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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 ima&uasion 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 callisiovhen 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 rolledhartensitiCRM) 1500 and press hardenable steel (PHS) 2000,
with the numeric designation of each grade representing the minimreneaged AR) UTS in
MPa. Decarburization was completed in a box furnace at 900 °C for times between 5 and 60 min.
Uniaxialtensile testing, bend testing with digital image correlafi®i€), and microhardness
testing were used to evaluate the effects of decarburization on the bendability of CRM1500 and
PHS2000. The Va®strandDewey model was used to model decarburizationcanctlated
well with both througkthickness hardness measurements abBdsBatic secondary ion mass
spectroscopy (SIMS) carbon analysis.

Increasing decarburization time led to a greater decarburization depth as well as a
decrease in UTS. Thaecarburization 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 minirmeceiasd
UTS. Bendability showed improvement with increasing decarburization time. The best
bendabilityachieved through decarburization was 95.0° for the CRM1500 and 62.9° for the
PHS2000. These values represent an improvement cd2d32.8 relativeto the respective
baseline conditions. For both steelositnlte eqatsrea
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 magnitudbisfshift of the neutral plane as a result of

the i mproved bending angle increasing strain
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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 trucksoStnecent
modificaion, made in March 31, 2020, amends phevious standard from 2018 to increase the
stringency of the corporate average fuel economy (CAFE) and carbon dioxigeef@Ssions
by 1.5 pct each year for passenger cars and light trucks through model 3@aniz0 a fuel
efficiency reaching 40.6 miles per gallon for model year QP6This requires an average
industry fleetwide CQ emissions basis of 201 grams per mile for model year 208(pared to

the 2020 C@emission average of 356 grams per rfile

Material selection igmportantin meeting these standards and producing lightweight high
strength parts. To meet the lightweighting requirements, various materialsjmgcaluminum,
advanced high strength steels (AHSS), magnesium and plastic composites, are being substituted
for mild steel[2i 6]. Factors that determine if the use of lightweight materials is feasible are cost
efficiency, strength, weight, and if they meet safety standards. dsmgthod known as life
cycle assessment (LCA), the impact of the production and use of a new lightweight material can
be evaluateR]. 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 st§2].parts

The use of aluminum and AHSS in the automotive industry has gained prominence with
various studies proposing the use of aluminum could reduce tiyeradite (BIW) by
35-42 pct and AHSS could reduce the BIW by-22 pct[7, 8]. Though aluminum has a greater
potential for lightweighting vehicles, LCAs show that the payback period of greenhouse
gas(GHG) emissions is-40 years whe high strength steel only has a payback period of
1-4 years[3]. This implies that the tradeff of higher production energy and emissions of
primary aluminum and lower energy consumption during use is not favg2abi&hen
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



payback periog]. However, the use of secondary, or recycled, aluminum has a GHG payback
period of 12 years. Therefore, the life cycle benefits of aluminum, for lightweighting, are
dependent on the amount of recycled aluminum that is used while the benefyis stféngth

steel are based on the amount of mass that can be rgdjiced

One form of AHSS thas 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 antntrusion parts in vehicles, such as bumper beams, door impact
frames, and door impact beams, Figure 1.1. In-tmiching applications, these steels are
primarily roll-formed, which is described in section 2However, due tthe high strength of
martensitic steel, the formability is relatively low. Optimizing the bendability would therefore
expand the application of martensitic steels. Additional applications emplsyamoping or

presshardening to obtain a martensitic naistructure in more complex geometri@k

Figurel.l Schematic illustration of vehicle bodly-white highlighting the location of anti
intrusion beams commonly made from cétdmed martensitic stee$0].

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 geomeiig/piidtess 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 alsmasgood correlation with cragbldability
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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 -foéddbility, as well as the rall

formability, can bemproved 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
decarburiztion, 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 coverstéralnand
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 experati@mt 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 @ifi$ investigation are presented in Chapter 5.



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 allowsé#ntensite to inherit
the composition offte parent austenite. Sufficienaipid cooling transforms the facentered
cubic structure of the austenite by trapping carbon (C) atoms in the octahedral sites of the
body-centered cubic structure creating a badyntered tetragonal structure (BQT) 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 caramtent 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 signifcantly mitigatesthe movement of dislocatioi$1]. Martensitic steels are used
in the form of press hardened steels (PHS) and cold rolled (then hardened through

annealing/quenching) fautomotive body applications.

PHS are created by heating the steel above the austenization temperature, forming the
steel at high temperatures and then quenching using-e@iéng of the dies to form a
martensite structufd 3]. An advantage to this method of steel part production is that the amount
of springback is significantly reduced. Initially used fgrieultural components, the use of PHS
in the automotive industry has increased since the 1980sDue to its high strength, PHS are
used in bumper beams, door impact beams, and othengingion parts, allowing for car safety
to be maintaied while decreasing the overall weight of the vehicle by using thinner sections
[15].



Cold rolled martensitic (CRM) steels and PHS are both used for the sanrdraston
parts in the automotive industry. In order to form parts, such as a bumper beam, CRM steels are
frequently formed by dbforming [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 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 guzing long formed sectior8]. 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 gredfiéd]cost

Figure2.1  Schematic of roll forming proce§s8].

2.2  Battery Packaging

The transition from gas powered vehicles to battdegtric vehicles (EVSs) has increased
due to global regulations that are attempting to reduce carbon footprints and growing consumer
concerns regarding greenhouse gas emisfl®sEVs 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 gasgwered vehiclg¢19]. This is due to the necessity of large and expensive
batteries to meet consumer demand related to mileage per @jrg@ne method to extend the

driving range of EVs is to use lighter materials to reduce the overall mass of the [&Hi¢le

5



As is the case with light weighting astitrusion 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 collisiong2].

Some of the safety requirements considered for the Stilgtize Vehicles program at
ArcelorMittal are underfloor protection, thermal runaway, durability, crashworthiness, and crush
performancd20]. Thermal runaway occurs when a lithium ion battery is subjected to electrical,
mechanical or thermal mistreatments resulting in abrupt increases in temp@Htutne
advantage to the use of advanced tsggength steels (AHSSSs) to achieve the safety
requirements is that AHSS minimize deformation in the battery enclosure volume, retiecing
risk of thermal runaway using greater thermal containf28jt SSAB currently manufactures a
martensitic grade, DOC,. which when roHformed iscapable of reducing the height of the
battery enclosurg22]. Figure 2.2(a) shows a schematic of the location of the battery and
Figure2.2(b) shows the exploded view schematic of the battery packaging used in the-Steel E
Motive Vehicles program at ArcelorMitt§23]. ArcelorMittal uses MartINsifefor cross
members, frame, brackets and rails to the boeyhite and lower shield and reinforcem§2is].

(a) (b)

Figure2.2  Schematic of (a) location of battery packaging and (b) exploded view of bat
packaging. (1) the top cover, (2) the crassmbers, (3) the cladded cooling
system, (4) the frame, (5) the brackets and rails to the-inedtite, and (6) the
lower shield ad reinforcemenf21].



A study by Huangpt al.tested prismatiand pouch battery cells of the same capacity
until failure through electrical misu$g4, 16} Figure 2.3 shows a schematic of these two types
of EV battery packaging. Figu&3(a) shows a pouch battery pack which is typically comprised
of a flexible thinplastic/aluminum housing which allows for resistance in some loading
directions[25]. Figure2.3(b) shows a prismatic battery pack which is commonly comprised of a
rigid plastic or metal hasing[25]. The prismatic cell, with a stainless steel shell, had lower
temperature thermal runaway when compared to an aluraghastic composite pouch c¢h?].
The lower temperature was due to a safety valve in the prismatic cell that released the heat and

gasses that built up.

() (b)

Figure2.3  Schematic of (a) pouch and (b) prismatic battery packi@gés(1) is the positive
pole, (2) is the negative pole, (3) is the housing, (4) iptessure valve and (5)
the compound

2.3 Bendability
The use of tight radius bend testing has gained prominence over thiegfdinmit
curves(FLCs) in planestrain characterizatioj26]. This is due to the mechanics of the bending
testdos ability t o [@6]tTighyradiuebembstng produgesam st abi | it
approximately plane strain tension state that is similar to that found in folds caumed by
automotive crash event. Rkastrain loading is the result of the sheet being wide and thin relative
to the punch radius and is what occursriash folding26]. 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.



The relatioship between maximum bending angle via sharp radius curvature bending
(VDA 238-100), and crash folding ability was developed by Laeiwal.[27]. In this study,
specimens were tested using both bend testing (1ISO7438:2005 standard) and crash testing using
a horizontal crash unit that allows axial and bend crash teBimgre 2.4(a) shows how the
metricknown as crash indexas sedas a way of measuring the axial crash foldahility
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 iRdgxe 2.5 shows results from a study
by Link et al, showinga similar relationship between the bend angle andothédrack length
per specimeffiormed during crash testifjg8]. Therelationship shown in Figurés4(b) and 2.5

indicates that maximum bending angle is a good indicator of crash foldfb@jt20]
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Figure2.4  (a) Crash index classification (axial crash folding behavior) and (b) relation:
between crash index and bend angle for PHS specimens tested using cras
bend testing27].

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 VDPOR38andard, the
neutral axis often shifts toward the inner surface of the [@kel This causes the

region of tensilestrain, or outer surface, to acquire more strain than in the compressive region.



The thickness at the bend reduces asthetntidi c k ness Afi bero is stretc
the sample must be maintained. This reduction in thickness is related teetio¢ thie punch

radius; with decreasing punch radius, there is a greater reduction of thickness at {8¢. bend
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Figure2.5  Axial crash test total crack length as a function of VDA-288 bending
angle[28].

The neutral plane of a flat steel specimen is iclamed to be located at mttickness 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 apeaf the bend. Methods to determine the location of the neutral plane include

eqguations to be used after bending, hardness measurements of the-thickigss, as well as

DIC to view how the neutral pl ane vanrthees dur i
tensile region only increase in | ength wherea
length but then may increag9]. Theneut r al axi s or Afibero is | oc

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

can be calculated by:

Rn= RoR; (2.1)



where R, Ro and R are the neutral, outer and inner radius, respectively, shown in the schematic
located in Figure 2.29]. Research by Verberne also discuskeghrougkthickness hardness

and how it relates to the neutral plg88]. Figure 2.7shows that the througfinickness hardness

of a700 um thickbend specimen by nanoindentation, exhibits a minimum at the location of the
neutral planeapproximately 330 pmAnother study by LaschK81] shows that the hardness of

thesteel at the neutral planetise minimum hardness througthickness.

Neutral Pane

Figure2.6 = Schematic showing thecations of R, Ro, and R, as well as the neutral plane

a specimen.
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Figure2.7  Throughthickness hardness of an interstitial free (IF) steel, bent via free be
showing the hardness decrease toward the neutral plane of th®atewelas
used from Figure 4.6 in Verber{®0].
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In a study by Hazrat al.it was determined that ultt@igh strength steels were able to
support higher major strains in bending-Il6pct)as opposed to stretch forming {10 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 longituzbmglit 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.

24 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 Roeinahi83] on a
functionally graded 300M st The results showed that an inner hard core with a thickness of
one third the sheet thickness yielded ltlestbendability for a steel with composition outlined in
Table 2.1. Fracture was observed to occur in one of two possible ways. The first bdiagith
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 agaping inward and initiating the hard
core fracture. Rouminet 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 whehe sample faile¢B3].

—
100pum

—
100um .

Surface Crack

Through Thickness Crack

(@) (b)

Figure2.8  Optical micrographs of the bent graded sample, decarburized for 65 min, a
the longitudinal axis (a) unloaded before fracture and (b) after frd&@ire

Since this steel was compositionally graded, the spaicigivas limited33]. The
bending angle of specimens decarburized in an atmosphere with a @@fio®f 10.3for 5,

10, 20, and 65 min are plotted with respect to the springback angle in Ei§uiide 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 unloa@dFigure 2.9 illustrates that increased time of
decarburization not only leads to a greater bend angle, but is also beneficial in minimizing

springback.

Table 2.1i Composition of the 300M and 0.24 pct C Steels studied by Rowhadg33].

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 Stee 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 compositionalgdgstekl, as well as the 300 M
steel not subjected to decarburization. Figure 2.10 depicts thédématihg angle plot for the
three conditions; 65 min decarburized, rggaded 300M, and the nauaded 0.24 pct C steel.

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

the other conditions. The nagraded 300 M steel fractured with little punch displacement.
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Figure2.9 Springback angle as a function of bending angle obtained for 300M specim
decarburized for 5, 10, 20, 65 min at 1100 °C by Roursirad. [33].

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

is the chemical composition of the steel. This was shown by Jamirsdrwho observed
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alloying effects by titanium (Ti) and vanadium (V) when combined with chnongir) and
molybdenum (Mo]34]. The compositions of the 34MnBiased steels used in this study, Table
2.2, were bororalloyed and boroifree. It was reported th&teé E had the largest bending
angle, 73° and had a thin ferritic layer, approximateR3@m thick at the surfac@he
researchers determined that several factors played key roles in evaluating tpeititreending
of the steel; namely local cooling eafraction of secondary phase, and subsurface

microstructure.
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Figure2.10 Loaddisplacement curve for bending of agraded 300 M, nograded 0.24 pct
steel, and graded 300 43].

Specimens were cut from heat treated steel blanks. It was found that samples cut from the
middle of the stel 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 vairgiical 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 ambof 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,apprximately 10 um, ferritic layer.
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Table 2.2° Composition of 34MnB5 based Boratloyed and Boroiiree steels (wt pct)3¢].

Steel C Si Mn Cr Mo \Y Ti Al B N

Ref 0.35 0.26 1.30 0.15 0.01 O 0.029 0.033 0.0026 0.0033
0.35 0.30 1.37 0.30 O 0 0.090 0.023 0.0022 0.0029
0.34 0.30 1.37 0.30 O 0.144 0.020 0.024 0.0019 0.0036
0.34 0.29 1.37 0.02 029 O 0.019 0.021 0.0019 0.0017
0.34 0.30 1.36 0.02 0.30 0.146 0.020 0.028 0.0017 0.0033
0.34 0.29 1.28 0.02 0.30 0.147 0.001 0.004 0.0001 0.0060

moOw>

Other research has been done to confirm the effects of decarburization on the bendability
of martensitic steel . Ch ehardened 22MmB& steélovadhma n6s wo
composition shown in Tab23[35] investigated whethatecaburizationcan be useful to
improve the ability of a predsardened 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
pm. The ferrite portion of the dedarrized layer for the sample that was decarburized fom6

can be seen in Figure 2.1

Table 2.3° Composition of the 22MnB5 PHS (wt p¢85]

wt pct Fe C Mn B Si Cr Ti
22MnB5 Balance 0.24 1.22 0.002 0.25 0.16 0.03

Threepoint bending was performed using the ISO7438 standard method with sample
sizes of 20 mm x 66hm with the long side parallel to the rolling direction. Test specimens were
heated in air and in nitrogen {\for 6 min separately to assess the effettiecarburization.

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

The resulting bending curves are shown in Figurg(2)1

Figure 2.2(a) suggests that the bending angle of the specimen treated in air istdeuble
bending angle of the specimen that was treated.iB&hdability of the samples treated in air
was shown to be higher for the 6 min heat treated sample aseaptaothe 4 min heat treated
specimenThe author attributed this improved bendabildyrack propagation rate being
reduced for the 6 min sampdee to the ferrite near the surface blunting the craciBepding of

samples heated for 10 minutes tended to worsen. Théokrating angle curves for the 4, 6 and
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10 min conditions are shown kigure 2.2(b). Bend angle was determined empirically using

Equation 3.2, which is discussed in section 3.3.2.

Figure2.11 SEM micrograph of 22MnB5 pre$smrdened steel heated at 1173K (900 °C)-
6 min. A decarburization layer with a thickness of 30mm is clearly vigd&g
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Figure2.12 (a) Loadbending angle curve for the 22MnB5 PHS heated in air and nitroge
1173K (900 °C) for 6 min. (b) Loadending angle curve for 22MnB5 PHS he:
treated in air for 4, 6, and 10 mB5].
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25  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 aboyéetimpéyature.

An i mportant equation in calculating the dept
law [36]:

#-1er @

# q%[e)¢ (2.2)

where &, Co, and G 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 ithe diffusivity of carbon through austenite at a specific temperature,

determined by Eq. 2.3, and t is time.

$=00" 2.3

where Dy is the initial diffusivity of carbon in austenite (6.20 x1®2.sY), Q is the activation
energy for C diffusion (80,000rolY), R is the gas constant (8.31Mal1-K™Y), and T is the

temperature.

One study that researched depth of decarburizatimg uhe above equations was
completed by Prawotet 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 nodel, as is shownybFigure2.13a).

Table 2.4i Chemical Composition (wt pct) of the Steel Studied by Prawbéd. [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 0.0022 0.036

Another study that used Eqg. 2.1 and 2.2 to mddpth of decarburization was by Choi
and De Coomaf8B5]. 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 el according to Eq. 2.4. The Vickers hardness of the steel at the varying times

of decarburizaion can be found in Figure 2.(8.
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Figure2.13  (a) Model prediction (circles) and experimental results (squares) of depth o
decarburization at 900 °C as a function of time obtained by Praatvai[29].
(b) Through thickness Vickers hardness plotted as a function of distance fr
surface of uncated 22MnB5 steels decarburized for 4 (circle), 6 (square), al
10 min (triangle)[35].

Anot her solution t o -BstrandDéveey eqeatoond | aw i s t
Co=Cs+ Co-Cser £
c=Cs 0-Ls > Di (2.5)

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

surface can be assuth® be zero as the atmosphere has excess oxygen.

Gegner studied a standard 100Cr6 (SAE 52100) bearing steel, with initial carbon content
of 0.93wt pct (1.02mol pct). The bearing steel was heat treated at 890 °C for 30 min in air. Heat
treated specimengere then analyzed using Secondary lon Mass Spectroscopy (SIMS) and
compared to the Va@strandDewey model, presented in Figure£.Eigure 2.4 shows the
depth of decarburization to be about 400 um. A diffusivity of 9.94xif’s* was employed
alongwith a correctionfactorf) of 100 to account for the near

caused by the formation of U+2 interlayers.
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Figure2.14 Comparison of SIMS data and \f@strandDewey modelData replotted from
Figure 8 in Gegn€38].

26  Digital Image Correlation

One drawback of testing to the VDA 2380 standard, which will be discussad
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 betimtgtd3IC can be useful for
in-situ strain measurements of a sample being mechanically t€dt@dises a speckled pattern
on the surface of a material to determine the strain based on images taken duringrtestisg
of DIC in bend testing following the VD238 100 standard was first done by Roth and Mohr
[39] using a modified experimental instrument. Similar work by Chestrad. usesan inverted
V-bend test frame, as seen in FigRrib, that allows for DIC across the outer bend radius of the
steel[26].

To overcome both the difficulty of traditional VDA 23®0 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 Th{dlogrThe chemical
composition of the DP980 steel study by Mishra and Thullier is in Tablé&®@ure 2.6 shows
the DIC strain results for the outer bend radius of a DP980 steel at various puratedispits.
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Interrupted bend testing was used by €ail.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

cdculated and related to the equivalent strain, determined using Equé#tion 2.

w20 2 TV
MR Y 29

wherelis the equivalent strait] is the strain on the outer most fibeg,iRthe 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 gtiaes determined
through DIC.

65° viewing angle

——

Specimen

D =30 mm ~ | «—— DIC viewing space

¥ " Roller Span =D +2t
Knife

Punch

Figure2.15 Schematic of inverted ¥end test instrumentation used by Cheenal [26]

Table2.57 Composition (wt pct) of the DP980 Steel Studied by Mishra and Th[4lgr

Steel C Si  Mn P S Ni Cr Ti V. Al Mo Nb B
DP98C 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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Figure2.16  DIC strain( ) maps of the outer bend radius for displacements of (a) 1.89
(b) 5.32 mm, (c)6.79mm, and (d) 7.79 mm for a DP980 steel. (Note the cha
in color scale.) Punch is oriented normal to pdg.

The measurement of strain, through thickness at the edge of the specimen using DIC was
researched by Roumir al.[33] which allows for imaging of the areas that are deformed in
compression or tension as well as the neutral plane whichdweapkrience neither
Figure2.17a)(b) shows the images of the bend specimen at twerdiit punch strokes along
with the respective DIC througghickness straifvon 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 analysi§42].
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Figure2.17 V-bend test specimen geometry at two different punch displacements for tt
compositionally graded steel (Table 2.1) decarburized for 65 min, and the
corresponding circumferential througifickness strain maps for (a) maximum
strain of 0.08 and (b) strairi 6.14 at the outer surface under teng@3i.

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 speciMistra and Thuillier imaged specimens
using scanning electron microscopy at various punch displacements. Fiiisb@vs the
formation and propagation of cradk].

Fracture in steel involves two processes, crack initiation and crack propgd@ation
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 fracturaydacer, is caused by rapid crack propagation
resulting in cleavage or intergranular fract[@p Factors that can affect the type of fraetin
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 plareé maximum sheatthis type of fracture results in microvoid
coalesenceat thefracture surfacg9].
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(b)

(©)

Figure2.18  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 (beginnin
cracks). (c) 7.79 mm (cracks extendiff].

2.8 Inclusions

Inclusions consisting of MgO and Ca@k 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 sie& 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 grad@3]. The calcium modifies the chemical and phase composition of the
aluminakilled steel to transform solid alumina inclusian® 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.
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Inclusions containing magnesium oxide (MgO) are commonly found-inegted
aluminum killed steel§45]. A study by CPistoriusetal,s hows t hat the Auninte
of MgO can be beneficial to the success of calcium modificiéj Figure 219 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 proce$47]. Several studielglli 43] show that alunmia inclusions transform to
MgO-Al20s spinel inclusions at the beginning before transforming to calcium aluminate
inclusions in Alkilled steel[51].
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Figure2.19 Mass percentage of liquid in ADs-CaOMgO mixtures, for different MgO
content in mass percentage (as labelled on each curve) and different ratios
calcium to total oxygen in the inclusiodata from Pistorius [46]
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CHAPTER 3
EXPERIMENTAL PROCEDURES

The focus of this chapter is to outline the experimental procedsesl toexaminethe
effects of decarburization on the bendability atethsile properties of select martensitic grades.
The studied materials and heat treatingdtitons are presente#ieattreating conditions were
determined to achieve austenization and decarburization of steel while maintainimgithem
ultimatetensilestrengthof the asreceived (AR)material.Mechanical testing witdigital image
correlation wasused tadetailthe bendingresponse of the steelsth respect tdhedegree of

decarburization

3.1 Materials

Steels selded for this study were presmrdenable steel (PH$500 and200Q and a
cold-rolled martensitic ste¢lCRM) 1500.Chemical composition and other data for PHS1500 are
presented in Appendix A (this steel was3ilcoated, preventing decarburizatiohhe
numerical designation given to each of these steels refers torieumi ultimate tensile
strength in MPa&xpected after hardeninBoth steels were received by ASPPRC in a hardened
condition. Laboratory gnulatedheat treating, performed by Gestam@as used on blanks
austenitized at 930 °C fdi95 sedn a controlled amosphere to create the PHS2000. After
austenization, the blanks were quenched to fully martensitic microstructures between water
cooled flat dies that prevented significant deformasind enabled sufficient cooling to avoid the
formation of nommartensitc products. The CRM1500 steel was produced through continuous
annealing and provided courtesy of Hontlhe chemical compositiorzdong with the sheet
thicknesg THK) are reported in Table 3.1, with not reported elemsimtsvn as N/R.
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Table 3.1 ChemicalComposition of AHSS Grades (wt pct)

THK ¢ Mn si N o T A N S p
(mm)

CRM1500 1.6 0.21 1.03 020 0.04 0.08 0.03 0.03 0.08 0.0 0.01
PHS2000 1.5 0.34 127 0.23 0.06 0.14 0.00 0.03 0.003 0.00L 0.01

B Mo Cu Co Nb V W Ca As Sn

CRM1500 0.0®2 0.0® 0.15 0.2 N/R 0.00 N/R 0.0 0.0@ O0.00
PHS2000 0.0 0.02 0.01 0.02 0.04 0.01 0.0 N/R N/R N/R

3.2 Decarburization

Decarburization was conducted on both tensile and bend spaaisieg a Carbolite
Gero CWF1300 box furnace at 900 °C for various lengths of time. This temperature was chosen
due to it being above the austeration temperatureAcsz of 825.7 °C for CRM1500 and
802.9°C for PHS2000, as determined by the Andrews equgiigin

00 B wpmcTE TEYQp &I Qo@dé pmED p L (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 otttie beeexposed to

the air withn the box furnace, as shown in the schematic in Figure 3.1. The maximum time of
decarburization wasstablishedvhen theultimate tensilestrength(UTS) of the decarburized

steel became lsghan that of the ARondition i.e. 15min for the CRM1500 and 30imfor the
PHS2000. Other decarburization tensere employedh 5 min descending increments from the
maximum decarburization time to 0 miA baselinesample free of appreciableatburization
wasalsocreatedo include a fully martensitic samplerocessing parameters for the industrially
produced materials were not available and the lab heat treatments ensured a fully martensitic
comparison conditiorBaselinesamples ofthe PHS2000 and CRM1500 were hieaated in a

steel bag with titanium (Ti), as axygen getter, at 900 °C for hdin. All sampleswere

removed from the furnace and directly quenched in a salt brine to ensure through hardening of
the materialFurnace and sample temperature were monitored usintypethermocouple
attached to a datcquisition console and temperature output was represented using®Omega
Software.

25



Sample

Figure3.1  Schematidllustrating the orientation dhesamples irthebox furnace

3.3  Mechanical Testing

This section will cover the test sap andprocedures for the mechanical testing thatev
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 testingrad uniaxial tensile testing. For each test, sample preparation and fixturing were

performedadhering tapplicable standards.

3.3.1 Microhardness Testing

The hardness of martensitic steel is directly related to the carbon content of the steel. This
makeshardness measement a useful tool in determinitige depth of decarburization. After
being heatreated and tensile testeip sectionsvere sectioadusing a LECG MSX205
metallographic saw. Rustlick cutting fluid was used as a coolant to prevesantipée from
heating. Once sectioned, the samples were mounted in Bakelite using & PR32 mounting
press. Once mounteslimples were subjecteddanding on &320 grit Cameo Pad for 3 min,
400 grit for 3 min and 30 sec, and 600 grit fanih. Finally, samples were polished wifh 6, 3,
and 1 um diamond suspension for 4 min and 30 sec. The polishing cloth for the 9, ¢nand 3
polishing step was silk, while the 1 um polishing cloth was Le&lbprad. Samples were
cleaned thoroughly after each steider to prevent cross contamination. All grinding and

polishing was performed on a LEEGPX300 autepolisher.
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Microhardnessestingwas performed following ASTM E38411] using a LEC®
LM110AT automatic hardness indenter with CornerStamdtware to measure tligagonals
and Vickers squarbased pyramid indenter. The mountmgchanism of the instrument was
suchthat the surface of the specimen vp&spendicular to the axis of indatibn Indents were
taken using 200 gf with the load being applied for 10 selents were separated by ¥ Ekers

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

3.3.2 Bend Testing
Bend testing was performed following the VDA 2880 standarf#42] on anInstru-Met®

ReNew 1125 electromechanical load frame with a control interface of TestWorks 4 software.
The standard calls f@0 mm x 60 mm squargamples machined using wire electro discharge
machining (EDM). Figure 3.8hows the VDA238-100 bend test instrumentatiorhe samples
wereplaced symmetrically on two frictionless rollers with diameter of 30 mm. The separation of
the rollerswas adjustedelative to the thickness of the samplascording to Equation 3[22]:

L =a+D .15 (3.2)
where L is the roller distance and a is the sheet thickness i hempunch radius for the
instrumentation was 0#hm andthe punch wapositioned so that it was transverse to the rolling
direction. Thepunch travelled at a rate of 28m-min'* and was stopped when the load dropped

1 pct from the peak load.

Punch

Frictionless Rollers

Figure3.2 Schematic of instrumentation usked free bend testi following the
VDA 238100 standard
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The bendi shgwnnRigule 8. 3wadkalculatedfom the displacement at
maximum load usinghe empirical formulaiEquation 33:

&y - h2-4g’-*hir~y

oy . e, &y &y
& & Rtal-f'——F—"+ Rt - R+85 &
A A & &
> -,N 76 O A A
U:Z*gbr cgyan o : Q 2*1,8;(: (3.3
o o h- W4 g & &
oy oy & &
o o 29 & &
o o Q Q

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 Equatidgn83.and 36 respectively:
2

L
g= R+3 + R+a-S? (34)
h=2R+a? R+L +2 R+L3 2 R+a-S % R+L
- 2 2 2 (3.9
L2 L 2 4
i= R+a*2R+a? R+ - R+a-S%* R+a?+ R+a-S Rt + R+3 (3.6

Figure3.3 Schematic showing the location where Equati@c3al cul at es t
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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 tetramirié3], 10 pct hydrocloric acid (HCI) 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 thexide. Oxide removal was confirmed by light optical microscopy of the cross

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

3.33 Tensile Testing

Tensile specimens were machined using EDM to the specifications ligtexlASTM
E8 standrd forsheetsamples, with gauge width arehigth measuring 12.7 mm and 5ihth,
respectivelyTensile esting was completed using the MTAlliance RT/10 uniaxial
electromechanical load frame operated using TestW&tBo#tware and a load cell rateo
89kN. An MTS® Model 632.11B20 knifeedge extensometer was used to measure the
extension of the sample without causing premature fracture. Thehgadspeed was set to
1.25 mmmin to generate a quastatic strain rate of approximately 3.7xX1€" 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 lengthtérsle properties determined
were the yield strength, ultimate tensile strength, uniform elongation, and total elorigation
the recorded engineering stredgin curvesFor ease ahspectiononly one tensile curve will
be plotted for each condition, and propertiéls be summarized as an average vathndard

deviation.

3.4  Data Analysis

This subsection will cover the methodsed to analyze the data thatuired further
processing afteoeing acquired during testing. Both MicroSolixcel and MatlaB were used for

analysis.

3.4.1 StressStrain Data

Stress and stimdata wereomputedrom the load and extensometer data acquired by
the TestWorks &software. In order to calculate thagineeringstrain,the extensometer data

weredivided by the gauge length, 54@n. The engineering streams determined by digling
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the load data by the cressctional area created by theuge width and sample thickne¥%eld
strength (YS)vas determiad using the 0.2 pciffset nethod, the peak load divided by the initial
crosssectional area was determined to be the ultimate tensile st&higH). Uniform

elongation (UE) is theotal strain at maximum stress, and the total elongation (TE) i®tde
strain of the tested specimanfracture Figure 3.4 shows a schematic of a tensile curve

indicating each of these properties.

Engineering Stress

~=— 0.2 pct Offset |

Total UE Total TE
Engineering Strain

Figure3.4  Schematic tensile curve indicating the location of the YS, UTS, UE and TE
(plastic and total)as well as the.Q pctoffset used to determine the YS.

3.4.2 Digital Image Correlation

DIC was used to analyze the throuhitkness strain and the strain of the bend radius on
the compression side of the specimenniakean accurate strain measurement, the surface was
coated with a white bas&rylon Colormax® spray paintfollowed by a back speckle pattern
that covers approximately 50 paftthe surface. The black speckle patteas applied either
throughKrylon Colormax® spray paint or £orrelated Solutiorfsspeckle pattern roller.

For throughthickness straimeasurement, DIC images were captured using a
Baslef acA380014 um camera setip to observe a fieldf-view (FOV) of approximately

2.53cm x 0.15 cm, focused on the edge of the specimen. To achiewhéhisns had an
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extension of 50 mm and wapproxmately48 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
aperturefully open. TwoLowelprd® lights were placed on either side of the camera to provide
adequatdighting as well as eliminatany shadows that may occur due to instrumentatiba.

DIC setup near thénstru-Met load framas shownin Figure 3.5a and the camera lensiget

can be found in Figurg.5b. The software used to capture the images was Rigover set to a
data acquisition rate to match the bend test at 10 Hz. A¥aofsvare was used to analyze the
DIC images and output the strain measurements.

(@) (b)

Figure3.5 (&) Photograph of the camera and lightigetvith respect to the Idarame.
(b) Photograph of the camera and lensuget

35 Microstructural Characterization

This subsection will cover the techniques used to analyze the microstrudttire steel
in the asreceived (AR)as well as each heateaed condition. All samples for microstructural
characterization were prepared using metallographic metismiglined in gction3.3.1.
Techniques uset analyze the microstructure were light optical microscopy (LOM), scanning
electron microscopy (SEM) with energy dispersiveay spectroscopy (EDS), and secondary
ion mass spectroscopy (SIMS).
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3.5.1 Light Optical and Scanning Electron Microscopy

A 2 pct Nitd (98 pct ethanol and 2 pcttnc 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 etchsodaked cotton swabs in a rotating motion fdr06sec.

LOM micrographsvererecordedusing both the Olymp&sPMG microscope using
Paxit! ™ software and the Olymp8i$SX500 digital microscope. Contrast, exposure, and
magnification were modified to produo@crographsFor images taken using the Olympus PMG
microscopethe magnification warestricted to 500x as the LOM loses resolution at higher

magnification.

To acquire higher magnification images of the polistied etchedurface a JEOI®
7000 field emission SEM (FESEM) with an accelerating voltage of 20 kV and a working
distanceof 10 mm was used. Fractographiere takereitherusing a FEI Quanta 600i
Environmental SEM (ESEM)r the FESEM botlwvith an accelerating voltage of 20 kV and a
working distance of 10 mm. Samples were s&ed and mounted so the fracture surface was
orientedperpendicular téhe electron beam. Fractography was used to obsernfe&ieyesand

locate the fracture initiation sites

3.52 Secondary lon Mass $ectroscopy

SIMSwas carried out usingnION-TOF® TOF.SIMS 5 Timeof-Flight (ToF) SIMS,
which was supped by the National Science Foundation under Grant No0.1726898. Samples
were prepared for SIMS using the same mounting, grinding, and polishing techniques listed in
section3.3.1. After polishing, samples were subjectedrtgon (Ar)sputteringat 10keV
accelerating voltagéhat removed any artifacts from the surface.-BJMS modewas used to
removeany oxideand contaminatiofrom the area of observation, that may have built up on the
surface of the polished sample. Once sputtering and removal ot aedecompletedstatic
SIMS was used to measure the carboni¢@)countthrough the thickness of the ste€lion
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 concentrafidre Janalysis was completed on
an area of 500 x 500 frusing a bismuth primary ion beamda30keV accelerating voltage.
SIMS data were analyzed using SurfacelL&baftware from IONTOF®,
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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 martensiticedse This section covers modeling of decarburization,
throughthickness hardness profiles, tensile testing, bend testing, digital image corr@d@Gon
fractography and microstructural characterization. Due to HSiA&bating, PHS1500 was not
effectively decarburized and the characterization data for PHS1500 are summarized in

AppendixA.

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 werested using tensile and bend testing. Figure 4.1 shows the
engineering stresstrain curves for the AR CRM1500 and PHS2000. Figu2éa) and (b)
represents the bending angle as a function of load during the test for the AR CRM1500 and
PHS2000, respectivelylhe 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 replicatenignsile

5 replicate bend specimens.
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Figure4.1 AR tensile curves for CRM1500 and PHS2000.
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The AR PHS2000 steel grade exceeded its minimum strength designation by
approximately 100MPa 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 kkejledueits lowerstrength.
For comparison, a technical brochure for DOCOL 1500 shows a bending angle of approximately
88°[57], which is slightly lower than the 95.4neasured for the CRM1500 specimen examined
here. Compason of the bending angle of the AR PHS2000 to technical reports on the bending
angle of PHS2000, between 40 and f&IF, 61, shows that the AR PHS2000 exceeds the

reported bending angle by-P0°.
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(a) (b)
Figure4.2 AR loadbending angle curves for (a) CRM1500 and (b) PHS2000. Arrow

indicates inflection point caused by onset of roller rotation.

Table 4.1i Tensile Properties and Average Bending Angle of AR CRM1500 and PHS2

Steel YS(MPa) UTS (MPa) UE (pct)  TE (pct) A"/gr'];g”(?)'”g
CRM1500 1400+ 13 1620+ 14  42+03  76+02 95.4 + 5.7
PHS2000 1550+32  2090+10 53203  74+05 60.3 +8.2

The AR microstructure of both CRM1500 and PHS2008 elzserved using LOM and
SEM. The samples were etched wilpct Nital and were observéaroughthicknessFigure 4.3
and Figure 4.4 shothe LOM and SEMmicrographdor the AR microstructure of the CRM1500
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and PHS 2000 respectivelgRM1500 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 av@ge hardness of approximately 248 HV, whgn the range for

ferrite hardnes$59]. PHS2000 i€haracterizedshaving a fully martensitic microstructuas

shown by the micrographs in Figure 4.4 and the thrdbgikness hardness measurements in
Figure 4.5(b)J11]. The processing conditions of the AR CRM1500 caused a softer center band
with a hardness of 427 HV. This valeuld correspond to an-agienched hardness of

martensite with 0.142 pct carbfiil] and may indicate the presence of carbon segregation.
Therewas also dighter etching responseear the centéne of thesheet, 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 thggaaisesith the lighter etched
region. LOM and SEM micrographs thfe lighter etchedegions taken at approximately mid

sheet thickness position are shown in Figui&a}(b). LOM and SEM micrographs tie

darker etchedegions taken at approximately ofrd sheet thickness are shown in
Figure4.7(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 tHteRM1500, Figure 4.6(alb), such as could relate to incomplete
cementite diggution during reheating. Carbide would lower the carbon content in the
surrounding martensite causing lower hardn€ks suggests that the CRM1500 was subjected

to overaging ntempering prior to use in this research.

(b)
Figure4.3 (&) LOM and (b) SEM micrographs of the microstructure of the AR CRM1t
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(b)

Figure4.4 (a) LOM and (b) SEM micrographs of the microstructure of the AR PHS20
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Figure4.5 (a) Throughthickness Vickers microhardness profile of AR CRM1500 and
Throughthickness Vickers microhardness profile of AR PHS2000.
Figure4.6 Image of AR PHS2000 after etching with 2 pct Nital.
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(d)

Figure4.7  LOM and SEM micrographs of the lighter etched (lower hardness) (a) and |
darker etched (higher hardness)dnyi(d) regions of AR CRM1500. Red circle
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
guenched. The thoughickness hardness measurements of the baselirditions, Figure 4.8(a)
and (c), show that the baseline samples had hardness that was fairly constant.
Figure4.8(b)and(d) shows the microstructures of the edges of the CRM1500 and PHS2000
baseline specimens, respectively. For the base line CRM1H1i@, @ntinuous 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 cunaéghe baseline CRM1500 and PHS2080d resulting

properties are shown in Table 4.2. When compared to the AR conditions the CR&Ktbbits
greater UTSperhaps reflecting tempering (overaging) of theeggived material during

continuous annealing. kontrast, 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.
Figure4.10(a) and (b) shows the lchdnding angle curves for the baseline CRM1500 and
PHS2000, respéeely. A comparison of the CRM1500 and PHS2000 shows that the CRM1500

has a maximum bending angle reflecting more extensive bending and significantly greater loads.
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Figure4.8  Hardness measuremetiisoughthickness and micrographs of the baseline
(a)}(b) CRM1500 and (¢)d) PHS2000.
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Table 4.2 Tensile Properties of Baseline (as quenched) CRM1500 and PHS2000

Steel YS(MPa)  UTS (MPa) UE (pct)  TE (pct) A"Agr'];grz‘f)'”g
CRM1500 1320+ 69 1660+ 81  41+05  65+0.2 92.7+3.9
PHS2000 1420+178 17404249 11+03  11+03 30.1+2.6
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4.2  Modeling of Decarburization

The cepth of decarburization was computed using the-@atrandDewey
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
throughthicknesshardness measurements T h e f i, which ramgedtbetwean 25160
pm, was then used to shift the curves so that it was a more accurate representation of the
hardness measuremeritbie computed results were compared to the thrdbigkness hardnes
measurement as carbon content of marteisdeectly related to hardnegsbgerefore a
decarburized layewhich can consist of ferrite and martensite instead of a lower carbon
martensitehas a lower hardness than the hard martensitic center. Figarghdéws the model
hardness comparison £%BOm) hel5 (3 (=1H0M),0GN) , 18
45( 1250 m) , an d =50 pmndomditignssof CRM1500 while Figurel2 shows the
modethardness comparison for thé %= 25 pm), 10( 250 um), 15( 275 um),
20( #1000m) , =280m», 30 (3 = 100 Om), 45 min (3 =
60 min ( & 150um) conditions of PHS2000.

Figures 4.11 and 4.12 show good correlation between th&dgaandDewey model and
the hardnesmeasurements 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 beangns wdf
eliminate the carbon segregation or variation in cementite dissolution that may have been present
in the AR condition. Deviation of the VaBstrandDewey model from the measured through
thickness hardness was also observed for CRM1500 45 anoh@@mndlitions, Figured.11(e)
and4.11(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 employeak will be discussed in sectidiB.

Since the VarOstrandDewey model and the hardness measurements showed good
correlation, Equatio.5 can be rewritten to use hardness values instead of carbon

concentrations:

X-3
Hy-Hs = Hp-Hs e r +—
x™ s 07 ls 2 Dt (4_1)
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where H is the hardness at a depth xjdithe hardness at the surfacejdthe bulk hardness of

the AR steel, x i s t heisthediffushity ofgarbbrsat 980 °C,andr e c t i
tis time in seconds. Depth of decarburization can be regessby 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. TaBlshows the calculated depth of
decarburization of the CRM1500 and tié¢32000 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 valubsted 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 tifbt is attributed to the presence of a
decarburization in the AR CRM1500.
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Figure4.11 Comparison of modeled carbon content (dashed line and left axis) with thr
thickness hardness measurements (circles and right axis) for CRM1500
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Table4.31 Depth of Decarburization (um) for Specific Decarburization Times at 900 °

Time (min) 5 10 15 20 25 30 45 60
CRM1500 63.1 943 127.7 " --- 163.7 178.6 212.6
PHS2000 40.3 714 104.2 1323 1369 1423 176.8 211.0
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Figure4.13(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 neaurface microstructures for the similadecarburized 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 nearsurface microstructure etches muabtér than the martensitic microstructure.

g A,‘:(,',.g,\&v
l - »-’_5 ;gc\?)
<

LR,
AW

WA £mtl,
FAISL

Figure4.13 LOM of the crosssection near the surface of the (a) 5, (b) 10, (c) 15, and (d
30min decarburized CRM1500 conditions. The horizontal line represents tt
depth towhich some ferrite was present.
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Figure4.14 LOM of the crosssection near the surface of the (a) 5, (b) 15, (c) 25 and
(d) 30 min decarburized PHS2000 conditionBhe horizontal line represents tr
depth to which some ferrite was present.

For the micrographs presented in Figure 4.13 the feeqi®n extends approximately 5,
15, 25, and 40 pum 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 pm in to
the samples decarburized for 5, 28, and 30 min respectively. In relation to the \@strand
Dewey model and hardness profiles, the micrographs show a similar increase in ferrite layer

thickness with increasing decarburization time.

To demonstrate that the Vi@strandDewey modeling antlardness measurements were

reliable at determining depth of decarburization, static SIMS analysis of thesexism 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 ioount and compared to an unaffected regien,

mid-thickness. The 2D ion (Cimage 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 counturther 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, FigdirE5(b), validating the Va@strandDewey

decarbuization model.
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Figure4.15 (a) 2D ion image of the surface analyzed using SINI8Iqr imagei see PDF
version)and (b)Carbon content as determined by MastrandDewey Equation
(dashedand left axis) SIMS (solidand left axi¥, andthroughthickness hardnes
(circlesand right axiyfor 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 samplatatien 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 -w@s$0n was not feasible. The data
output from the SIMS analysis iradited 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 norhorizontal 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 ferrartensite microstructure of the decarburized
steels. Foexample, 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 maneasitic

0025 _| TTT TT T T TT 1T TT T T TT T |_ 0025 _| TTT TT T T TT 1T TT T T TT T |_
2 0.02 = 0.02F .
B g 00 -
< i < r 1
@] r @] [
EooIsf EooIsf .
=] L =] L
= 001} = 0.0l
g [ . g [
Z 0.005 | . Z 0.005

0....|....|....|....|....' 0'....|....|....|....|....
0 100 200 300 400 500 0 100 200 300 400 500
Depth from Surface (um) Depth from Surface (um)
(a) (b)

0025 _| TTT TT T T TT 1T TT T T TT T |_ 0025 _| TTT TT T T TT 1T TT T T TT T |_
= 0.02F . = 0.02F .
g 00 - g 00 -
< [ 1 < r 1
@] @ [
§ 0.015 § 0.015 7
= =] L
= 001 = 001 .
e :
Z 0.005 C Z 0.005 | -

0....|....|....|....|....' 0'....|....|....|....|....
0 100 200 300 400 500 0 100 200 300 400 500
Depth from Surface (um) Depth from Surface (um)
(©) (d)

Figure 4.16 SIMS of PHS2000 data plotted as Normalized lon Count for (a) AR mounte
Bakelite, (b) 30 min decarburized mounted in Bakelite, (c) 120 min decarbt
mounted in Bakelite, and (d) 30 milecarburized mounted in epoxy. Results
believed to reflect rounding of the edge rather than the true carbon profile.

46



M@'tensité

e e

(d)

Figure4.17 SEM micrographs depicting ferrite near the surface of the 30 min decarburi
(a)}(b) CRM1500 and (c¢)d) PHS2000 conditions. Higher magnification
micrographs of (b) CRM1500 corresponding to location A and (d) PHS200(
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 6@in. 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) condiéie included
subjecting both steels to a hé&atment where the samples were placed in stainless steel bags
with Ti as oxygen getters for 10 min at W and quenched by submerging in a salt brine as
described in section 3.2. Post heat treatmensjleespecimens were tensile tested following the
ASTM EB8 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 4extively. Figure 48 shows engineering stress
strain curves for CRM500, whie Figures 4.2@nd 4.2 show stresstrain curves for the low

and high elongation conditions of PHS2000, respectively. Figut@said 4.2 show the

variation in tensile properties (UTS, YS, UE, and TE) with respect to the decarburization time
for CRM1500 and PHS200fkspectively.

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 theMaR00 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 4d)d4ap
4.22(ay(b) as shown by the linear treridd. The R 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 PHS200@oes not show good correlation; this is likely due to premature fracture as
observed in Figurd.20. For the CRM150@he baseline and 5 min conditions show that once
heat treated and quenched, the UTS increases. This is likely due to the low hardaess regi
present in AR material as can be seen by the thrthigkness hardness values shown in
Figure4.5(a).
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Figure4.18 Engineering stresstrain curves for the AR, 0, 5, 10, 15, 30, 45 and 60 min
decarburization conditions of CRM1500.
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Table 4.4i Tersile Properties of CRM1500

Condition YS (MPa) UTS (MPa) UE (pct) TE (pct)
AR 1400+ 13 1620+ 14 42+03 76+£02

0 min 1320+ 69 1660 £81 4.1+05 6.5+0.2
5 min 1340+ 3 1680+ 2 47+02 7.81£0.7
10 min 1320+ 12 1660+ 1 49+04 8.1+03
15 min 1300+ 20 1630+ 7 43+0.2 7.2+1.7
30 min 1220+ 53 1540+ 36 42+0.3 6.7 £ 05
45 min 1150+ 20 1470+ 18 4502 7.5+02
60 min 1120+ 19 1420+ 19 4.5 + 05 75+1.0

Another important feature in the tensile dagaitains to the PHS2000. When subjected to
decarburization for lengths of time between h@ a5 min, the PHS2000 exhibited low ductility
as can be seen by the engineering sts&sgn curves in Figuré.22. Samples that exhibited lew
ductility fracturewere 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 testimpiaaays
reproducible for the PHS2000, as tharsl25 min conditions exhibited both lower and higher
ductility when replicate testing was run as shown in Figu28.The low ductility in the PHS2000
may be related to the presence of magnesium oxid©JjMgd calcium aluminate (Cals)
inclusionsinitiating fracture in an already low ductile materiad discussed in section 4.6 where

fractography of the tensile specimens is also presented.

Table 4.5 Tensile Properties of PHS2000

Condition YS (MPa) UTS (MPa) UE (pct) TE (pct)
AR 1550 £32 2090 + 10 5.3+0.3 7.4+ 05
0 min 1420+ 178 1740 +249 1.1+03 11+03
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 £ 08 1.6 £ 08
25 min 1440+ 19 1930+ 13 3.8+£1.7 4.4+25
30 min 1460+ 38 1960+ 80 4.1+08 5.5+09
45 min 1410+ 41 1890+ 72 46 +0.0 5.7 0.0
60 min 1360 + 22 1820+ 33 45+0.0 5.6 +0.0
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Figure4.20 Engineering stresstrain curves for the PHS2000 conditions that exhibited
premature fracture (0, 10, 20 and 25 min).
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Figure4.23 Engineering stresstrain curves for the replicate specimeéhsstrating both
low (solid) and high (dashed) ductilityamd 25 min PHS2000 conditions.

4.4  Bend Testing

Prior to bend testing, samples were submerged in a pickling bath, as explained in
section3.3.2. Figure 4.24(alp) shows crossectional micrognahs 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 tostang. Figure4.25 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

oxidesare 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 um) and 2000 MPa (30 min/142 um), respectively, bend
specimens werheat treated and subjected to bend testing. Individual loagy, (unch
strokefx S) and bending angles (U) are |l ocated i
respectively. Figure 4.26(a) and (b) shows the maximum load and punch stroke, foS@RM1
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 VDALRBStandard and if the three
samples are not within a 5 pct range then 5 samples are to be testedhé seen that the
PHS2000 experienced greater loads than the CRM1500 tkeli its increased strength. In
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contrast, the CRM1500 experienced greater punch displacements and ¢figgesftar bending
angle than the PHS2000, likely due to its gredtetility.

| Spring Clip
T ren ) Spring Clip

(b)

Figure4.24 Crosssectional micrographs showing the surface of a 5 min decarburized
PHS2000 (a) before and (after pickling.
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Figure4.25 Bending angle of triplicate oxidized and oxide free PHS2000 samples
decarburized for 60 min.

Table 4.6/ Bending Results for CRM1500
Depth of

Condition Decarburization (um) Fmax(KN) S (mm) u (A
AR* 0 11.3+£0.0 105£05 95452
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£25
10 min* 94 11.5+0.1 10.1+ 0.2 925+ 1.6
15 min* 128 11.2+£0.3 104+£0.4 95.0+x4.6

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

Condition Decarburization (um) Fmax(KN) S (mm) u (A
AR* 0 142+ 0.5 71+08 60.3+£8.2
0 min 0 9.0+04 39+0.3 30.1+26

5 min* 40.3 13.1+1.4 54+13 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+0.2 544+17
20 min 132.3 129+0.4 64+0.1 63.0x14
25 min 136.9 12.0+ 0.6 6.2+09 51.0+9.1
30 min 142.3 13.3+0.5 74+0.2 62920
45 min 176.8 12.0+0.8 81+0.2 706+17
60 min* 211.0 11.8+0.3 75+0.2 64.0+25

*Indicates the use of 5 bend specimens.
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(a) Fmaxand (b) punch displacement as a function of decarburization time fo
CRM1500 (circles) and PHS2000 (triangles).
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Figure4.26

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 loatbending angle curves. Lodmending angles for the 5, 10 and 15 min
decarburized CRM1500 are shown in Figdr27, 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 laksplacement curgeis attributed to

onset of rotation of the frictionless rollers.

15 — 15 —
10— — 10— —
z [ z [
= =
e e
< <
o o
— 3 — 3
5 . 5 .
O J Il 1 1 ‘ 1 Il 1 ‘ 1 1 Il I 1 1 1 ‘ 1 1 1 O ) Il 1 1 ‘ 1 Il 1 ‘ 1 1 Il I 1 1 1 ‘ 1 1 1
0 20 40 60 80 100 0 20 40 60 80 100
Bending Angle (°) Bending Angle (°)
(a) (b)
15
10— —
2 =
5 L
=] L
5]
o
— L
5 — —
0 ! 1 1 1 ‘ L 1 1 ‘ 1 1 1 | 1 1 1 ‘ Il 1 1
0 20 40 60 80 100
Bending Angle (°)
(©)
Figure4.27 Load as a function of bending angle for (a) 5, (b) 10, and (c) 15 min decarb
CRM1500.
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Figure4.28 Load as a function of bending angle for (a) 5 (b) 10, (c) 20, (d) 25, (e) 30 a4t rfdh decarburized PHS2000.
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The CRM1500 loadbending angle curves show substantial bending in thdimear
region of thebend test. However, the PHS2000 exhibited minimal bending in théneam
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.
Figures4.29(a)and(b) show the loadbending angle curves for the baseline andhirb
conditions for CRM1500 and the baseline and 30 min conditions for PH328p@ctively;
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 alltfati etror.

15 15
: 0 min : 30 min
10 - 15min = 10 - -
= _ =2 0 min
=] =]
— 1 —
5F = 5F =
o () /A SN I IR RTINS
1] 20 40 60 80 100 0 20 40 60 80 100 120
Bending Angle (°) Bending Angle (°)

(@) (b)

Figure4.29 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 deviatidoragian of
decarburization time are shown in Figure 4.30(a) and (b) for CRMab0 PHS2000,
respectivelyThough outside of statistical significantiee CRM1500 steel showed a small
initial decrease in bendability, with respect to the baseline congit@0.8° for a 5 min
decarburization time. However, an increase in bendability, to 95.0° was observed for the
CRM1500 when further decarburized torhin. It should be noted that all of the CRM1500
samples fell within the error bars there was no pronediniecarburization effect; it should also

be noted that the CRM1500 had decarburization present (approximately 15 um) in the AR
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condition. For the PHS2000 steel, improved bendability is obtained with increasing
decarburization time. The baseline conditionthe 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, shé 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 pm and the AR
PHS2000 had no decarburization layer.
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Figure4.30 Bending angle plotted as a function of decarburization time for (a) CRM15C
(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
throughthickness strain analysis could be completed. The speckle patteapplesl 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 um as an example.

Figure 4.31(aghows the flat specimen prior to any loading. Figure 4.31(b) simitred
punch contacbr 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 witimauma

von Misesstrain 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 lspecimenlt is alsoevidentin
Figure4.31(d)that strain has also accumulated in the compressive region. The blue region of the
specimen in Figurd.31(d) represents zero strain and is the location of the neutral plane.
Figure4.31(e) shows the lodakending 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.

45.0 35.0 25.0 15.0 50 0
L e

V\/

A

)

(c) (d)

Load (kN)

0'...|...|...|.
0 20 40 60 80 100

Bending Angle (°)

(e)

Figure4.31 von Mises strain maps of a 15 min decarburized CRM1500 (a) flat specime
at punch strokes of (b) zero, (c) 8.55 and (d) 11.29 mm. (e) Shows the loca
on the loaebending curve for strain maps (c) circle and (d) triangle. The col
scale applies tall strain maps(Color imagei 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 PHSO00 sample. These degarzed 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 PHS200 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 etthe st

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

constancy60]:

- % - - 4.2

Von Mises strain has been shown to produce comparable results for both 2D and [3R]DIC

The strain accumulation of the AR CRBIO 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.Figures4.32(b) and (d). For the CRM1500 decarburized fomirb (128 um) the strain at

the midthickness position was 19.6 pct while the strain in the decarburized layer was 43.1 pct.

For comparison, the strain at the rtiiickness position of the AR CRM1500 sva2.1 pct while

the outer martensitic fibavas 54.2 pct.

Strain values at fracture were determined for the fibers in tension via the through
thickness strain maps of each samplg,Figures4.32(b) and (d). For the PHS2000
decarburized for 30 min (142um) the strain at the mithickness position was 5.3 pct while the
strain in the decarburized layer was 22.5 pct. For comparison, thihnickdess 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 fmund in Appendix B. Figure 4.84) shows the strain values
at fracture of the outer tensile fiber for all conditions as determined by the tHitaokihess
strain measurements. Comparison of AR with optimized decaabiorizcondition is to illustrate

how decarburization effected the bendability of the martensitic steel.
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Figure4.32

15 777
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0.-1]1;.1:1: PRI
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Bending Angle (°)
(e)
DIC images taken just before fracture showing the speckle pattern and
corresponding von Mises strain maps representing the strain measured at 1
of the specimen fofa)-(b) AR CRM1500 and (ejd) 15 min decarburized

CRM1500. The scale applies to batnain maps. (e) Shows the locations on t
load-bending curve for strain maps (b) triangle and (d) ci{€elor imagel see

PDF copy)
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Figure4.33 DIC images takejust before fracture showing the speckle pattern and
corresponding von Mises strain maps representing the strain thitttioghess of
(a)(b) AR PHS2000 and (ejd) 30 min decarburized PHS2000. The scale ap|
to both strain maps. (e) Shows the locationghe loaebending curve for strain

maps (b) triangle and (d) circlé€Color imagei 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 benchepechen 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. Theutaied strain measurements using Equation
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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.
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A comparison of the strain in the (rdécarburized) midhickness regiomvith 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 pnoggssameters than those
decarburized and quenched in the laboratory. Figure 4-@p(ahows 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 @@M1500 increasing decarburization

time/decarburization depth led to a decrease in strain accumulated at fracture for the mid

(a) von Mises strain (pct) &tacture 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.

von Mises Strain at Fracture (pct)

=1

60

b2
=

o w
> =3
LI L LI

L]
=]
T T T

RN R RN R R LR RRRRN RRRE RN AR

=
O

>
- ptfnal

b b b b b D B s D Lugay

CRM1500
-«

AR 5

(b)

10 15 20 25 30 35 40 45
Decarburization Time (min)

thickness position and an increase in fracture strain of the outermost fiber. A similar trend for the

outer

shift of the neutral plane. The formation of soft ferrite at the surface of the dezadour

specimens is able to accommodate more strain, therefore causing the neutral plane shift at the

t e n s isdrved initte PHS200@, whilesthe athickness region had minimal
variation. Anincreaseinh h e

strai

n

at

t woald resulttinem incteasais thd e

point of fracture to increase more with increased decarburization.
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region (circles) for the decarburization times that maintained sufficient UTS

(2) CRM1500 and (b) PHS2000.

The neutral plane of the bend specimen can be readily observed to shift toward the inner

radius in the DIC s&ain 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 O pchas it is t

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 imagels,asuthe 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 PHE2800.

punch radius on the inner radiustiee 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 andt 4887V observed that for the

PHS2000 with increasing decarburization time there is an increase in bending angle at fracture,

strain i

n

t he

outer

t e n s i-thickneds feiprnh andshift ofathie

neutral plane from the ceatrfiber. 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 Afibero at fract ur+sthicknesaregion a decr
and reutral plane shiffThe 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 tensilatfitzcture,

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-thiekniess

forcing the neutral plane toward the inner bend radibgs behavior can be seen in Figure 4.37

for the PHS2000 conditions decarburized for 5 to 45 Aérthe decarburized layer increases in

size | arger strains are able to be maintained

and propagation.
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Figure4.36 Strain maps of AR PHS2000 at displacements of (a) 3.81 mm and (b) 7.19
(c) Shows the locations on the Iebending curve for strain maps (a) circle an

(b) triangle.
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Figure4.37 Neutral plane shift from theenter fiber, calculated using radii determined fro
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 aubjected to fractograghimaging Figure 4.38
Figures4.38(@) and(c) showthe presence of relatively largeelusions, consisting of calcium
aluminateandbr (primarily) magnesium oxide, found near tbenter of thdracture initiation
site, as shown in Figure 4.38(b) and.(dhese 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. Thegliion of large inclusions, either the tensile region or the
compressive region, can reduce the bendability of high strengthTdteahclusionghatare in
the tensile region may initiafeactureduring bending of thalready brittlematerial The
inclusions were identified using energy dispersive spectroscopy (BE® FESEM and the
EDS patterns fothe inclusions found in the 15 and 20 min samples are shown in Fi36ss)
and(b) respectivelyA comparison of bending angle results for CE300 and PHS2000,
Figure4.30, 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 experiencadiple induced fracture, the general trends of
the PHS2000 with respect to tensile, Figure 4.21, and bend testing, #2@fe) are still

observable despite the complication associated with the inclusion efaotber potential for
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this low ductilityin the PHS2000 is quench embrittlement as the hardness value and peak stress
align well with literature [11].

(d)

Figure4.38 Fractographs taken using FESEM of PHS2000 tensile speciteeagburized fo
(a)(b) 15min, and (c)(d) 20min showing inclusion at fracture initiation sites.
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Figure4.39 EDS spectra of inclusions in the PHS2000 decarburized for (a) 15 and (b) :
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Figure 4.40(a) and (b) shows thacture initiation sites for the AR CRM1500 and AR
PHS2000 tensile specimens, respectively. Both steels fractured in a more ductile manner than the
laboratory heatreated PHS2000. For the CRM1500, all conditions fractured similarly, 45° to the
tensile drection, 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 duspkiyimens. In contrast,
PHS2000 also exhibited intergranular fracture near the fracture initiation site while away from

the initiation site the fracture mode becomes gquksivage, as shown in Figure 4.41 for

PHS2000 decarburized for 10 min.

(b)

Figure4.40 Fractographs showing microvoid coalescence on the fracture surface of (a)
AR CRM1500 and (b) AR PHS2000 tensile specimens.

Figure4.41 SEM micrograph showing transition from intergranular/brittle to quasi cleav
fracture mode furthefrom the initiation site for a 10 min decarburized PHS2(
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 ag cibédl
grades aréormed 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 VD#0238
standard testing, shows great correlation with crash foldability of the istibwel 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 minimuUTS in MPa of the aseceived material. Some existing
decarburization was noted in theraseived CRM1500 steel. The decarburization times for the
CRM1500 and PHS2000 were between 5 anthBDand a baseline @gienched condition was
also produced witbut a decarburization treatment. Modeling of the carbon profile during
decarburization was conducted using the-‘@atrandDewey model and showed appreciable

correlation with both hardness and SIMS carbon profile measurements.

Tensile testing of the CRM00 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 insinces 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 respeatndelcarburized
condition, occurrig at 15 min of decarburization (127.7 um decarburization depth) with a
bending angle of 95.0° as compared to 92.7° in the baserdition. For PHS2000 (without a
decarburized layer in the-asceived condition) , bertésting showed a greater improvement in
bendability with the best bendability occurring for the 30 min condition (d2lecarburization
depth) with a bending angle of 62@8rsus 30.1° in thbaseline condition. Greater variation in
standard deviation dhe 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 um 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 correlatiomo capture through thickness strains of a bend specimen was
used to determine the fractsain and the shift of the neutral plane. The fracture strain on the
outer tensile Afibero of the specimen increas
decarburized conditions. CRM1500 experienced greater strains at fracture than the PHS2000
resulting in overall greater bending angles. Comparison of the strain at tkthiokidess
position and outer tensile fiber of decarburized samples showed that a greater decarburization
depth is able to assume ¢gr e aetneutral ganershkifiechfeomi n t h
the midthickness 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 greater (improved bending) angle allowing greater
strains, and thus accentuating the expansion of the tensile region over a greater portion of the

crosssection toward the inner bend radius.
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CHAPTER 6
FUTURE WORK

The focus of this study was to idéptconditions that might optimize the bendability of
martensitic steelthrough the variation of local chemical composition by decarburization
Through this, the effects of microstructure and decarburization were understood. This chapter
discusses furthe@esearch 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 gragdigls 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 compositiomprofiling 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 Bpomet™ hot mounting epoxy61] or nickel plating on the surface of
the steelcouldallow 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 whidrdness 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 beti@derstanding of the decarburization process and
might aid in industrial implementation. Use of starting conditions without argxiséing

decarburization may be helpful.

Preliminary finite element analysis (FEA) conducted by Dr. Fabio Di Gioacclasio h
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 clarifyfihenice 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-8I coating that prevented decarburization. The chemical
composition of the PHS1500 is located in Table A.1. Tensile curves and tensileedata ar

presented in Figure A.1 and Table A.2, while Table A.3 shows the bending results for PHS2000.

TableA.17 Chemical Composition d?HS150Qwt pct)

Thickness v\ si N o Ti A N S P
(mm)

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 NR NR NR NR NR N/R

2000 T T T T T 11 | T T 11 | T T 1T | T 11T | T T TT | T T T | T T
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FigureA.1 AR, 5 and 10 min decarburized PHS1500 tensile curves.
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Table A.2i Tensile Properties of PHS1500

Condition  YS (MPa) UTS (MPa) UE (pct) TE (pct)
AR 1341.0+9.5 1667.9+8.0 48+0.1 7.8+0.3

5 min 1381.3+17.7 1745.7+199 4.1+£0.3 6.3£04
10 min  1352.1+ 3.3 1725.4+10.2 4.2+0.2 6.7+ 0.2

Table A.3i Bending Results for PHS2000

Condition  Fmax(kN) S (mm) U (A
AR 2292.0+29.8 759+0.33 64.8+34

5 min 2484.7 +26.3 6.50+0.32 53.8%x3.1
10 min 24855+23.8 6.82+045 57.0+4.5

PHS1500 was coated with an-8l layer that proved to be challenging to remove fully.
FigureA.2(a) shows the crossection of a PHS2000 sample and theSAlayer at the surface.
Based on previous research by Gold®|, chemical removal was not possibldechanical
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 Figu&d.and needed further manual polishing in

order to achieve a sample that was able to be subjected to tensile and bend testing.

79



FigureA.2  LOM Crosssectional micrographs of PHS1500 (a) before and (b) stitéace
grinding. Samples were etched with 2 pct Nital. (c) Surface of specimen wil
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 sthaeough thickness for each condition
at a given displacement during bending and just before fradtedeft axis on all figures

represents the inner radius and the right axis represents the outer radius.
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Figure B.3  (a) Throughthickness strain map of the #in CRM1500 at 6.89 mm punch
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map just before fracture and (d) corresponding strain map.

83



Ln
=

=40 F .
L) r 4
K= [ ]
S 15.0 12.0 9.0 6.0 3.0 0.0 g ]
2 =30 5
T [ N :
J - ' gl ]
= [ ]
=R ]
=] F J
= 10 r .
0 [ ot T T
0 0.5 1 1.5
Depth (mm)
(@) (b)
(©) (d)

Figure B.4 (a) Throughthickness strain map of the #in CRM1500 at 7.52 mm punch
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