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Lay Abstract

The forming processf the steels used in the automotive industry is not suitable for zinc coatings
becauset requirespressing ahigh temperatures to ensuobtainingstrong steels. Thus, zinc
coatings cannot be utilized despite tesirablecathodiccorrosion protection propertiéisey can
provide This study aimed tdeterminea suitable process window for a ziogated prototype steel
that would have bothigh strength and desirable corrosion protectidhe zinecoated prototype
steel was pressed at lower temperatutagas observed that the target mechanical properties were
metfor all the temperatures tested. Moreover, rolbagtodic corrosion protectiaos expected for

all the temperaturefurthermae, piot-scale tests yielded comparable restdthose obtained in

the laboratoryindicating tlat this process cdre successfully applied in the industiy/it possesses

a sufficiently large process window.



Abstract

In recent years, there has been an increase in the use of press hardened steel (PHS) imthe body
white of automobiles, namely in parts such as side impact beams, roof rails, engine firewalls, and
the floor area. As tlee parts are expected to possess corrosion resistanSe,céatings are
utilized on them. The implementation of Zn coatings is limited, despite possésgirmved
corrosion resistance attributed to cathodic corrosion protection, due to the detrirffentalaé

liquid metal embrittlement (LME) and microcracking. LME can be mitigated if stamping occurs
at a temperature lower than the-Fe peritectic temperature of 782 °C, as this ensures that the
conditions of LME are not met and the cathodicpligted i v-FesZnio phase is formed. The
objective of this work was to determine a process window for stamping at lower temperatures for

a GA8Gcoated prototype steel (steel K) with the composition of 0:192Mn-0.20St0.003B

0.03Ti (wt.%). The target mechana | properties in this process

and YS O 1000 MPa. To achieve robust cathodic

FesZnyo in the coating was desired. Furthermore, it was aimed to determine the robustness of this
process and the industrial feasibility of it through pdoale trials for the GA8Boated prototype

steel.

To this end, a bare prototype steel (steel |) witlrctiraposition of 0.20€1.96Mn0.25S+0.003B

0.01Ti was compared to Géoated steel K. It was found that stamping a direct hot press forming
(DHPF) temperature of 650 °C produced similar mechanical properties such as tensile strengths
and ductilities. Microstuctural analysis of laboratoigcale DHPF for steel K showed that both the
coating and the substrate microstructures were not a strong function of the DHPF temperatures of
55071 700 °C. The substrate predominantly consisted of martensite with small anobdertrite

and the coat i-fe( Zno)n sda sd efsZnh5 Biode db din t-he f
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FexZnio and the coating thickness, robust cathodic corrosion protection is expected from GA80
coated steel K. Furthermore, no evidence of LME or sewéceocracking was observed in the
microstructure for DHPF temperatures of BB00 °C for steel K and ductile fracture was observed

in tensile coupons. Tensile testing for laboratecgle DHPF for steel K showed that the
mechanical properties such as YSE @nd PUE were not significantly affected by DHPF
temperaturesof 550 0 0 AC. Moreover, the targets of UTS
met for all DHPF temperatures of 5600 °C. Through pilescale tensile testing of steel K, it

was determinechiat the targets for tensile strengths (UTS and YS), were achieved across various
conditions involving austenitization at 890 °C fori6240 s and DHPF temperatures ranging from
55071 700 °C. These findings strongly suggest that industrial feasibilityamable for DHPF of
GA-coated steel K at lower temperatures, enabling the attainment of desirable mechanical
properties and robust corrosion protection. Thus, it can be concluded that the process window
yielding desirable properties for steel K was deiaed to be austenitization at 890 °C for

607 240s and DHPF temperatures between 6500 °C.
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1 Introduction

There has been an increase in the utilizationltod-high strength steels (UHSS) in the beady

white (BIW) of cars, aiming to optimize crash resistance to promote passenger safety, and enhance
fuel efficiency by reducing C&emissions through their lighter weight. UHSSs are primarily used

for structual reinforcement and anttrusion components, including side impact beams, roof
rails, engine firewalls, and the floor af@$ [2]. The 2021 Ford Mustang MadhBIW [3], shown

in Figurel.l, is a prime example of this trend where the utilization of advanced high strength steels

(AHSSs)and press hardening steels (PHSS) is significant in areas suepilieg\and Bpillars.

6000 Series
Extruded Aluminum
Ultra high 2.3%
Strength Steel Mild Steel
9.5% 19.1%

Boron Steel
29.5% High Strength

Steel 25.2%

Advanced High Strength
Steel 14.3%

Figurel.1: Advanced high strength steels (AHSS) and phesslened martensitic steels

(labelled boron steel) use in the 2021 Ford Mustang NEaBHW [3].

Martensitic steels, produced through direct-puass forming (DHPF), habecome a popular
choice enabling the production of complex shapes with minimal spring back. Currently, the most
widely utilized grade for the DHPF process is 22MnB5, which has a standard composition of
0.22G1.2Mn-0.25S+0.005B (wt.%) [2]. DHPF consistsf two main steps adiustentization and

press forming. Austenitization is usually performed in a furnace under ambient atmosphere at

2
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temperatures between 850950°C. Afteraustenitizationthe parts are transferred aovater

cooled die set, where themdergo simultaneous stamping and die quenching with cooling rates
exceeding 75 °C/$4]. The transfer typically occurs as quickly assgible, and the blank
temperature does not decrease significantly prior to forming and quenching. The resultant

microstructure consists of lath martensite with small fractions of f¢biite

One of the key considerations in automotive applications is having corrosion resistance without
compromising structural integrity. Thus, PHS commonly possessestallic coating to attain
corrosion protection by leveraging both barrier type and cathodic protection mechanisgis. Al
alloys with neateutectic compositions of-Y1 wt.% Si are presently the most commonly used
coatings for 22MnBg2], [6]. When subjected to DHPF, Ai coatings react with the substrate

and form layers of brittle intermetallics. Since these intermetallics are brittle, they are prone to
cracking during press forming which exposes the substrate to the envirof2h)¢n}, [8]. These
microcracks significantly reduce the corrosion resistance & iitermetallics can only provide

barrier corrosion protection. Consequently, thikzation of PHS in corrosion prone areas of the

BIW, where cathodic corrosion resistance is necessary, is prevented. Thus, there is a demand for

coating systems that can deliver both barrier and cathodic protgzitid#].

Zn-based coatings are known to provide cathodic corrosion protection for steel substrates.
However, their utiliation in DHPF is avoided due to the relatively low melting temperature of

zinc, which can result in liquid metal embrittlement (LME), [10]. During austenitization, the

Zn coating alloys with the substrate and transforms into-a nr i ¢ h e d-Fe@Z®)rsolid t e ( U
solution layer, a Zstich FeZn liquid (Zn(Fe)iq), and an oxide layer on the surface of the coating

[2], [6]. During press forming, the coating possesses Zg(M#)ich cancause LMEand thus,

catastrophic brittle failure. Furthermore, the coating undergoes tZ® fperitectic reaction of
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U- Fe(Zn ig-+t Zn( Fe) ,, uponquenchingl], [11]. If the austenitization time

is extended to eliminate the presence of the liquid alloy, the robustness of cathodic corrosion
protection may be compromised as it has leégnat ed t hat a vol ume fr act
FesZnio is necessary for robust cathodic corrosion protedt@h [13]. LME can be effectively

mitigated, while still maintaining robust cathodic corrosion protection, by intentionally extending

the transfer time fronthe austenitizatiorfurnaceto the foming dies[14]i [16]. This deliberate

extension eliminates the liquid alloy during the forming proessi goes through the peritectic

reaction for formG-FesZni0. However, b obtaina fully martensitic microstructure with optimal

mechanical properties, it is necessary to utilize grades that have increased hardgigbilify].

The objective of this research was to determine the feasibility of using an extended transfer time

for a GAcoated praitype PHS steel with an increased Mn content, the composition of which was
0.19G1.92Mn0.2S+0.003B (wt.%). To this end, it was aimed to establish a process window and
determine the potential for scaling through paotle trials. The main target propestfor this

alloy were to have a fully martensitic substrate which would reach an ultimate tensile strength
(UTS) of O 1400 MPa, and a yield strength (YS
the coating to provide robust cathodic corrosion aratei on by cont &&fniing O 15
the final coating microstructure=irstly, The DHPF properties of the Gidated steel were

compared to a bare prototype steel with a compositicdh2§G1.96Mn0.25S+0.003B0.01Ti

(wt.%). Then, themechanical propertiesf the GAcoated steelereevaluatedy tensile testing

and correlated with the microstructural evolution of the substrate as a function of DHPF
temperature. Furthermore, the medbahproperties of pilescale trials were compared to the

laboratoryscale testing. Subsequently, the potential of providing robust cathodic corrosion
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protection for the coating was determirfed laboratoryscale tests for the Géoated steehnd

relatedto the coating microstructure.
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2 Literature Review

2.1 Press HardeningSteel

In order to optimize car body design for crash resistance and weight reduction, the automotive
industry has increasingly turned to high strength sieetritical structuressuchas sidempact

beams, roof rails, engine fire walls and flo®r area. While traditional approaches using thicker
gauge mediunmigh strength steels have resulted in excessive weight and packaging issues, the
utilization of ultra high strength steels ralowed for the use of thinner gauges and the omission

of reinforcements. These steels not only satisfy safety standards for crash performance, but also
environmental regulations pertaining to fuel efficiency and: @@issionsdue totheir lower
weight. Matensitic steed, produced through hot stampingyve&®ecome a popular solution due to
theirhigh strength and formabilifgnabling the production of complex structural components with
minimal spring back. The hot stamping process, which is explaing2l 3ninvolves two critical

steps: austenitization and press forming. Initially, the blanks are heated in a furnace to reach full

austenitization, rad subsequently, are shaped using press forming.

Currently,the 22MnB5 family of alloys, a boron steel also known as carb@nganesdoron

low alloy steel, are used in the induskty, [2], [6]. Other alloys based on 22MnB5 have been
developed for these applications. Most notably, ArcelorMittal has developdd3irtoatedoron
steel(22MnB5) commercialized under the trade nanféJsibor 1500H18]. The composition of
22MnB5 can be seen Trable2.1[2]. The primary athying elements of 22MnB5 are C, M%i, B,

and Cr[19]. The low carbon ahalloy content, which is a defining feature of boron steels such as
22MnBb5, can provide economic benefits and facilitate cold and hot formability, coatability, and
weldability [6]. The effects of alloying elements on the 22MnB5 CCT diagram can be seen in

Figure2.1. These effects are discussed below.
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Table2.1: Chemical composition of 22MnB5 hot stamped steelp)2].

C Si Mn Cr B Al Ti

22MnB5 | 0.22 0.23 1.20 0.16 0.0 0.04 0.03

900
800 A: Austenite
B: Bainite

700 F: Ferrite
) M: Martensite
< 600 P: Pearlite
o
..(EU 500 { M = Martensite
o) Start Temp.
£ 400 -
K

300 -

200 —

100
Time to cool (s) 27 80 266 4000
Cooling Rate (°C/s) 30 10 3 0.2
Hardness (HV) 474 278 182 150

Figure2.1: Effects of alloying elements on CCT diagram for 22MnB5 J&el

The strength and hardness of 22MnB5 can be coedrbly adjusting its carbon content. However,

an increase in carbon content can lead to reduced weldability and d{ic}ili§]. Additionally,

a higher carbon content reduces the critical coolirage required for full martensitic

transformation.Carbonalso acts as an austenite stabilizer and strengthens thensi@ via

interstitial solute strengthening2]. A Mn addition greatly impacts phase transformation

temperaturesvhich can be seen Figure2.1. Mn reduces martensistart temperature similar to

C, but it should be noted that it is not as effective. Mn addition can retard bainite formation if the

7
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carbon level is low. However, it is important to note tiigh amounts ofMn can promotenacre
segregationThis causes banding in the microstructurere ferrite and pearlite grains appear as
layers. Thiscan havea negative impacbn the mechanical propertigd1], [20]. Cr increase
hardenability as shown irFigure 2.1, without having an adverse effd6{, [8], [11]. Moreover,

the additim of Mn reduces the austenitization temperature, thereby potentially enabling lower
furnace temperatures thehot stamping process. This could result in energy savings and reduced
carbon emissions duringeating[8], [11]. It is worth noting that Mn additions exceeding 5 wt.%
lead to the development of a complex microstruectuith austenite present at room temperature.
Thus, it can be observed that the typical Mn content of steels employed in hot stamping falls within

the range of 0.8 to 1.3 wt.%, with 1.2 wt.% being the most commonlycaeseentratior8].

Boron is the most efficient element in increasing the hardenability of8}g@1], [22]. As shown

by Figure2.1, the addition of B delays the formation of ferrite and pearlite considerably. Similar
effects have also been observed for the austenite to bainite transformation. About 10 to 20 wt. ppm
addiion of B in low-C steels improves the hardenability considerdP8], [24]. For example,

such a small addition of B is equivalent to the additio@.4f% Cr or 1.25 % Ni (all in wt.%) in
enhancing the hardenability of a 0.4 wt. % C stedlusT B is a costeffective element for
increasing the hardenability of stg@4]. The mechanism responsible for this strengthening
phenomenon is currently the subject of research. However, inerajly accepted that solute
boron in & austenite solid solution segregates to austenite grain boundaries. The presence of B in
the grain boundary reduces its surface energy; thus, increasing the activation energy for nucleation
in the grain boundary orooling. This effect retards ferrite nucleation ginérefore, increases the
hardenability[25]. Moreover, research has shown that having small amounts of-lvarioe

precipitation Fex(C,B)s plays a role in retarding ferritaunleation as well. Although it should be
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noted that its effect is not as pronounced as some models have suggested and it should not exceed
a certain amourj24], [26], [27]. Carbeboride prepitation suppresses ferrite nucleation through
the nucleation site competition mechanig@d]. In order to ensure that B stays in solid solution

instead of forming BN, Ti and Al are added. They form TiN and AIN instead oji6BN

The addition of chromium as an alloying element serves to enhance hardenability of the press
hardenable steel. Niobium can inhibit grain growth during austenitizihdp(CN) is formed,

which enhances strength and toughnessvindarbon steels as it affects gheor austenite grain

size (PAGS]8]. During the steemaking processilicon is commonly used as a deoxidizer. This
addition can lead tsolid solutionstrengtheningpn the ferrite phasg8]. Research has indicated

that high levels of silicon concentration can result in selective oxidation during gatgafiais,

in turn, reduces the reactive wetting of the zinc coating, leading to poor adherence of the coating
[4]. Aluminum is an effedte element for inhibiting austenite grain growth during the heating
process before quenching, particularly when compared to other elements sucthatshave

similar effectd8].

2.2 Continuous Galvanizing

The majority of zinecoated sheet products are produced through Sendyip&rhotprocess
continuous coating lireg thoroughly explained by Mard¢28]. A schematic of this process is
presented ifrigure2.2 [29]. Thisprocess includes a cleaning sectiwhich is not included in this
schematicprior to the heating and dipping section. However, to promote coating adherence and
to prevent contaminants, particularly iron fines, from infiltratinggaklvanizingbath stesl sheets

are typically subjected to a poteaning process.
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not shown: After-Pot
+ continuous strip welding Cooling
+ strip cleaning (NaOH + H,0)
* inspection and packaging

controlled pO, N,-%H,, —30°C dew point
FeO + H, > Fe + H,0

A
Gas Jet \

Radiant Tube Heating Soaking Cooling

Quench

Holding
Tank

Galvanneal

To C.W.
gauge and
Temper Mill

Seal Rolls
Pot, Zinc Bath

courtesy of Mr. E.A. Silva (2005)

Figure2.2: Schematic of a continuous galvanizing I[@8].

Following cleaning, the sheetfransported to the heating and holding zones of the furnace, where

it is annealed at a temperature above the recrystallization temperature of the steel (usually
exceeding 700 °C) to produce the desirable fep#arlie microstructure. To achieve full
recrystallization at faster line speeds, higher annealing temperatures would be netéssary.
process usea No/5-20 vol% H atmosphere with a regulated dewpoint (or the partial pressure of
water vapor (pkED)) of betweerni 30°C toi 10°C. During this stepdation products such as+e

oxide and Féhydroxide will be reducedowever, selective surface oxidation of alloying elements
(such as Mn, Si, Al, V, and Ti) will occur. For example, in the case of Mn, theaesMhO

surface oxide layarandirectly afect reactive wetting. In other words, these oxides might interfere

with the coatingprocess|[28].

After leaving the fanace, the strip is exposed to a gasgatlingsection which has the capability

of rapidly reducing the strip's temperatatd 5-20 °C/s to the zinc bath temperature, which is 460
10
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°C for galvanized coatingR8], [30]. To promote the formation of the necessaggAFsZny
interfacial layer that inhibits the formation of brittle-Ea intermetallics, a small amount of Al
(typically 0.27 0.3 wt.%) is added to the bafR8], [31], [32] In the next step, planar gas jet
streamgcommonly referred to as air knives) use Rgbssure air or nitrogen to remove excess
coating, achieving the desired coating thicknd$ge achieved coating is a typical galvanized
coating which only needs to be cooled and coiled. For the case of galvannealed coatings, an
additional heat treatment step is required which is usually cawied an induction furnacwith

a holding sectionimportant process parameters in the galvannealing step are heating rate, holding
temperature and cooling rate. In a typical galvannealing furnace, a heating rateCés ibused

to achieve the holding temperature of 500 °C for abeig.8 he strip ishen cooled by air coolers

to a temperature below 350 °C at a @ter17 °C/s to producthedesired microstructur@8].

2.3 Hot Press Forming

Hot press forming (HPF), also known as press hardening, is a forming technique that has garnered
significant attention in the production of advanced high strength steels @\f8%utomotive
applications. HPF can be divided into twategories: direct hot press forming (DHPF), and
indirect hot press forming. Each of these comprises an austenitization and quenching step to
achieve the desired microstructure in the HPF component. A schematic of these two can be seen

in Figure2.3[1]. Thissectionaims to discuss these routes.

11
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850-950 °C
a) Direct Hot €D —
Press Forming Ij‘>—-_ q i

Blank Austenitization Transfer ~ Forming and
quenching

b) Indirect Hot

Press Formmg 850 -950 °C
.

Blank  Cold pre-forming Austenitization Transfer Calibration and Part
quenching

Figure2.3: Hot press forming routes (a) direct (or DHPF) (b) indif&gt

The target mechanical properties of the final prodac22MnB5 are ultimate tensile strength
(UTS) of O ot&edhgalioR @E) afd &6[2}, [5], [6], [25]. Thus,the desired final
substrate microstructure is martensite which can achieve the mechanical properties-tgtgets.
2.4 shows the substrate microstructure before and after HPF. As can be Bepme.4 (a), the
initial microstructure consists of ferrite and pearlite that is likely elongated as a result ebpdior
rolling [1], [33]. The initial microstructure has a moderate strength with UTS = 600aldPa5%
elongation[2]. The desirable fully martensitic final microstructure is showRigure2.4 (b). In
some insdnces, for example if cooling is not uniform or if the cooling rate is not high enough,
ferrite islands can appear in the substrhtéie ferrite content is high enougt TS decreases

thereforejt is not desirablg5], [25].

12
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| HV=170

Figure2.4: Substrate microstructure (a) before HPF (ferrite and pearlite), (b) after HPF

(martensite]5].

2.3.1 Direct Presg-orming

In the DHPF processgigure2.3 (a), the blank initially enters the austenitization furnace. The main
goal of this step is to achieve a fully austenitic microstructure. Austiotizis commonly carried

in a roller hearth furnace with a temperature of-850°C. The specific parameters used here,
such as temperature and time, are dependent on the composition of the steel being press hardened.
Austenitization temperature can betetenined using dilatometyyfrom which Aq and Ag
temperatures can be calculated. It has been discovered that an austenitization temp&®Qure of
T 950°C is needed to obtain a fully austenitic microstructure for the frequently utilized hot
stamping grade, 22MnB5 (composition outlinedTiable 2.1) [1], [34]. The austenitization
duration can be determinéased orthe blank's thickned4], [34]. Austenitic microstructures at
85071 950°C are more ductile than ferrpearlite structures, resulting in greater steel formability

and less spring back, leading to more precise sh@pjn].

The blank is, subsequently, transfert@avater cooled dies, where itsgnultaneouslyormed and

guenchedThus,it both acquires the desired shape and a martensitic microstructure in one step.

13
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The importanprocesparameter is the cooling rate. To obtain a fully martensitic microstructure
exhibiting the desired mechani ciadratgmustbgnetr t i es
The critical cooling rate for a specific alloy can be determined via its CCT diagram. Some
researchersave mentioned that a minimum critical cooling ratez°C/s is enough for 22MnB5

[1], [8], [35]i [37], although others agree on a higher cooling rai&0f°’C/s[11], [38]. This rate

should be fixed in a manner that avoids bainitic transformations as well. Hence, a cooling rate of

175 °C/s is the most reliable optif38].

2.3.2 Indirect hot press forming

Indired hot press forming can be seerfFigure2.3 (b). As can be seen in this figure, the blank is
initially cold formed to approximately 995% of its @sired final shape before being placed in the
austenization furnace, which typically has a temperature 6B8B0C [5]. The most significant
advantage of this method is that a large portion of the deformation is carried out at room
temperature, primarily on theghly ductile pure Zn coating. This eliminates the presence of liquid
during forming, effectively preventing the occurrence of LME. Thefpmaing stage also enables

the production of more intricate and larger parts. As the part is almost completedy faiman it
reaches the forming and quenching dies, the contact and heat conduction are improved, leading to
better temperature homogeneity during quenching. In addition, the indirect approach results in
lower levels of high temperature deformation of tbatmg, potentially reducing coating cracks

[16].

Nevertheless, this processing technique is not commonly utilized due to several drawbacks that
outweigh its benefit§5]. The additional forming step necessitates more time and cost since an

extra die set must be produced and maintained [4]. Moreover, conducting the forming step at room

14
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temperature restricts the material to conventional cold forfmngmdaries, nullifying one of the

primary advantages of press hardening [28].

2.4 Coatingsfor Press Hardening Steels

Originally, bare steel was used in hot stamping. In this case, iron oxide scateaftempress
hardening, which adversely affects the hieahsfer between the steel and the dies. The oxide
scales increase the friction between the steel and the dies and can damage dies by attaching to
them. After HPF, the scale nesih be removed either manually or by shot blasting or peening,
depending othe shape of the final pdg&]. Due to this inconvenience and the need for corrosion
protection in the BIW of cars, coated steels are utilized. Usibor@-AlL wt.%)Si, introduced by
ArcelorMittal, is a frequently employednetallic coating for hot stamped componejifs [39].

However, there has been increasing interest in the utilization of Zn coatings owing to their
capability of praiding more robust corrosion protection in comparison t&idoatingg4], [39].

Thus,it is important to understand the impact of press hardening on each of these coatings.

2.4.1 AI-Si Coatings

Currently, there are two primary categories of industrially produceetipped aluminized
coatings. Type 1 aluminized coating is commonlyduse hot stamped steel, automotive exhaust
systems, and heat shields as it offers resistance to both corrosion and elevated temperature
oxidation .The coating consisf an Ali Si alloy with a neaeutectic composition containing 7

11 wt.% Si. Type 2 alumized coating is pure Al, without Si addition. This type is mostly used in
building cladding panels, because its surface is highly refle@]ygt0]. Type 1 is of interest for

the purposes of this study.

The common practice for aluminizing 22MnB5 steel involves immersing it in a molten aluminum

alloy bath at aproximately 675°C. The bath typically consists of 88.9@ Al, 9 wt% Si, and 3
15
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wt.% Fe with the Si serving to creatddaFeSiAlz inhibition layer at the interface between the
coating and the substratd. microstructure of a type 1 aluminized coating Hlighting the
inhibition layer is showed ifrigure2.5 (a) [2]. This layer prevents the rapid formation obAle

during the aluminizing process and inhibits the formation of intermetallic phases at temperatures
bdow 550 °C. However, because DHPF is carried out at higher temperatures;Aheeketion

can occur. In the absence of an inhibition layepAFgintermetallic can grow into the substrate

resulting in a wavy interfacghich affectscoating adhesiof2], [40], [41].

Figure2.5 (b) shows an aluminized microstructure after annealing at 930 °C for 5 min and rapid
guenching. The layer on top of the coating, marked with a rectangle, is@sl@jer whichacts

as a barrier preventing further oxidation. The initial layer is Eewhich forms due to the
transformation of F&Als with increasing Fe content in the coating. The second layer is identified
a s1-F&BiAlz, which also appears as particles in thstfiayer. The third layer is identified as
FeAl, and the fourth layer is similar tbe second layer. The fifth layer, known as the diffusion
layer, has an increasing Fe content towards the substrate steel. MoFagwex2.5 (b) reveals

the presence of severarkendallvoids, which can be attributed to the diffusion of Al atoms either

inward or outward?2], [7], [42], [43].
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Figure2.5: Crosssectional SEM micrographs of (a) type 1 aluminized sample (b) aluminized

sample heated at 93C for 5 minwith a heating rate of 10 °€sin air[2].

Corrosion protection of this alloy is linked with the layers described. The first and third FeAl
layers have slightly lower electrochemical potentials in comparison to the substrate steel.
However, the entire coating exhibits an electrochemical potential similar to that of the substrate.
Hence it only provides barrier corrosion protection, aahnotprovide robust cathodic corrosion
protection. The uncoated areas such as cut edges are a potential drawback as they are not protected

[2], [4], [39].

Moreover, studies have shown that laser welde&iAloatings can cause ferrite formation in the
martensite substrate in DHPF. Tbeating melts and alloywith the molten weld pool during
welding, which in turn causdble formation of ferrite islands in the martensite matrix during the
austenitization step in DHPIStudies have suggesttthtin-situ alloying of ferrite suppressing
carbides and austenite stabilizing elements in elegtaok deposition, an additive manufacturing

technique, prior to laser welding can mitigate this i§4dé
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2.4.2 Zinc Coatings

Galvanized (GI) or galvannealed (GA) coatings are used on cold rolled sheet steel because of their
appearance, adequate formabilityhypiological harmlessness anohost importantly their
excellent barrier and cathodic corrosion protectj@h Moreover, ithas been shown that
galvanized PHS has greater hydrogen embrittlement resistance in comparisei tcoatings

due to the Zn coating effectively preventing hydrogen uptake and inhibiting the hydrogen
generation reaction and transpj@®]. Galvanized coatings, such as G170, usually have a coating
weight of 70 g/m. This coating weighis equivalent to a coating thickness of approximately 10

€ nj46]. After undergoing continuous hot dip galvanizing, Gl coatings are primantposed of
nearly pure zinc. However, there are also minor quantities of irthresolid solution (known as
d-Zn) present within the coating. Whereas GA coatings have a more complex microstrugture of

FexZnio, -FéZno,  dFeZngphases based on theaunt of alloying elemen{&8], [47].

These coatings are mostly used in indirect press hardening as opposed to DHIRE betae
austenitization step of the procdd$. Since the austenitization temperature in DH®Righer

than theFe-Zn peritectic emperature of 782C, Figure2.6, the coating melts and is replaced by
FeZn intermetallic compounds by reacting with the substi@ie [4], [48]. Thus the
microstructural evolutionf the coating during austenitization is of interest. Moreover, if stamping
happens at temperatures above the peritectic temperature, liquid metal embrittlement (LME) can

occur[49]. This phenomenowill be discussed i§2.5.
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Figure2.6: Fe-Zn phase diagraif8].

Figure2.7 shows microstructural evolution of d @MnB5 coatingwith asubstratghickness of

1.5 mm and an average coating weight of 70°gduring austenitization. The SEM images
correspond to a temperature range of-800 °C without soaking quenched in water. The heating
rate used wasiZ °C/s, therefore, it should be emphasized that the changes that occur in phases at
those temperaturesmaot be accurately predicted by relying exclusively on thermodyndbtifs

As can be seen Irigure2.7, the coating initially consists gfZn. The FeAls.xZny inhibition layer

starts breaking down at 400 °C and finishes transforming at 450 °C. This layer is destrtheed by
e-FeZnz phase, proved by XR[®0]. At 500 °C, the interfacial layer was fully destroyed, and the
coating consisted of-FeZnz and t-FeZno. It can be observed iRigure 2.7 that the coating
transformed intal-FeZnyo at 550°C. As the temperature increased to 600 °C and 650 °C, the

coating transformed intoaddgahas e composi t i d&aZnoacnodednnThe g bot |
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t ransf or-#maZhihwanobserved id be complete at 700AR€the temperature increases,
diffusion of Zn into Fe occurs, causing the coating to form a lay@naich Fe phaswhich is

ref er r eFe(Zn ldeatiagsabole the peritectic temperature of 782 °C causes the coating to
undergo the peritectic reaction (£g8.1)), thus being comprised of liquid Zn phase that is rich in

Fe aRe(Dn). Upon quenchi ng-sFedmh Ehusl iF&dnophasep has e

can be seen d&se(Zn)pbakdddl.ds i n the U

900°C + 150s

Figure2.7: Cross sectional SEM micrographs of Gl steel after annealing at mentioned

temperatures;oncentrations are expressed in wi31).

20



M.A.Sc. Thesig S. Kheiri McMaster University Materials Science and Engineering
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The influence of austenitization time on coating microstructural evolution has been studied by
Dever[13]. Figure2.8 shows bulk composition as a function of austenitization time. It can be seen

that annealing for extended times results in further alloying of the coating with the subsjtate.

2.9 shows the phase fractions of the coating as a function of austenitization time. It can be seen
thatfore xt ended austenit i z aFeZnpphase deoneases rapidly,enddheo u n't
coating is mosRKéd(yZm)ompTheedoatfi nJg i s-Fe€Zaymp!| et e
after annealing 900 °C for 240 Burtherannealing resulted in an increased coating thickness,

which adversely affectedhe mechanical properties by reducitige martensite fractior{13].

Figure 2.10 shows microstructural evolution of GI70 22MnB after annealing at 900 °C for two
different temperatures. It can be seen that after 30 s of anneigug2.10(a)) the coating

consisted of mostly}Fe(Zn) with somédi-FesZnio. After 780 s of annealing={gure 2.10(b)), it

has ful |y t rFe(@n[51p These msults are in agiéement with the results obtained

by XRD by Devel13].
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Figure2.8: Bulk composition of a GI70 coating at 900 °C as a function of austenization time

determined by XR}13].
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Figure2.9: GI70 coating phase evoluti@ 900 °C as a function of austenization time measured

by XRD [13].
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Figure2.10: Microstructural evolution of GI70 coating (a) austenitizel & O for 30 s

austenitized a800 for [57l.80 s

2.5 Liquid Metal Embrittlement

Liquid metal embrittlement (LME) is described as brittle fracture or loss of ductility of a metal or
alloy due to the peetrdion of another liquid metal or alloy into its microstructuréis occus

rapidly either along the grain boundaries in polycrystalline materials or alorgyaimdoundaries

in a single crystal of the material, resulting in transgranular or intergranular decdi€idrhis
phenomenon has been observed in several systems includi@g, MFHg, FeZn, CuHg, Cu

Li, Cu-Bi and NiBi [52]i [57]. In Zncoated PHS, LME induced cracking can cause catastrophic
failure while press forming at elevated temperatures. At those temperatures, Zn can diffuse along
the austenite grain boundaries causing tildintergranular fracturg84], [58], [59]. Thus,it is

important to understand this phenomenon to be able to mitigate it in DHPF.

Various mechanisms have been suggested for MMEEh can be divided into three different
categories: crack tip brittlFacture, dislocation activity, and grain boundary diffusidbhey are
comprehensively summarized in a variety of revig®ys[10], [49], [60]. Three requirements are
essential for LME. Razmpoosh et ] have expressed these requirementSigure2.11 as a

susceptible material, tensile stress, and an aggressive liquid mggaéssive liquid metal has

23
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also been regarded as grain boundary wettirthaiiterature[61]. These factors and the role of

different variables on them are describethis section.

Figure2.11: The requirements for liquid metal embrittlem§9it

2.5.1 Susceptible Material

It has been reported that, in a classic LME system, such-aggJow mutual solid solubility and

a lack of intermetallic compounds is obseryed], [63]. In other words, the metals in the LME
system do not form reaction products and enable grain boundary wetting. However, Zn and Fe
have significant mutual solubility for the case of zinc coated PHS. According to-he please
diagram inFigure2.6, below the peritectic temperature of 782 °C several intermetallic compounds
are formed, and a-Fajzn)dn atdiionso aliguidwite migh Feusolubiity it

present, as desissed earlier. Based on these, LME should not occur.

To understand why LME is still present in theZesystem, the role of alloying elements such as
Si should be considered. Small Si additions can significantly reduce the Fe solubility inzhe Fe

sysem [64]. The low Fe solubility in the system raises the activity of Zn ah kales of the
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substrate/coating interface. It is known thatAreintermetallic phases have low solubility for Si
[64], [65]. Thus, the Si is rejected to the liquid in order for amgZRentermetallics to forni65]i

[68]. As a result, LME will occur in an F2n system if other conditions of it are met.

Bhatracharya et al69] studied the role of Si on ZbME susceptibility in AHSS. They used two
different AHSS grades with similar compositions except for Si content, with one being 0.98 wt.%
and the other being 0.06 wt.#igure2.12shows a timeof-flight secondary ion mass spectrometry
(TOR-SIMS) map for the alloy containing 0.98 wt.% Si. Whereagire2.13 shows TOFSIMS

map for the alloy with 0.06 wt.% Si. By comparing these two maps, Si enrichment in the
coating/substrate interface was more significant for the case of the steel with higher Si content,
hinting athigher LME susceptibility. Moreover, hot tension tests proved that LME occurred over

a broader range of temperatures and strain rates for the steel with a higher Si content, thus further
validating the observations. It should be noted, however, that L& not as strong at lower

strain rates due to the increased time available fafrFeeactions to occUyf9].
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Figure2.122 TORSIMS maps of the steel containing 0.98 wt.%[&3)].
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Figure2.13: TORSIMS maps of the steel containing 0.06 wt.%[69)].

2.5.2 Grain Boundary Wetting

Grain boundary wetting of a solid metal by a liquid metal is defined as the substitutlom of

initial grain boundary with a liquid film, which leads to the formation of two solid/liquid interfaces.
This process does not need external stress to §gtlrinstead, it can be said that the driving

force arises from the reduction in the total energy of the interfaces. The driving force, therefore, is
described in Equatiof2.2),wh e ced so t he gr ai n b@isthasarfage ereengye r g y
of the solid/liquid interfacgl]. If Equation(2.2),is positive, grain boundary wetting is favorable.

If not, there is not a good incentive to form the two solid/liquid interfaces. This is shavigurg

2.14.

Gee - 2 g (2.2)

Spontaneous wetting at grain boundaries happens at or above a transitional wetting temperature

(Tw) where Equation2.2) is greater than zero. This temperature is higher than the melting
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temperature of the wetting alldg1], [70]. It can be said that grain boundary penetration will

happen abovew, where the grain boundaries betbase metal can be wetted by the liquid metal

(a)

Figure2.14: (a) Ni polycrystalline specimen after 1 h of direct contact withNBliquid alloy at
700 °C which is above the wetting temperature of thisesy and grain boundary wetting
occurs, (b) Cu polycrystalline specimen after 46 h of direct contact withuBiquid alloy at
500 °C which is below the wetting temperature of this system and grain boundary grooving

occurg[61].

TA
2Ys1.

Figure2.15: Qualitative evolution of grain boundary energy and shdjdid interface energy as

a function of temperatuf@0].
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Moreover, the role of grain boundary angle should be discussed as it can affelich in turn
enables LME at lower temperatures. High angle grain boundaries have a higher grain boundary
energyin comparison to low angle grain boundaries. Consequently, they are significantly more

susceptible to LME71], [72].

2.5.3 Applied Tensile Stress

The last requirement for LME is applied tensile stress. In th&nFgystem present in DHPF, these
stresses are either draw stresses or bending stresses that are applied by the die in the forming
procesg48]. There appears to be a direct correlation between strain rate and susceptibility to LME.
Specifically, increasing the strain rate has been found to result in apordasy increase in LME

susceptibility[69], [73].

2.5.4 LME Mitigation

In order to effectively leverage timprovedcorrosionresistant properties of Zn coatings in PHS,

it is imperative to mitigate LME. LME W not occur if its requirements are not met. A few
methods can be strategically used to either lower LME susceptibility or prevent it all together. One
approach would be to reduce the grain boundary wettability. The addition of interstitial alloying
elenents is a proposed method in literatixt4]. Boron addition was suggested as a potential LME
prevention strategy. In this case, B will act as a cohesion enhancing alloyirengléhus reducing

the grain boundary energy and, therefore, LME susceptipility

An alternative approach to address this issue would involve the elimination of liquatimitte
system. One obvious solution would be to use indirect hot press forming to eliminate the liquid
metal from the system. However, this method has disadvantages such as higher costs and

formability limitations which have already been discuss@d3(®. Another method would be to
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create a fully s olFe(@n)ictheaDHPMpgocessdy aethesincieasigg ttef U
austenitization time or using thinner initial coatifigg], [75]i [77]. It was shown that only having

a -Pg(zn) phase in the coating will effectively prev&ME [75]. Nonetheless, it is cruali to

consider the corrosion properties of the coating. While it may offer some corrosion protection, it
will not provide robust cathodic corrosion protection, as its electrochemical potential will be

similar to that of the substrate stE3], [16]. This topic will be elaborated on ir2§.

Another way to eliminate the liquid metal would be to employ acpming step prior to press
hardening by using extended transfer times between the austenitization furhadetming dies

[2], [14], [78], [79] The precooling step allows the coating to undergo the peritectic reaction
(Equation 2.1) f or mi #FegZmsaon dFe@n)iphases. This method is shown to provide
robust cathodic corrosion protecti¢h3] and ensure desirable formability. However, careful
consideration needs to be given to the mechanical properties side. The hardenability of the standard
22MnB5 grade is not sufficient to produce a fully martensitic microstructure after DHBW bel

the peritectic temperature by using a-poeling steg14], [80], [81] The hardenability of the
substrate can be tailored by adjusting the chemical composition. It has been shown that added Mn
content can improve the iftgenability significantly Figure2.16 [14], [17]. Thomsen et a[17]

have developed two prototype grades that have increased hardenability, which will be discussed
in 82.8 Overall, this approach appears to be the most promising in yielding all desirable properties

in Zn coated DHPF steels.
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Figure2.16. CCT curve of 20MnB8, with a composition of 0.198(19St1.98Mn0.003B

is diffusion controlled,

(Wt.9%) [14].

2.6 Microcracking

crack length as the diffusion distance would be increased [93].

30

Microcracking, also known as solid metal embrittlement (SME), is defined emhrttlement
induced by a soligtate diffusiodbased phenomend5], [82]. Microcracking must not be
confused with LME as it does not have the three requirementopsyistated 2.5. Instead, it
requires sufficient time for diffusion at the crack tip and applied qré$482]. Since this process

it is not catastrophic; nonetheless, it results in defective parts and
necessitates an understanding for effeatimetrol[75], [82]i [85]. The notion that the kinetics of
crack propagation are controlled by diffusion aligns with experimental evidence. It has been shown

that crack growth accelerates with increased temperature. Moreover, it decelerates with increased
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Janik et al[75] have proposed a mechanism for microcracking ktdated PHS, shown Iiigure

2.17. They stated that Zn diffuses from the coating into the substrate during austenitization by
forming Zn rich pockets that expanéigure2.17 (b)). If austenitization is stopped when Zn rich
pockets are present, and tensile stress is applied, deep sharp cracks form asFigres@tl(/

(c)). However, by allowing austenitization to happen over a longer period of time, the coating will
become thicker, and the Zn rich pockets will homogenkigufe 2.17 (d)). In this case, by

applying tensile stress, the cracks are blunted because there is not enough Zn to support

microcracking Figure2.17 (e))[75].

800°C 900°C/240 s

a-Fe(Zn)

o-Fe(Zn) Q'FE[Z"?

a-FelZn) a-FelZn)

L

/
I'-Fe:Znuw ¥

Zn rich

’ cracks pockets
’ ; +— e
d /
{ \ Ye
‘\ F “ ¥ V shaped
v-Fe ‘\ -Y € “ ‘ micro-cracks
y 1-Fe ; v-Fe y-Fe
(a) ’ (b) ’ (o) ’
z L Z
1 900°C/600 s
a-Fe(Zn)

a—Fe(Zn]l

coating ’ ‘
) / /| direct HPF
cracks ¢ ’
‘I — ‘I
\ \
y-Fe \ U shaped
\ 1-Fe .
\ ‘ \  micro-cracks
\} \
v-Fe v-Fe
d / /
(d) . (e) -

Figure2.17: Schematic mechanism of microcracking incrated PH$75].
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Maleki et al. [51], [86] have advanced a slightly different mechanism on the origin of
microcracking.Figure 2.18 is a schematic mechanism for solid state diffusion of Zn along

c 0i n c iFdee( nZtRe]al) grain boundaries derived from Scanning Transmission Electron
Microscopes Electron Energy Loss Spectroscopy (STHEMS) results [48]. It shows that after

ann@ |l i ng a Gl 22MnB5 at 900 AC f eFe(Zn],8dZnshad t he ¢
di ffused i nto the aus t-lefn).tMore impoudntty titisatown, thatt o r mi
austenite grain boundaries act as an accelerated diffusion p&th fwhich results in the creation

of Zn-enriched grain boundaries [48].

900°C after 780s
a-Fe(Zn)
R «original substrate/coating interface
150 ) N ) S S
i / ’
1 — Zn-enriched
)\' J \\_, ) } Y

|
§ <« Zn-enriched
Ferri -
Zn-Ferrite zJ a-Fe(zn)
il

i
i

Zn-Enriched
Austenite

<— a-Fe(Zn)

<—Zn-enriched y
Austenite

Figure2.18: Schematic mechanism for solid state diffusion of Zn along coincldi&r(Zn)b-

Fe(Zn) grain boundarig51].

Based on these results, Maleki et[al], [86] proposed a nahanism for crack initiation, growth
and blunting in microcracking, the schematic of which is showRigure2.19. It has been stated
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that due tolte mechanism iffigure2.18, a thinU-Fe(Zn) layer is present at the austenite grain
boundaries. These Zanriched grain boundaries were proven to be more susceptible to crack
initiation by electron backscatter diffréamt (EBSD) maps along the microcracks. The increased
susceptibility was attributed to a reduction in grain boundary cohesion. It was suggested that
microcracks initiate at Ze n r i cHe(@nj grdih boundaries in the coating, and propagate into

the Znenric hed substrate prior austre@n)filaisgtuatked.n bou
The microcracks eventually blunt as the Zn enrichment along the prior austenite grain boundary is

exhausted51], [86].

T

1

a-Fe(zn)\ |

s e ] i -+-- — original substrate/coating interface
{ E } Zn-enriched y
Zn-Ferrite Zn-Ferrite Zn-Ferrite Zn-Ferrite Zn-Ferrite Zn-Ferrite
Zn-Enriched «oFe(zn)  EEp  Zn-Enriched ZnEniched ™ Zn.Enriched Zn-Enriched
Austenite Austenite Austenite Austenite Austenite
Austenite Austenite Austenite Austenite Austenite Austenite
Crack Initiation Crack Propagation Crack Blunting

Figure2.19: Schematic of the proposed mechanism by Maleki et al. for microcracking upon the

application of tensile streS1].

2.7 Corrosion Properties of Zinc Coated Press Hardened Steel
As discussed earlier 2.2, the austenitization step in DHPF alters the microstructure of zinc

coatings, ul t-Feifraot @ Idfye(Wn).rGaventthatregeh of these phases exhibits
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different corrosion pperties, it is crucial to identify which one is favorable for optimum corrosion

protection.

Electrochemical methods such as open circuit potential, potentiostatic polarization,
potentiodynamicpolarization or galvanostatic polarization tests were utilized to evaluate the
coating [12], [13], [50]. Dever et al.[12] studied the effect of austenization time on the
electrochemicalproperties of a DHPF GI70 coating as a function of ausrativon time.
Potentiodynamic polarizations tests revealed that increasing austenitization tirmpaussto an
increase in mixed potenti a-FegZn)aa dietdnoiskiownd t s i n
tohavedower el echtrochemi cal {&ZnglB]t[li6laSinceithe drivimgmp ar i ¢
force for cathodic protection is approximately defined as the difference.inbEtween the

substrate and theoating, lower elechtrochemical potential translates to possessiorpaived

cathodic corrosion protection properties.

Figure2.20showsarEvandés di agram for a flFe@n)tiiFeZmns ubst r ¢
coatingand a singld}Fe(Zn)phase coatingThese coatings were obtained using 60 s and 360 s
annealingimes at 900 °C, respective]§2]. This diagram highlights two primary observations.
Firstly, i t s hows -Febngto haverebsssathodic cofrasion ptotectiann g
since the mixed coating has a lower electrochemical potential. Secondly, it shows that having a
mixed phase coating provides cathodic corrosion protection for longer times. This is due to the

fact that the anodic current detysof the mixed phase coating is comparatively lower than that of

the coating c o4fen)ys thérebyindisating e Islgweradissoluiion rate and a
prolonged duration of cathodic protectid]. This observation implies that the coating needs to

U

undergo the peritectic reaction (Equation ( Fe(Zn)y-+ Zn(Re); 4
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(2.1)), which makes théi-FesZnio from the Fe Zn liquid, to have robust cathodic corrosion

protection.

Electrochemical Potential (V vs. SCE)
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0.9 ] —a-Fe
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i,.(a-Fe(Zn
| + a-Fe(Zn)) ol | (Zn) —— a-Fe(zZn)
|
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Figure2.20: Potentiodynamic curves and galvanic couple corrosion currggtio(ithe

22MnB5

s ube} a mbedsEeZiuidr -Fde (Zn) coat i-FefZn)xoatng a

[13].

100¢9

Dever et al[12], conducted galvanostatic polarization tests to determine the minimum necessary

0-FesZnio that would yield in robust cathodic corrosion protectiigure2.21. It can be seen that

havi ng

range

a

IF&Zny ie dufficierat fo préduce aWw electrochemical potentifl2]. This

cor r e-BgZmdpchsa stefe(Znd bosiairts about 144 wt.% of Zn[2].
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Figure2.21: Galvanostatic characteristics of the-Zmated PHS as a function GfFe3Zn1o

fraction[13].

2.8 New Prototype PHS Grades

Thomsen et a[15] have done extensive research to develop new prototype PHS grades with the
compositions of 0.202.01Mn-0.26S+0.005B and 0.192.5Mn-0.26S+0.005B (wt.%) that can
effectively mitigate LME through stamping at lower temperatures. As discussed earlier, stamping
conventional 22MnB5 at lower temperatures will not yield in a martensitic microstrjtéjre

[78]. Thus, the prototype steels had increased Mn content, specifically 2%Mn and 2.5%Mn, as
means to increase hardenabiliis]. Their CCT diagrams were determined using quench
dilatometry to identify the critical cooling temperature that would result in a fully martensitic
microstructure, shown iRigure2.22. It was determined that the critical continuous cooling rate,

resulting in a fully martensitic microstructure, for the 2%Mn and 2.5%Mn were
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approximately-10°C/s andi 5°C/s, respectively. These values are sigaiftly lower than the

critical cooling rate 0f25°C/s for 22MnB5.
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Figure2.22: CCT diagrams of prototype steels: (a) 2%Mn and (b) 2.5%d¥h

Furthermore, the impact of deformation on thedid M temperatures was determined. It was
found thatdeformation reduced the hardenability and decreased the critical tempdd&lirébis
is in agreement witbther studies indicating the necessity of utilization of high quenching rates to

ensure a fully martensitic microstructy#e].
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To assess the mechanical properties of the prototype steels, galvanized samples were austenitized
at 890 °C and quenched at stamping temperatures of 700 °C, 650 °C, and 600 °C ustiagedJ)

die (Figure2.23). It was found that austenitization times of 120 s for the 2%Mn steel and 60 s for

the 2.5%Mn steel were sufficient in producing the desired substrate microstflZjuhdoreover,

it was found thaall the stamping temperatures resulted in adequate mechanical properties.

Figure2.23: Schematic of DHPF part highlighting tensile coupons locafibris

Figure 2.24 shows UTS and YS as a function of various austenitization times for the two
prototypes. It should be noted that these values are averaged across all stamping temperatures as
they were founda produce similar resul{d& 7]. Aiming to achieve an ultimate tensile strength of

1500 MPa and a yield strength of 1100 MPJ] the austenization time had to be mamed for

at least 60 seconds for the 2%Mn steel and 30 seconds for the 2.5%Mn steel, respeciively
Interestingly, it was revealed that the mechanical properties of the top and the wakhhg U

part were comparabl@7]. A similar finding has also been reported for the case of 22MnB5 steel

by Lee et al[87]. Based on the analysis, it is understood that tHshéped DHPF part possesses

uniform mechanical properties across its various regions.
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Figure2.24: Mechanical properties for the 2%Mn and 2.5%Mn prototype PHS averaged over

stamping all temperaturés7].

Uniform elongation (UE) and post uniform elongation (PUE) summarized ifrigure 2.25. It

can be seen that UE decreased with an increase in UTS, as expected. Conditions resulting in higher
ferrite content inthe substrate exhibited higher UE. For a fully martensitic substrate, the
elongations of both the 2%Mn and 2.5%Mn grade match the values for PHS reported in literature
[5], [17], [88]. Moreover, a ductile fracture was observed in the tensile coupons. From these results,

it can be concluded that LME wauccessfully avoided for all the conditions of this s{ady.
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Figure2.25: Uniform elongation (UE) and post uniform elongation (PUE) for the 2%Mn and

2.5%Mn prototype PHS averaged over stamping all tertyresi17].

Jewer[16] investigated the effects of DHPF parameters on the ability oflaagad coatings to
providerobust cathodic protection for the prototype steels designed by Thomsdgu &t &igure

2.26 summarizes the potentiodynamic polarization results across all conditions, which were
austenitization times of 3080 s at 890 °C and stamping temperature of 708 It can be

seen that the various austenitization times did not have a significant impacirorit Es
noteworthy that different sections of thesbaped part exhibited similar corrosiongatal[16].
Moreover, the driving force for cathodic protection was slightly lower for the coated DHPF
2.5%Mn steel in comparison to the 2%Mn s{é&él. This was attributed to the higher Mn content
which is known to be detrimental to the corrosion properties of steel as it increases the dissolution
current densityy89]. Although, this effect has not been observed for lower Mn contents such as
1.5 wt.%[90]. Furthermore it was det er mi ne dFelZyowxshiesentatat 15

all the conditions , as was deemed necessary by DevefEl]a[16].
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Figure2.26. Corrosion potential as a function of austenitization time for (a) 2%Mn and (b) 2.5%

Mn [16].

The duration of cathodic protection can be determined by dissolution kinétosting phases,

as shown by galvanostatic scans. As coating thickness increases with annealing time, it is
important to consider results from the same annealing time when comparing the two prototypes.
Figure2.27 shows the galvanostatic scans for the two prototypes after austenitization at 890 °C
for 120 s and stamping at 700 [1&]. The length of the first plateau, which is associated with the

di s s ol uReiZnndeterinines the length of robust cathodic corrosion protection. It can be
seenthat both of the prototypes can provide lgegn cathodic corrosion protection of the
substrate, however, 2%Mn seems to provide protection for longer tigese 2.28 shows a
summar y -FaZni pldieau lgngth for all conditiorj46]. It is evident that after 180 s of
annealing, robust cathodic corrosion pratectannot be expected. For the annealing times lower
than that, robust cathodic corrosion protection was achieved. Moreover, there was a slight

difference between the different regions of the part which can be associated with die wiping
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e x p os i 4freZn)tplase. Ngvertheless, robust cathodic corrosion protection was achieved for

all the region$16].
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Figure2.27: Galvanostatic scans (+ 10 mA/€nfior the (a) 2%Mn and (b) 2.5%Mn austenitized

at 890 °C for 120 s and stamped at 70Q1&].
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Figure2.28: | -FesZnio plateau length as function of austenization time for the@ated 2%Mn
(black) and 2.5%Mn (red) substrate after DHPF at 700°C with respective 95% confidence

intervals[16].
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3 Research Objectives

In previous work, utilizing extended transfer times as a method to mitigate Liquid Metal
Embrittlement (LME) for two prototype galvanized press hardening steels (PHSs) with increased
Mn content (0.20€2.0Mn-0.26S+0.005B and 0.19@2.5Mn-0.26S+0.005B (wt.%)) has been
investigated15], [17]. Having an extended transfer timesults inpress hardening happeg at

a temperature lower than the-Eer peritectic temperature of 782 ;°@wus, avoiding LME by
eliminating the liquid metah the coatinglt was shown that bysing this technique, not only was

LME prevented, but also a desirable microstructure for both the coating and substrate were formed.
As aresult, the target mechanical propertf UTS O 1500 MPa was met an
robust cathodic corrosioproperties[15]i[17]. The primary objective of this work was to
determinethe feasibility of using an extended transfer time to mitigate LME for a galvannealed
(GA) prototype PHS steeThe galvannealoating,in addition to a different chemical composition

such as lower B conterhave not beepreviouslystudied Thus, it is interesting to determine if

the process is feasible on the new prototype stkover, from the industrial perspective, it was
aimed to determine a process window for the coated steel and determine the potential for scaling

through pilotscde trials for it.

In order to test these objectives, initially, a bare prototype steel and88 ¢ated(i.e., 80
g/m?/side coating weightprototype PHS steel with the compositions of 0.2086Mn-0.25Sk
0.003B0.01Ti, and 0.19€1.92Mn-0.20St0.003B0.03Ti (wt.%), respectively, were compared.

To this end, they were austenitized at 890 °C for 120 s and press formed at 650 °C. Their
mechanical properties were compared by tensile testing. Subsequently, panels ofdbatesiA

steel were austenitized at 890 for 120 s and subjected to direct hot press forming (DHPF) at

four different temperatures 660 °C 600 °C, 650 °Cand700 °C. The DHPF temperatures were
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obtaired by increasing the transfer time from the furnace to the die. The target propeitties for
GAcoated PHS were UTS O 1400 MPa and YS O 10
microstructural evolution were determined as a function of DHPF temperature by tensile testing,
scanning electron microscopy (SEM), microhardness, aralyXiffraction(XRD). Furthermore,

to assess the cathodic corrosion pr-FefZmdant i on w
thecoating t he v ol u ArexZnipwaa determioad byoXRD. The coating microstructure

and the presence of microcracks werdyae by SEM.

Pilot-scale trials were conducted on the-Gdated steel and consisted of austenitization at 890 °C

for four different times of 60 s, 120 s, 180 s, and 240 s. The panels were subsequently subjected to
DHPF at temperatures 660 °C, 600 °C650 °C, and 700 °Clheir mechanical properties were
analyzed as a function of austenitization time and DHPF temperature by tensile testing and were

compared to the results from the laboratscgle testing.
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4 Experimental Methods

4.1 Steel

Two steels were @sl in this study, the compositions of which can be seenTable 4.1:
Composition of alloys used (wt.%0)he values were determined using chemicalyeis according

to ASTM E101918[91], ASTM E109712[92] and ASTM E147916 [93]. Their composition is
similar to 22MnB5 with added Mn to allow for staimg at temperatures below the peritectic
temperature of 782 °C as a means to avoid LME by eliminating liquid zinc in direct hot press

forming process.

The asreceived steel K sheets had a thickness of 1.2 mm. Steel K had &?80dg/malvannealed

coatirg. The sheets were provided akind donation from voestalpine stahl LLC. Theraseived

steel | sheets had a thickness of 1.2 mm. These sheets are not coated. Steel | was produced at U.S.
Steel R&D Munhall, Pennsylvania. The detailed thermomechamoeégsing cycle of steel | can

be seen irfrigure4.1.

Table4.1: Composition of alloys used (wt.%).

C Mn Si Ti B S Fe
Steel | 0.20 1.96 0.25 0.01 0.003 0.005 Bal.
Steel K | 0.19 1.92 0.2 0.03 0.003 0.005 Bal.
Roughing to Hot Rolling to . .
25 mm (3 passes) SIOW | 4 mm (3 passes) |Slow Coiling Slow | Edge Trimming, Cold Rolling to
: - N 250 °C ‘ Surface Grinding - 1.2 mm
S.te%rt. 1250 °C | Cool S.ta!"t: 1250°C | Cool Cool to 2.4 mm (5 passes)
Finish: 1050 °C Finish: 900 °C
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Figure4.1: The thermomechanical processing cycle for the production of steel I.

The asreceived steel | microstructure can be observeHigure 4.2(a). The microstructure is
comprised of elongated grains of ferrite and pearlite with visible banding that is likely the result
of Mn segregation during casting. As mentioned Higure 4.1, the last step in the
thermomechanicaprocessingof steel | is cold rolling. The elongated grains which are
characteristic of a coltblled microstructee are the result of that particular processing step. In the
case of the ageceived steel KFrigure4.2(b) revealing an equiaxed microstructure cstiisg of

ferrite and pearlite which is fully recrystallized as a result of the continuous galvannealing process.

Figure4.2: SEM micrographs of as received material (a) steel | and (b) steel K.

4.2 Cold Rolling and Dilatometry i Steel |

Cold rolling was performed on a steel | transfer bar prior to dilatometry analysis. The purpose of
the cold rolling was to create a relatively high dislocation density in the dilatometry samples that
would closely resemble thaif the sheets, thus ensuring more representative transformation

temperature results from quench dilatometry experiments.

The dimensions of the steel | transfer bar were 25 mm in thickness and 63 mm in width.

Subsequently, 25.4 numide sections were cut dnsubjected to cross cold rolling using a
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STANAT TA-215 rolling mill, with a 0.16 mm reduction in thickness per pass. A total of 15 passes

were performed on each sample to achieve the desired 20% thickness reduction.

Quench dilatometry tests werarried out to determine the phase transformation temperatures and
the continuous cooling transformation (CCT) diagram of steel I. Samples in the shape of cylinders
with diameter of 5 mm and the height of 10 mm were cut from the cold rolled transfeubachQ

dilatometry was done using a BAHR DIL 805 dilatometer.

To determine the phase transformation temperatures, specificallyAés Ms, and M, samples

were heated to 1000 °C with heating rates of 5, 10 and 15 °C/s to understand the k&athof

rate on these temperatures. They were subsequently quenched to room temperature with the
cooling rate of 160 °C/s. The Aand Agwere found to be 721 °C and 864 °C, respectively, and

to be independent of the heating rates used. MoreowaanMt were determined to be 396 °C

and 294 °C, respectively.

Subsequently, samples were heated to 884 °G{AR0) at a heating rate of 10 °C/s, and held at

that temperature for 120 s. The samples were then quenched to room temperature using cooling
rates raging from 0.5°C/s to 75°C/s to determine the critical cooling rate required for the
formation of a fully martensitic microstructure. The resulting cooling curves were utilized to
construct the Continuous Cooling Transformation (CCT) diagram. To deteritnae
transformations such assBnd B, the microhardness and microstructure of the dilatometry
samples were analyzed. Microhardness was measured using a Clemex CMT.HD with a 100 gf load
and a dwell time of 10 seconds. To differentiate between the vaf@ases, such as bainite and
martensite, color etching using LaPera etchant was performed for 10 to 20 seconds. The LaPera

etchant consisted of 30 + 2 ml of solution #1 and 30 + 2 ml of solution #2. Solution #1 contained
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1 g NaS0s(sodium metabisulfite)rad 100 ml distilled water. Solution #2 contained 4 g dry picric

acid and 100 ml of ethanol.

4.3 Direct Press Hardening

To prepare for direct hot press forming (DHPF), blanks measuring 120 mm x 120 mm were first
cut. They were then heated to a temperature96f € for 120 seconds in a conventional box
furnace under ambient atmosphere. The austenization temperature was based on previous research
indicating that these conditions would-yield
FesZnioa n dFe,lswell as suitable mechanical properties. A type K thermocouple was attached
using rivets to each blank to monitor the temperature. A representative heating curve can be seen
in Figure 4.3. Both Steel | and Steel K exhibit identical heating curves. As shown, the
austenization annealing time was measured from the moment the temperature of the samples
reached 870 °C, after approximately 67 s. The sampiekeyat in the furnace for 120 s after this

time.
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Figure4.3: Heating curve of steel K annotating the beginning of the austenization step (dashed

line).

Following annealing, the blanks were transferred watercooled flat die for hot press forming

using a 250 kN Instron frame. An image of the furnace and the die mounted on the machine can
be seen irigure4.4. Various transfer times from the furnace under ambient conditions to the die
were used to DHPF at temperatures ranging from 550 °C to 700 °C, with the goal of determining

the process window of the DHPF temperature that would éothnate the liquid metal (Zn) in

the pressing step and yield target mechanical propefdés ¢ 1500 MPy gpecifically, the
transfer times and temperatures used were 9 seconds for 700 °C, 14 seconds for 650 °C, 16 seconds

for 600 °C, and 18econds for 550 °@igure4.5 shows the cooling curve of a sample stamped at
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550 °C. Two regions are labeled Biyure4.5. The transfer region corresponds to cooling in an
ambient environment until the desired stamping temperature was achieved. The other region
corresponds to quenching in thetercooled die. Average quenching rate in the flat die was

calculated to be 64 °C/s for all DHPF conditions.

I
Water-cooled
d‘ies

Figure4.4: Furnace and watamoled die mounted on a 250 kN Instron frame used for DHPF.
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Figure4.5: Cooling curve of a sample stamped at 550 °C.

4.4 Mechanical Testing

Uniaxial tensile tests and microhardness tests were performed at room temperature to determine
the mechanical properties of steel K and steel | as a function of the DHPF temperature. The
microhardness of the DHPF substrates was measured using a ClemesTwiih a 100 gf load

and a dwell time of 10 seconds. Error bars represent 95% confidence interval of the mean. Tensile
tests were performed using a 100 kN Instron frame with a crosshead speed of 1 mm/min. Strain
was measured using a contact extensomatarthhe gauge length of 25.4 mm. Tensile coupons
were machined from the uniform temperature portion of the panels as shéiguia4.6 into

ASTM E8 subsize specimeif@4]. All tests were conducted in triplicate to ensure reprodigibil
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of the results for a total of nine samples for every DHPF temperature. Error bars shown in the

results were calculated using the 95% confidence interval of the mean.

Figure4.6: Tensile coupons in theniform temperature portion of a DHPF panel.

Equation (4.1) di splays the formula for cal
engineering stress measured in MPa, F is the tensile force measured in N, iartdeAnitial
crosssectional area dhe tensile gauge in mm2 measured using calipers with the resolution of

0.01 mm. Similarly, Equation @ s hows the formula for calcul af
denotes engineering strain, oL r episteeorginal s t he

gauge length prior to testing in mm [4].

F
s =
Ao (4.1)
DL
e=—
Lo (4.2)
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Additionally, Equation (4.3) shows threduction of area of each fractured tensile coupon which
was determined according to ASTM [Bl], Where A represents the area of the fracture surface
measured using light optical microscofyhe ultimate tensile strength (UTS) was determined
based on the maximum engineering stress for the engineeringsiteasscurve. The yield
strength(YS) was determined by utilizing the 0.2% offset yield strength method.

7 :AO-AF

Ao (4.3)

4.5 Scanning Electron Microscopy

The microstructure of both the substrate and the coating as a function of DHPF temperature was
evaluated using scanning electron microscopy (SEM). Imaging was conducted using JEOL 6610
LV and JEOL 7000F FESEM microscopes, with an accelerating voltagelbfkeV and a
working distance of 10 mm for all the samples. The DHPF blanks were cut into 10 mm x 10 mm
samples and mounted cressctionally in epoxy resin. All samples were coated with carbon to

prevent sample charging.

Secondary electron imaging (SE¥ps utilized to image the microstructure of the substrate and
determine its correlation to the mechanical properties. Sample preparation involved grinding with
silicon paper of varying grits (320, 400, 600, 800, and 1200), followed by polishing with Nap an

Dur with 3 and 1 em diamond suspensions, resp
the samples were etched with Nital (2 vol% nitric acid in ethanol), rinsed with water and ethanol,

and subsequently blown dry. Finally, they were cleaned idteasonic bath using ethanol for 10

minutes.

The coating microstructure was analyzed using backscattered electron imaging (BEI) to predict

the corrosion properties of the steel as a function of DHPF temperature. Previous research has
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demonstrated that 18 o | % -F&Znio fihase can provide robust cathodic protec{ibd.
Therefore, t heFafpehase was deteronined uding SHEI. The quality of

the coating specifically the presence of microcracks, was of interest as well. The sample
preparation method was similar to the above with a few minor changes. The samples were not
etched, as it deteriorates the coating, and in order to prevenpahgting of thecoating, the

polishing steps were shortened.

4.6 X-Ray Diffraction

The phase analysis of the substrate and coating was determined usinga¥Ddifraction

(XRD2). The diffraction patterns were collected using a Bruker Mo Smart APEX2 diffractometer,

with CoK r adi ation (& = 1.79026 ) as the source
collimator were used, both with a diameter of 1 mnra¥(s were generated with a voltage of 35

keV and a current of 45 mA. A croounp |4e5dA 2Qf /2dd sC

and a scan time of 600 s/step. The Eiger 2R detector was used to collect diffraayesd X

Phase identification was conducted using Bruker DiffracEva v.5.2 on the raw data. Bruker TOPAS
5 was utilized to model the measured peaks aterohine the phase fractions of the coating and
substrate. Triplicate measurements were taken randomly from the samples, and error bars were

calculated based on the 95% confidence interval of the mean.

4.7 Pilot-scale DHPF of Steel K

A set of pilotscale DHPFRrials of GA steel K was performed at Gestamp. Blanks were austenitized

at 890 °C for four different annealing times of 60 s, 120 s, 180 s, and 240 s. Subsequently, they
were direct press hardened at 700 °C, 650 °C, 600 °C and 56@y2@e4.7 shows the tshaped

die configuration used in the trials. The dimensions of the blanks used were 280 x 65iQunen.

4.8 shows the resultant part configuration and dimensions. To analyze the mechanical properties,
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uniaxial tensile tests were carried out on the parts. Staistsed ASTM E8 tensile couponstiv
a gauge length of 50 mm were extracted from the top and side section eshlagéd dieKigure

2.23) [94]. The tensile tdas were conducted in accordance with the ASTM E8, ASTM E646, and

ASTM E517 standard®4]i [96].

Large Hat Section
Blank Size: 280 X 650mm

Figure4.7: Die configuration of the pilescde DHPF trial[97].

1515mm
Large Hat Section

Figure4.8: Part configuration and dimensioakthe pilotscale DHPF tria]97].
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5 Results

5.1 Dilatometry of Steel |

Dilatometry was conducted on steel | with the objective of establishing its continuous cooling
transformation (CCT) diagram. Thelatometry curve obtained from a sample subjected to a
heating rate of 15 °C/s, as described 4n28is presented ifrigure5.1 (a). This curve aimed to
investigate the influence of the heating rate on the critical transformation temperatures, namely
Aci, Acs, Ms, and M. It should be noted that the thermal expansion coefficients of different
constituents, such as ferrite and angég vary. The change in the crystal structure from BCC to

FCC and the subsequent dilation causes changes in the slope of the linear portion of {B8]curve

The initiation of a phase change is characterized by a deviation from linearity in the curve, whereas
the termination of the phase change is indicated by the curve returning to a linear bEqawier.

5.1 (b) shows the variation in heating rate depicted in Figuk€a) during the heating process. In
order to determinéAc: and Acs, the points at which the curve deviates from linearity were
identified through acombined approach involving bo#malysis ofthe derivativecurveand the
tangent methadlhe derivative of the dilatometric curve with respect to temperature is represented
by the red curve. The blue linespresent the tangent to the graplaid in identifying the linear
portion of the curveSimilarly, for the determination of Mand M, the nonlinear section of the
cooling portion in the dilatometry curve (Figusel (c)) was subjected to analydiscan be seen

that by employing these techniques, a comprehensive evaluation of the dilatometry curve

facilitated the calculation of the sieed critical temperatures.

56



M.A.Sc. Thesig S. Kheiri McMaster University Materials Science and Engineering

720 836
0.016 T T T T 0.014 T T T T T T T 5x107°
0.014 (a) . 0012 :
1 T b 4x1075
0.012 4
1 0.014
0.01 . F3x107°
1 5
4 J 0.008 k=
o 0008 9 L 5
3 1 3 F2x10
2 0.006 1 < 00084 d
1 hel
0.004 4 - F1x10™
] 0.004
0.002 .
1 poo2d ro
01 —— AL/Ly| T Ak
4 —— d(AL/L,)/dT
-0.002 T T T T T 0 T T T T T+ T T -1x107°
0 200 400 600 800 1000 300 400 500 600 700 800 900 1000 1100
Temperature (°C) Temperature (°C)
0.004 2?5 388: 5x10°7°
(©)
! L -5
0.002 . \ 4x10
3x1078
04 E
[=] —_
3 S
5 F2x107 ﬁ
< =
—-0.002 O
F1x107
-0.004
: Lo
— AL,
(= d(AL/L o )/dT|
-0.006 . - - Y -1x1078
200 300 400 500 600

Temperature (°C)

Figureb.1: (a) Dilatometry curve of a sample heated@atC/s (b) the heating portion of the

dilatometry curve (c) the cooling portion of the dilatometry curve.

Figure5.2 shows the critical temperatures that were calculated from quench dilatometry for this
steel. The average valkitor Ac; and Ag were721°C and 864 °C, respectively. It can be seen

from Figure5.2 (a) that the heating ratkd not affect Ae and Ac. The average Mand M values

are 396 °C and 254 °C. These values were independent of the heating rate as well, which is shown

by Figure5.2 (b).
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Figureb.2: Effect of heating rate on critical temperatures of steel | (apAd Ag, (b) Msand

M.

Figure 5.3 shows the CCT diagram constructed from the cooling cudesed from the
dilatometric tes It can be seen that the microhardness values, which are written on the bottom of
each curve, increase as the cooling rate increa$esh is an indication of differerdonstituents
present. The microhardness values corredpmell to the microstructural zones that have been
determined usinthecooling curve analysis. As a fully martensitic microstructure is of interest, it

is observed that cooling rates higher than 10 °C/s produce a fully martensitic microstructure.
Moreove, cooling rates of 3 °C/s and 5 °C/s will result in a bainitic microstructure. Cooling rates
lower than 1 °C/s result infarrite-pearlitemicrostructure. Ths a critical cooling rate of 10 °C/s

needs to be used duridgectpress forming to achievefally martensitic microstructure.
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Figure5.3: Continuous coolingransformation (CCT) diagrawf steel | with microhardness

values expressed in H\dr everyexperimentatoolingrate.

Figure 5.4 shows optical microscopy microstructures of quench dilatometry samples that were
etched using LaPera etchant. A fully martensitic microstructure can bevetddor cooling rates
higher than 10 °C/s. The darker regions highlighitedhe cooling rates of 3 °C/s and 5 °C/s are
indicative of bainite, and the lighter regions show martensite. Beige and white toned regions have
been identifiedfor cooling ratedower than 1 °C/s which are indicative of ferrite and pearlite,
respectively. These microstructures are in agreement with the phases identified by ahtdgsis

dilatometric curves during cooling, asown inFigure5.3.
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Figure5.4: Microstructure of the quench dilatometry samples of steel |
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5.2 Microstructural analysis of steel K
Figure5.5 shows the microstructure of the steel K substrate following DHPF. The microstructures
appear largely similar, characterized predominantly by martensitesathe discernible ferritic

regions. Interestingly, the microstructure is independent of the DHPF temperature.

Stamped at 550 °C

~ il TN
N R s
' -1\
a \l )

.‘:A, '.; h
vl

A

Figure5.5: Microstructure of steel K after DHPF.

The microhardness results are presentédgare5.6.Figure5.6: Microhardness values of steel K
and steel | after DHPMNotably, all the values observamrresponded with the presence of
martensitewith small amounts of ferrite. Moreover, no significant differences were observed

between the various DHPF temperatures tested in steel K. Steel | had a slightly higher
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microhardness than steel K, hinting at fiebability of having a slightly higher ultimate tensile
strength (UTS). Furthermore, the microhardness results are in agreement with the SEM

micrographs, further supporting the findings.
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Figureb.6: Microhardness values of steel K and steel | after DHPF.

Figure 5.7 shows the raw XRD spectra of tilHPF steel K. It is noteworthy that the peaks
attributed to martensite represent both martensite and ferrite. Given the low carbon content of steel
K (0.2 wt%), the difference between the lattice parameters ¢ and a in martensite is minimal as it
is dependent on the carbon content [7]. Consequently, the observed peaks are sharp and overlap
considerably with those of ferrite, making it impractical to differeatibetween the two
constituentausing XRD.The phase fractions dDHPF steel K obtained using XRD as a function

of DHPF temperature can be seeifrigure5.8. It shavs that the substrate is mostly comprised of

martensite and has small amounts of retasugstenite The retained austenite ¢aused by the
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transformation of austenite (fcc) into martensite (bcc) in low carbon $883ldt is known that
martensite transformation can never be truly complete. Thus, small volume fractions of interlath
retained austenite, depending on the composition of the steel, are present at lath grain boundaries
[99], [100]. The interlath films are typically very thin, andnnot be detected by SEM. However,

they can be determined by XHB9], [100], as shown irFigure5.8. It can be seen that austenite

fraction for steel K is negligible, and more importantly, not a strong function of DHPF temperature.

——— Stamped at 550 °C
Stamped at 600 °C
Stamped at 650 °C

—— Stamped at 700 °C

e Martensite
A Austenite

Figure5.7: XRD spectra from steel K substrate a function oDHPFtemperature
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Figure5.8: Phase fractions of steel K vs DHPF temperature with a 95% confidence interval.

5.3 Coating analysis of Steel K

The microgructural evolution of the coatings was evaluated by conducting-BEM analysis as

a function of DHPF temperaturgigure5.9 (a) shows the cross section of the etcherkasived
galvannealed coating revealing the microstructure. Two phases have been identified from the SEM
mi crograph. The -FesnaandigZnecimthepagions eose taithe substrate
typical of an industrialgalvannealed (GA) coatin@g7]. Cracksin the coatingare attributed to
temper rolling, and tension leveling after coatengthey arelso present in unetched sample,
Figure5.9 (b). DHPF was performed on the-eeceived panels, as explainedh3. The resultant
coating microstructuge can determine the occurrence of LME microcrackingand help

hypothesize about corrosion properties.
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Figure5.9: Coating microstructure of as received steel K obtained usingBENI(a) etched,

(b) uneteched.

In Figure 5.10, the crosssectional coating microstructure obtainesing SEMBSE for every

DHPF temperature is shown. The coatings consist ofptwioa s -€esZnio (darker regions) and
U-Fe(Zn) (brighteregions), and the substrate is martensitic, as mentioned previously. There were
no noticeable differences in the microstructure of the coatings with varying DHPF temperatures.
This is attributed to the utilization of transfer times with low duration to exehiDHPF
temperatures, which did not allow for adequate time for the diffusimtrolled phase
transformation processes to occur. It is evident that the coating exhibits; draslks/er, these
cracks do not extend into the martensitic substirate. thee was no significant evidence of
microcracking or LME It is important tounderstand the reason fibre observed crack3hose
crackscould becaused by the difference in thermal expansion of the coating and substrate panels
during the quenching step sia flat die was usd@5]. Moreower, intergranular cracking can be
dependent on the-Fe(Zn)grain boundaries. These grain boundaries are weakened because of a
Zn-enriched layer present on the grain boundaries as a result of anf®@a]inthis Znenriched

layer is known tdbe a preferred path for intergranular cracking ircéated PH$51].
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Figure5.10: Coating microstructure of steel K after DHPF obtained using -&S¥.

The phases present in the coatings are produced due to the peritectic reaction, asEtoatiom

(5.1), betweert h derrité phase rich in zinfJ-Fe(zZn))and the liquid zinc phase rich in iron at

782 °C, ashownby the FeZn diagramn Figure2.6. Since thdi-FesZnio phase isolidified from
Zn(Fe)q, it seems that this phase is inclined to amass near the coating surface. Additionally, the
absence of microcracks in the coating of the DHPF panels indicates that the occurrence of LME

has successfiyl been avoided in all cases.
U-Fe(2Zn ig -t Zn (+FRee-), 10! (5.1)

A quantitative analysis of the ang phases can provide insights into the corrosion properties. It

has been shown that 15 %l o f -Feshne phésas sufficient to yield robust cathodic corrosion
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