there was no pronounced decarburization effect; it should also 

be noted that the CRM1500 had decarburization present (approximately 15 µm) in the AR 
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condition. For the PHS2000 steel, improved bendability is obtained with increasing 

decarburization time. The baseline condition for the PHS2000 produced a bending angle of 

30.1°, while the heat treatment condition with the best bendability, 45 min, had an average 

bending angle of 70.9°. The 45 min condition, however, did not maintain the minimum required 

UTS of the AR PHS2000, so the best bending angle without compromising the UTS occurred in 

the 30 min condition with a bending angle of 62.9°. The AR condition for both materials 

exhibited bendability comparable to the maximum bending angles achieved by the decarburized 

conditions. The AR CRM1500 had a decarburization layer of approximately 10 µm and the AR 

PHS2000 had no decarburization layer. 

 

  

(a) (b) 

Figure 4.30 Bending angle plotted as a function of decarburization time for (a) CRM1500 and 

(b) PHS2000. 

 

4.5 Digital Image Correlation 

Bend testing specimens were subjected to DIC to observe strain evolution while the 

sample was being bend tested. The DIC speckle pattern was applied to the edge of the sample so 

through-thickness strain analysis could be completed. The speckle pattern was applied either via 

spray paint or a speckle rolling kit. Figure 4.31 shows the progression of strain at four different 

punch strokes/angles for a CRM1500 specimen decarburized for 15 min with a decarburization 

layer of 128 µm as an example.  

Figure 4.31(a) shows the flat specimen prior to any loading. Figure 4.31(b) shows initial 

punch contact or a punch stroke of zero mm. Figure 4.31(c) shows the accumulation of strain 
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beginning in the tensile portion of the specimen, at a punch stroke of 8.55 mm with a maximum 

von Mises strain of 13.9 pct. Figure 4.31(d) shows the specimen just before fracture of the 

specimen, at a punch stroke of 11.29 mm with a strain of 52.6 pct; this shows that the majority of 

strain accumulation occurs in the tensile region of the bend specimen. It is also evident in 

Figure 4.31(d) that strain has also accumulated in the compressive region. The blue region of the 

specimen in Figure 4.31(d) represents zero strain and is the location of the neutral plane. 

Figure 4.31(e) shows the load-bending angle curve for the 15 min decarburized CRM1500 and 

the corresponding locations for strain maps in Figure 4.31(c) and (d) as the circle and triangle, 

respectively. 

 

 

 

(a) (b) 

 
 

(c) (d) 

 

(e) 

Figure 4.31 von Mises strain maps of a 15 min decarburized CRM1500 (a) flat specimen and 

at punch strokes of (b) zero, (c) 8.55 and (d) 11.29 mm. (e) Shows the locations 

on the load-bending curve for strain maps (c) circle and (d) triangle. The color 

scale applies to all strain maps. (Color image ï see PDF copy) 
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Figure 4.32 shows example speckle patterns and DIC strain maps for an AR and 15 min 

CRM1500 sample. Figure 4.33 shows example speckle patterns and DIC strain maps for an AR 

and 30 min PHS00 sample. These decarburized conditions were chosen as they exhibited the best 

bendability while meeting the minimum UTS requirement. For the AR PHS2000, the speckle 

pattern was applied via spray paint and appeared to have better resolution than the pattern on the 

30 min PHS2000 specimen. The reason for the poor resolution of the speckle pattern in the 30 

min condition, applied via the speckle roller kit, is that the speckle roller kit was unable to 

generate speckles that were small enough in relation to the thickness of the steel.  

Strain output was analyzed in terms of von Mises strain. The ARAMIS® software uses 

major and minor strains to calculate the third principal strain, while assuming volume 

constancy [60]: 

Von Mises strain has been shown to produce comparable results for both 2D and 3D DIC [42]. 

The strain accumulation of the AR CRM1500 sample appears to be higher than that of the 15 

min decarburized sample at a similar bending angle, based on the results in Figure 4.32. Strain 

values at fracture were determined for the fibers in tension via the strain maps of each sample, 

e.g. Figures 4.32(b) and (d). For the CRM1500 decarburized for 15 min (128 µm) the strain at 

the mid-thickness position was 19.6 pct while the strain in the decarburized layer was 43.1 pct. 

For comparison, the strain at the mid-thickness position of the AR CRM1500 was 22.1 pct while 

the outer martensitic fiber was 54.2 pct.  

Strain values at fracture were determined for the fibers in tension via the through-

thickness strain maps of each sample, e.g. Figures 4.32(b) and (d). For the PHS2000 

decarburized for 30 min (142.3 µm) the strain at the mid-thickness position was 5.3 pct while the 

strain in the decarburized layer was 22.5 pct. For comparison, the mid-thickness of the AR 

PHS2000 was 7.3 pct while the outer martensitic fiber was at 21.4 pct. The through thickness 

strain maps for all conditions can be found in Appendix B. Figure 4.34(a) shows the strain values 

at fracture of the outer tensile fiber for all conditions as determined by the through-thickness 

strain measurements. Comparison of AR with optimized decarburization condition is to illustrate 

how decarburization effected the bendability of the martensitic steel. 

 ‐
ς
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(a) (b) 

  

(c) (d) 

 

(e) 

Figure 4.32 DIC images taken just before fracture showing the speckle pattern and 

corresponding von Mises strain maps representing the strain measured at the edge 

of the specimen for (a)-(b) AR CRM1500 and (c)-(d) 15 min decarburized 

CRM1500. The scale applies to both strain maps. (e) Shows the locations on the 

load-bending curve for strain maps (b) triangle and (d) circle. (Color image ï see 

PDF copy) 
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(a) (b) 

  

(c) (d) 

 

(e) 

Figure 4.33 DIC images taken just before fracture showing the speckle pattern and 

corresponding von Mises strain maps representing the strain through-thickness of 

(a)-(b) AR PHS2000 and (c)-(d) 30 min decarburized PHS2000. The scale applies 

to both strain maps. (e) Shows the locations on the load-bending curve for strain 

maps (b) triangle and (d) circle. (Color image ï see PDF copy) 

 

Figure 4.34(a) does not appear to show a clear relationship between the time/depth of 

decarburization and the amount of strain required to fracture the specimen. Another way to use 

the DIC images is to determine the inner and outer radius of the bend specimen when loaded. 

Inner and outer radii of the bend specimen can be used to empirically estimate the equivalent 

strain at fracture using Equation 2.6. Figure 4.34(b) shows the empirically calculated fracture 

strains for the CRM1500 and the PHS2000.  The calculated strain measurements using Equation 

22 15 10 5 0 

p
c
t 
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2.6, Figure 4.34(b), show that for the CRM1500 there is a general trend of decreasing fracture 

strain with increasing decarburization time.  

 

  

(a) (b) 

Figure 4.34 (a) von Mises strain (pct) at fracture of the outermost tensile fiber for specific 

lengths of decarburization time. (b) Fracture strain (pct) with varying 

decarburization time as calculated using Equation 2.6. 

 

A comparison of the strain in the (not-decarburized) mid-thickness region with the 

outermost tensile fiber is presented in Figure 4.35, where the triangles represent the fracture 

strain values from Figure 4.34(a). The AR condition for both CRM1500 and PHS2000 are not 

included in Figure 4.35 as these samples had different processing parameters than those 

decarburized and quenched in the laboratory. Figure 4.35(a)-(b) shows the strain of the mid-

thickness position and outermost tensile fiber for CRM1500 and PHS2000, respectively. The 

trend lines were added to highlight that for the CRM1500 increasing decarburization 

time/decarburization depth led to a decrease in strain accumulated at fracture for the mid-

thickness position and an increase in fracture strain of the outermost fiber. A similar trend for the 

outer tensile ñfiberò is observed in the PHS2000, while the mid-thickness region had minimal 

variation.  An increase in the strain at the outer tensile ñfiberò would result in an increase in the 

shift of the neutral plane. The formation of soft ferrite at the surface of the decarburized 

specimens is able to accommodate more strain, therefore causing the neutral plane shift at the 

point of fracture to increase more with increased decarburization.  
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(a) (b) 

Figure 4.35 Strain measurements of the outer tensile fiber (triangles) and the mid-thickness 

region (circles) for the decarburization times that maintained sufficient UTS for 

(a) CRM1500 and (b) PHS2000. 

 

The neutral plane of the bend specimen can be readily observed to shift toward the inner 

radius in the DIC strain maps. To illustrate this, Figure 4.36 shows the strain map for the AR 

PHS2000 at two displacements as this result provided the highest resolution DIC strain maps. 

The neutral plane of the bend specimen corresponds to a strain value of 0 pct as it is the 

unaltered fiber and is represented as the blue region of the strain map. To estimate the location of 

the neutral plane using calculations based on an empirical method, the inner and outer radius of 

the bend specimen as determined from the DIC images, such as the ones in Figure 4.33(a) and 

(c), can be used with Equation 2.1. Figure 4.37 shows the shift of the neutral plane from the 

center of the steel for the various decarburization times for the CRM1500 and PHS2000. The 

punch radius on the inner radius of the specimen restricts the formation of large strain and larger 

bending angles result in larger strain on the outer tensile fiber of the specimen resulting in the 

shifting of the neutral axis.  

From the data presented in Figures 4.30, 4.34, 4.35 and 4.37 it can observed that for the 

PHS2000 with increasing decarburization time there is an increase in bending angle at fracture, 

strain in the outer tensile ñfiberò at fracture, strain at the mid-thickness region, and shift of the 

neutral plane from the central fiber. With respect to the CRM1500 steel, increasing 
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decarburization time led to a minimal change in bending angle, an increase in the strain of the 

outer tensile ñfiberò at fracture, and a decrease in strain of the unaffected mid-thickness region 

and neutral plane shift. The PHS2000 exhibited an improvement in bending angle of 

approximately 30° from the baseline condition. The improved bending angle, likely a result of 

decarburization, was associated with an increase in strain at the outer tensile "fiber" at fracture, 

confirming that the decarburized layer was capable of accommodating higher strains. Increased 

strain then caused the tensile region of the bend specimen to expand into the mid-thickness 

forcing the neutral plane toward the inner bend radius. This behavior can be seen in Figure 4.37 

for the PHS2000 conditions decarburized for 5 to 45 min. As the decarburized layer increases in 

size larger strains are able to be maintained in the outer tensile ñfiberò slowing crack formation 

and propagation. 

 

  

(a) (b) 

 

(c) 

Figure 4.36 Strain maps of AR PHS2000 at displacements of (a) 3.81 mm and (b) 7.19 mm. 

(c) Shows the locations on the load-bending curve for strain maps (a) circle and 

(b) triangle. 
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Figure 4.37 Neutral plane shift from the center fiber, calculated using radii determined from 

DIC images taken at specimen fracture and Equation 2.6, as a function of 

decarburization time. 

 

4.6 Fractography 

 Fracture, of a less ductile nature, of PHS2000 was observed for tensile specimens that 

were heat treated for 5 to 25 min and subjected to fractographic imaging, Figure 4.38. 

Figures 4.38(a) and (c) show the presence of relatively large inclusions, consisting of calcium 

aluminate and/or (primarily) magnesium oxide, found near the center of the fracture initiation 

site, as shown in Figure 4.38(b) and (d). These inclusion in Figure 4.38 are located near the 

surface of the steel; this is an artifact of the casting process, where the inclusion floats to the 

upper surface of the molten steel. The location of large inclusions, either the tensile region or the 

compressive region, can reduce the bendability of high strength steel. The inclusions that are in 

the tensile region may initiate fracture during bending of the already brittle material. The 

inclusions were identified using energy dispersive spectroscopy (EDS) in the FESEM and the 

EDS patterns for the inclusions found in the 15 and 20 min samples are shown in Figures 4.39(a) 

and (b) respectively. A comparison of bending angle results for CRM1500 and PHS2000, 

Figure 4.30, shows that there is greater variation in the bending angle for the PHS2000 as 

opposed to the CRM1500; it is assumed that this is a result of the varying size and location of the 

inclusions. While some conditions experienced particle induced fracture, the general trends of 

the PHS2000 with respect to tensile, Figure 4.21, and bend testing, Figure 4.29(b) are still 

observable despite the complication associated with the inclusion effects. Another potential for 
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this low ductility in the PHS2000 is quench embrittlement as the hardness value and peak stress 

align well with literature [11]. 

 

 

 

(a) (b) 

 

 

(c) (d) 

Figure 4.38 Fractographs taken using FESEM of PHS2000 tensile specimens decarburized for 

(a)-(b) 15 min, and (c)-(d) 20 min showing inclusion at fracture initiation sites. 

 

  

(a) (b) 

Figure 4.39 EDS spectra of inclusions in the PHS2000 decarburized for (a) 15 and (b) 20 min. 

CaAl2O3 

MgO 50 µm 
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Figure 4.40(a) and (b) shows the fracture initiation sites for the AR CRM1500 and AR 

PHS2000 tensile specimens, respectively. Both steels fractured in a more ductile manner than the 

laboratory heat-treated PHS2000. For the CRM1500, all conditions fractured similarly, 45° to the 

tensile direction, while only certain conditions of the PHS2000 fractured in a ductile manner. 

The steels in Figure 4.40 exhibit a combination of microvoid coalescence and quasi cleavage that 

led to a more ductile fracture than that experienced by the low ductility specimens. In contrast, 

PHS2000 also exhibited intergranular fracture near the fracture initiation site while away from 

the initiation site the fracture mode becomes quasi-cleavage, as shown in Figure 4.41 for 

PHS2000 decarburized for 10 min. 

 

  

(a) (b) 

Figure 4.40 Fractographs showing microvoid coalescence on the fracture surface of (a) 

AR CRM1500 and (b) AR PHS2000 tensile specimens. 

 

 

Figure 4.41 SEM micrograph showing transition from intergranular/brittle to quasi cleavage 

fracture mode further from the initiation site for a 10 min decarburized PHS2000. 

Intergranular fracture indicated by the white arrows. 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

 

Improved bendability is beneficial in the forming of martensitic grades as cold-rolled 

grades are formed using roll forming and an increase in bendability can result in the ability to 

achieve more challenging part shapes. Further, the bending angle, obtained via VDA 238-100 

standard testing, shows great correlation with crash foldability of the steel in the event of an 

automobile accident. 

 This research analyzed the effect of decarburization on the bending and tensile properties 

of two martensitic steels, 1.6 mm thick CRM1500 and 1.5 mm thick PHS2000 with the numeric 

designation referring to the minimum UTS in MPa of the as-received material. Some existing 

decarburization was noted in the as-received CRM1500 steel.  The decarburization times for the 

CRM1500 and PHS2000 were between 5 and 60 min and a baseline as-quenched condition was 

also produced without a decarburization treatment. Modeling of the carbon profile during 

decarburization was conducted using the Van-Ostrand-Dewey model and showed appreciable 

correlation with both hardness and SIMS carbon profile measurements.   

 Tensile testing of the CRM1500 showed that the required UTS was maintained until 

approximately 15 min of decarburization, which was determined to be the length of time before 

the required material strength was lost. Tensile testing of the PHS2000 revealed low ductility in 

some instances that was attributed to the presence of oxide inclusions and the required strength 

was retained until approximately 30 min of decarburization. Bend testing of the CRM1500 

revealed that there was a small improvement in bending angle with respect to the undecarburized 

condition, occurring at 15 min of decarburization (127.7 µm decarburization depth) with a 

bending angle of 95.0° as compared to 92.7° in the baseline condition. For PHS2000 (without a 

decarburized layer in the as-received condition) , bend testing showed a greater improvement in 

bendability with the best bendability occurring for the 30 min condition (142 µm decarburization 

depth) with a bending angle of 62.9° versus 30.1° in the baseline condition. Greater variation in 

standard deviation of the PHS2000 as compared to the CRM1500 bending results might be 

related to the presence of oxide inclusions in the tensile region. In general, optimum depth of 
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decarburization appears to occur at approximately 135 µm or approximately 17 pct of the sheet 

thickness for both CRM1500 and PHS2000; at this depth an improved bending angle is achieved 

while maintaining the UTS of the AR material.  

 Digital image correlation to capture through thickness strains of a bend specimen was 

used to determine the fracture strain and the shift of the neutral plane. The fracture strain on the 

outer tensile ñfiberò of the specimen increased with increasing decarburization depth for the 

decarburized conditions. CRM1500 experienced greater strains at fracture than the PHS2000 

resulting in overall greater bending angles. Comparison of the strain at the mid-thickness 

position and outer tensile fiber of decarburized samples showed that a greater decarburization 

depth is able to assume greater strains in the outer tensile ñfiberò. The neutral plane shifted from 

the mid-thickness of the sheet toward the inner radius during the bending test, and for the 

PHS2000 the shift measured at fracture increased with increasing decarburization time.  This 

behavior is believed to be a result of the greater (improved bending) angle allowing greater 

strains, and thus accentuating the expansion of the tensile region over a greater portion of the 

cross-section toward the inner bend radius. 
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CHAPTER 6 

FUTURE WORK 

 

The focus of this study was to identify conditions that might optimize the bendability of 

martensitic steels through the variation of local chemical composition by decarburization. 

Through this, the effects of microstructure and decarburization were understood. This chapter 

discusses further research that can be completed in order to gain more understanding as to the 

effects of decarburization on martensitic steels. 

 This research only tested CRM1500 and PHS2000 martensitic steels. Variations of cold-

roll and press hardened martensitic grades with different UTS and carbon content should be 

tested in order to determine the effect that decarburization has on a wider range of steel grades.   

 Difficulty in measurement of carbon ions using static SIMS resulted in some artifacts in 

the composition profiling measurements. This was likely caused by insufficient edge retention of 

the specimen during grinding and polishing steps. The use of better sample preparation 

techniques, like the use of EpometTM hot mounting epoxy [61] or nickel plating on the surface of 

the steel, could allow for the edge of the polished specimen to be retained and an accurate 

measurement to be achieved. This would allow for a better understanding of the decarburization 

depth and a better comparison with hardness indentation and modeling. 

 For this study decarburization, was completed in a box furnace at 900 °C for various 

lengths of time. Controlled decarburization in an atmospheric furnace with a controlled dew 

point could be pursued to allow for a better understanding of the decarburization process and 

might aid in industrial implementation. Use of starting conditions without any pre-existing 

decarburization may be helpful. 

 Preliminary finite element analysis (FEA) conducted by Dr. Fabio Di Gioacchino has 

already showed appreciable correlation with the experimental results. Improvements in 

calibration and model definitions would be useful in perfecting FEA and retrieving results that 

garnish a deeper understanding. FEA modeling may help to clarify the influence of the 

decarburized layer on the position of the neutral during bending.  
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APPENDIX A 

PHS1500 DATA 

 

 As-received PHS1500 was initially characterized by both tensile and bend testing. 

However, the material had an Al-Si coating that prevented decarburization. The chemical 

composition of the PHS1500 is located in Table A.1. Tensile curves and tensile data are 

presented in Figure A.1 and Table A.2, while Table A.3 shows the bending results for PHS2000. 

 

 

 

Figure A.1 AR, 5 and 10 min decarburized PHS1500 tensile curves. 

 

Table A.1 ï Chemical Composition of PHS1500 (wt pct)  

 
Thickness 

(mm) 
C Mn Si Ni Cr Ti Al  N S P 

PHS1500 1.5 0.24 1.16 0.21 N/R 0.22 0.03 0.04 N/R 0.00 0.00 

  

 B Mo Cu Co Nb V W Ca As Sn 

PHS1500 0.00 N/R N/R N/R N/R N/R N/R N/R N/R N/R 
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Table A.2 ï Tensile Properties of PHS1500 

Condition YS (MPa) UTS (MPa) UE (pct) TE (pct) 

AR 1341.0 ± 9.5 1667.9 ± 8.0 4.8 ± 0.1 7.8 ± 0.3 

5 min 1381.3 ± 17.7 1745.7 ± 19.9 4.1 ± 0.3 6.3 ± 0.4 

10 min 1352.1 ± 3.3 1725.4 ± 10.2 4.2 ± 0.2 6.7 ± 0.2 
 

 

Table A.3 ï Bending Results for PHS2000 

Condition Fmax (kN) S (mm) Ŭ (Á) 

AR 2292.0 ± 29.8 7.59 ± 0.33 64.8 ± 3.4 

5 min 2484.7 ± 26.3 6.50 ± 0.32 53.8 ± 3.1 

10 min 2485.5 ± 23.8 6.82 ± 0.45 57.0 ± 4.5 
 

 

PHS1500 was coated with an Al-Si layer that proved to be challenging to remove fully. 

Figure A.2(a) shows the cross-section of a PHS2000 sample and the Al-Si layer at the surface. 

Based on previous research by Golem [46], chemical removal was not possible. Mechanical 

removal via a precision surface grinder was attempted so the decarburization process could take 

place and the result is shown in Figure A.2(b). The surface roughness post surface grinding was 

not conducive to bend testing as shown in Figure A.2(c) and needed further manual polishing in 

order to achieve a sample that was able to be subjected to tensile and bend testing.  
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(a) (b) 

 

(c) 

Figure A.2 LOM Cross-sectional micrographs of PHS1500 (a) before and (b) after surface 

grinding. Samples were etched with 2 pct Nital. (c) Surface of specimen with 

Al -Si coating removed via precision grinding. 
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APPENDIX B 

DIGITAL IMAGE CORRELATION DATA 

  

This appendix shows the DIC strain maps and strain through thickness for each condition 

at a given displacement during bending and just before fracture. The left axis on all figures 

represents the inner radius and the right axis represents the outer radius. 

 

 

 

(a) (b) 

 

 

(c) (d) 

Figure B.1 (a) Through-thickness strain map of the AR CRM1500 at 6.82 mm punch 

displacement and (b) corresponding strain graph. (c) Through-thickness strain 

map just before fracture and (d) corresponding strain map.  
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(a) (b) 

 

 

(c) (d) 

Figure B.2 (a) Through-thickness strain map of the 5 min CRM1500 at 7.63 mm punch 

displacement and (b) corresponding strain graph. (c) Through-thickness strain 

map just before fracture and (d) corresponding strain map. 
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(a) (b) 

 

 

(c) (d) 

Figure B.3 (a) Through-thickness strain map of the 10 min CRM1500 at 6.89 mm punch 

displacement and (b) corresponding strain graph. (c) Through-thickness strain 

map just before fracture and (d) corresponding strain map. 
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(a) (b) 

 

 

(c) (d) 

Figure B.4 (a) Through-thickness strain map of the 15 min CRM1500 at 7.52 mm punch 

displacement and (b) corresponding strain graph. (c) Through-thickness strain 

map just before fracture and (d) corresponding strain map.  

 


