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Abstract

Experiments were conducted to determine the suitability of a chromgtedl for use in
automotive exhaust applications. Due to government regulations leading to higher temperatures and a
more corrosive environment within the automotive exhaust systerde@n alloys such as Type 409 no
longer suffice. The high cost of inameng alloying elements to reduce the corrosion susceptibility of
exhaust components has led to exhaust manufactures moving toward a sacrificially protected
aluminized stainless steel (Type 409Al). Yet, costs remain high due to the stainless steelesubstrat
Arcanum Alloys have designed a process in which an IF steel coil is chromized usiol sl@ry,
creating a thin but corrosion resistant layer. This chromized layer drastically increases the corrosion
resistance, without affecting the formabilityf the interstitial-free (P steel substrate and remaining
costeffective The localized corrosion resistancetloé chromized IF steeKHOM was measured
against current generation ferritic stainless steels in a simulated interior (exhaust @densate) and
exterior (NaC{aq)) automotive exhaust environment.

Electrochemicabolarization measurementlong with atmospheric corrosion tesigere
conducted tocharacterize andompare the localizedorrosion susceptibility of XHOM and benchmark
ferritic stainless steelsThe specific tests include the following:

I. Potentiodynanic polarization curves iNaCl (ag)measuring theorrosion potential (&),

critical current density i) and breakdown potential ¢

II. Double loop electrochemical potentiokinetic reactivation (DLEPR) testing measuring the ratio

of the activation critical current densityYiand the reactivation critical current density).(i

lll. Saltfog testing(ASTM B17) (external) andxhaust gas condensate exposure testing

(internal), measuring the mass loss, pitting density, maximum pit depth and corrosion rate.



Although Type 409 anBlype439 exhibited evidence of sensitization in tindl annealed
condition, all materials exhibited a resistance to further sensitization during heat treatment, indicating
sensitization will not ocur during service.

Theelectrochemicapolarization curves in thslaCl (agyesulted in XHOM yielding the highest
breakdown poeéntial, yet XHOM also exhibitélde highest corrosion rate durintpe salt fog ASTM
B117 exposure. Th latteris due to exposure of the XHOM cut edgeere only the plan surfacevas
exposed during the electrochemical polarization measugnts.A galvanic couple exists between the
chromized coating (cathode) and steel substrate (anode) leading to rapid corrosion of the ®ubstra
when exposed. When the cut edge of XHOM is masked, the corrosion rate drops drastically, performing
comparably to the highly ferritic stainless steels. Duthegsalt fog ASTM Bll)/exposure, pitting of
XHOM and Type 409 was caused by cut edge corrdsading to corrosion product migrating down the
panel surfaces and initiating under deposit pitting. A singular pit was observed on the XHOM, surface
which led to delamination of the coating surrounding the paused by the galvanic couple at the
coating substrate/interface once the substrate was penetrated. The ovesalbsion resistance ranking
of the materials in the external environmeirtcorporatingcorrosion rate and pit deptfs as follows:
Type 436G XHOM Masked EdgésType 439 > Type 409Al > Type 409 > XEQdyks Exposed. Strain
was also found to have an effect on the localized corrosion susceptibility of XH@ACI{ag)unlike
Type 409which exhibited no change. The influence of the drain hole manufacturing method (punching
anddrilling) on the corrosion susceptibility of XHOM and Type 409 was also measured. The punching
method caused a smearing effect of the chromized coativigich served t@artially cover andorotect
the cut edgeThe main corrosin mechanisnthat occurred within the external environmeig cut edge
corrosion whichled to under deposit pitting

Heat treatment of samples prior to testing in the internal exhaust environment led to an

intermetallic phase change within the aluminizeshtingon Type 409Aldrastically reducing the



corrosion resistance of theaterial An asreceived aluminized Type 4QBype 409AA)sample was

tested in exhaust condensate exposure conditions to measure the difference in corrosion rate. XHOM
with the cut edges exposed exhibited a corrosion rate comparable to Type 409 and heat treated
aluminized Type 409, which is promising as XHOM already has an advantage in cost and formability. The
overallcorrosion resistanceankingof the materialeexposed irthe internalexhaustenvironment

incorporaing corrosion rate and pit deptis as followsType 409AA > Type 436 Type 439 > Type 409

F XHOMEdges Exposddype 409AH (heattreated).
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1. Introduction

The purpee of the automotive exhaust system is to reduce the noise and air pollution from the
exhaust gas. It is comprised of two sections: the hot and cold end. The hot end is labelled as such due to
the high temperatures reached during service, ranging from@&B80°C. The cold end operates over a
larger range of temperatures aehed in service, ranging frondAQ¢ 650 °C.From a corrosion
performance perspective,aech sectiorcontends withdifferent corrosionrmodes:high temperature
oxidation in the hot end, ahlocalized (pitting) corrosion from botalt sprayexposure (external) and
exhaustcondensateexposure (internal) as well as sensitization (formation ef@)rin the cold end
Thus corrosionresistant materials are necessaryftbricate automotive elxaust components for both

sections toensurea long service life.

Automotive exhaust components are typically made from ferriticndtasis steels, due to their high
corrosion resistance (relative to carbon steel and aluminized carbon steel), low thetpzaison
coefficient, and sitiable mechanical propertigd]. Due to the different corrosion modes associated with
each section, different grades of ferritic stainless steels are used including Type 409, 439, 436 and 441
(listed in order of increasing Cr content). Although the addition of the Cr content increases the corrosion
resistance, it decreases formability and increases the. dosalternativanethod to improve corrosion
resistance, without incurring the large increasecost associated with increased Cr contents, is to apply
a metallic coating to a dean (less expensive) stainless steel such as Type 409, which provides galvanic
protection. The most common coating used for this purpose-tH$Si, which is applied Ttype 409
stainless steel through a halip process resulting in a mulyered material with increased corrosion
resistance (surface performance) and unaffected formability (substrate perform@@j) One
drawback 6 applying an Alich coating for corrosion control is the relatively low melting temperature:
600°C for the AlL0%Si coating. Once the coating melts, the diffusion of Fe from the substrate into the

coating is accelerated, which in turn accelerates thenttion of Fe-Al intermetallic phasg[4]. These
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intermetallic phases are undesirable as tliegpders the coating more susceptible to corrosion. As a
O2yaSljdsSy0S 2F (KAA& RNJI §06 | OGNS protefivdaodtiggh Ty R¥9 6 I LILIE A
stainless steel is typically restted to cold end componenig, 5].

From a maximum cost effectiveness and formability perspective, a different approach to applying a
protective coating to a dean stainless steel substrate, is to apply a protective coating to a carbon steel
substrate. Arcanum Alloys designed a process in whickriatCslurry is applied to an uncoilsteel
sheet, recoilechnd anneged at 950°C to create @hromizedayeron both surfaces of an interstitial
free (IF) steel substrate. This mdlti- @ SNBR Y| GSNAIf o01y26y & aG-1haéo
FLILX A yOS AyRdzaGNER (2 3IABS GKS aqadlAytSaa adasSSte
manufactures of automotivexhaust systems (Tenneco Automotivia,particular) as it possesses
attractive benefits relative to the current generation of ferritic stainless steels used for fabrication.

These include: (i) a corrosigasistant surface layer that relies on the same pation principle as

monolithic ferritic stainless steels with increased Cr content (formation of a protectivielCoxide

surface film), (ii) a protective surface layer that has high temperature stability (does not melt and has
slow interdiffusion rate®f Cr and Fe at the typical temperatures attained during operation) and (iii)
formability that is dominated by the mechanical properties comparable to the IF steel substrate. So
OFft SR aOKNRYATAY3IE oI LILX A Ol i A 20five xfaudt compedemshist F dz& A 2
not a new innovation. Chromizing of steel through pack cementation was invented in the 1920s, and
investigated for automotivexhaust applications in 706, 7]. This process ultimately wast plausible

for an assembly line environment as temperatures above T@®@ere required and the diffusion

process ranged from-&0 h[8]. As well economically, $ran stainless steel become more popular such

as Type 409 a® post processing wagecessary on finished parf@]. Now, with the coil arriving to
manufactures already chromized, no processing is needed by the manufactures allowing this material to

compete with ferritic stainless steels
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The overarching objective of the research study is to determine the suitability of XHOM as a
candidate material from which to fabricate automotive exhaust applications, with a focus on the cold
end components. Given the focus on the cold end sectiangcthrrosion modes of interest include:
localized (pitting) corrosion fromalt sprayexposureacid condensatexposure and sensitizatien
induced Intergranular Corrosion. The suitability of XHOM is to be determined by gauging how the
localized (pitting) coosion resistance in both (external and internal) environments and sensitization
susceptibility ranks relativim that exhibited by the current generation ferritic stainless steels [Types

409 (Fel2Cr), 439 (F&7Cr) and 436 (FE7Cr1Mo)] used to fabricge automotive exhaust systems.

One anticipated issue with the XHOM material is the expected accelerated corrosion that could
occur at the cut edge that is exposed within drain holes in the muffler and perforations within the
resonator. The accelerated osion in this case would be due to the galvanic couple that is exists
between the more noble @ich passive surface layer and tless noble IF steel substrgte0]. The
localized corrosion susceptibility was determined thgb atmospheriecontrolled cabinet tests in
combination with electrochemical potentiodynamic polarization and immersion testing. Links between
microstructure and corrosion susceptibility were determined using surface analysis spectroscopy

techniques couplée with light optical and scanning electron microscopy (SEM) techniques.

This thesis includes six chapters including the Introduction as Chapter 1. Chapter 2 reviews the
literature to provide an overview of automotive exhaust systems, key materialerpgance
requirements and the localized corrosion and sensitization susceptibility of ferritic stainless steels,
aluminizedstainless steel and chromized steel in both the salt spray (external) and exhaust condensate
(internal) relevanto the cold end section. Chapter 3 describes the experimental methods employed to
determine the relative localized (pitting) corrosion and sensitization susceptibility of the XHOM material
and current generation ferritic stainless steels. Chapter 4 prestm® resultsand discussioof the

corrosion testing conducted, the associated {mad postexposure material characterization that was

3
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conducted and will discuss the experimental dataganted. Chapter 5 will preseatglobal discussion,
on all the data and informain given thus far in the thesis. Finally, Chapter 6 presents a set of major

conclusions drawn from the analysis and interpretation of the experimental data collected.

2. Literature Review

2.1 Automotive Exhaust Systems: Materials Selection

As mentioned in the Introduction, the purposearf automotive exhaust system is to reduce noise
and exhaust gas pollution from the engine. Figure 1 shows a schematic of the major components of an

exhaust system along with the exhaust gas and component temperatures expected during operation.
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Figurel: Exhaust system layout with tempeuags reached during sereifll]

This thesis concerns itself with the-salled cold end components, which includes the centre
pipe, main muffler and tail pipe end, whe the exhaust gas temperature ranges from 1000 65C°C.
A summary of the materials performance requirements for each of the major components is listed in
Table I. Also listed are materials that typically are used to fabricate each of these majmyremmts

given the required properties involved. Ferritic stainless steels are the materials of choice from which to
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fabricate coldend components since they exhibit a lower thermal expansion coefficient and cost

relative to austenitic stainless steel detgphaving lower high temperature mechanical properties.

Tablel: Exhaust system components and current matefigls

Exhaust Front | Flexible Catalytic Converter . Main Ta
. . ; Center Pipe end
Component Manifold Pipe Pipe Muffler .
Shell Catalyst Pipe
Carrier
Hot End Cold End
Service
Temperature 950- 750 800- 600 10001200 600400 400-100
()
Required - High - Hich -High - Oxidation | - Salt - Corrosion
Properties | temperature | temperature temperature resistance | corrosion | resistance at
strength strength strength - Thermal resistance | inner surface
- Thermal -Thermal fatigue | -High shock - Corrosion
fatigue life life temperature resistance resistance at
- Oxidation - Oxidation salt corrosion outer surface
resistance resistance resistance
Current Typed09L Type Typed09L SUH 21 Typed409L Typed09L
Materials Type430J1L 304 Type436J1L 20Cr5Al Typed09L-Al
Type4d29 Ceramics Typed36
Typed44 Type430J1L
Type436J1L

Table Il presents the major ajling elements (Cr % & Mo %), yield strength (YS), ultimate tensile

strength (UTS), formability (n & r) and maximum service temperaf@g [he properties n & r

represent the strain hardening exponent and the plastics strain ratio (drawalpil?y)where maximum

service temperature is the temperature at which strength of the material begins to decline quig8kly
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Tablell: Current generation ferritic stainless steel prapes[14]

Type Cr Mo Strength (MPa) Formability Max. T (°C)
wt.% wt.% YS uTsS N r

409 11.2 228 414 0.23 14 815
409Al 11.2 276 434 0.19 15 843

439 17.3 283 448 0.21 1.6 885
436L 17.3 1.3 317 483 0.20 1.3 885

441 17.9 310 483 0.20 14 950

444 18.5 2.0 360 515 1000

Ferritic stainless steels are composed of ferrite grains approximatelyndid size with secondary
phase particles such as TiN, TiC, TiCN, and MnS distributed uniformly throughmittbstructure. As
exhaust components reach a range of elevated temperatures during service, the microstructure is prone
to abnormal grain growth. Abnormal grain growth can be detrimental because of its effect on
mechanical properties. To address thisuis, Ti is added to induce TiC/TiN formation. These particles pin
the grain boundaries and, thus impede abnormal grain grddfj. An image of a typical microstructure
can be seen for a FELCr and F47Cr alloy can be seenkiigure 2a and 2b. No difference can be seen

in the microstructures illustrating the insignificance of Cr addition on microstructure, as Cr is a ferrite

stabilizer.
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Figure2: Ferritic stainless steel microstructure a)lA€r h Fel7Cr16]
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Aluminized carbon steel has been used for decades to build cold end exhaust components due to
the increased corrosion resistance of the substrate provided by the Al barrier coating. The Al coating is
applied thraigh a hot dip process in which the steel is first heated in an oxidizing furnace to remove
organic oils, then heated in a reducing furnace to reduce the oxide scale and finally dippdd®#63il
molten bath[17]. Si is added & reduce the formation of the brittle FAl phases at the coating/metal

interface[4] and to lower the melting temperature of molten bath from 68D to 60C°C.

Hot-dip aluminized ferritic stainless steel, particularly TypeAl0OBas seen widespread use as a
material of construction due the sacrificial anode cathodic protection of th&lk&r substrate provided

by the Akrich coating2], [3].

The low melting temperature of Ad a limitation that can restrict the utilization of aluminized
materials. When exposed to temperatures above the melting temperature {6)0he Afich coating
melts, which promotes the rapid diffusion of Fe from the substrate into the liquid codthmgincrease
in the Fe content then promotes the formation of brittle intermetallicAgphases includingLFeSi
(Q), FeAk(d) & FeAl(d. As each of these phases has a melting temperatures above’@)@apid
solidification of the coating occurs, complete with significant cracjdhgCracks form during the +e
solidification of thecoating due to the different thermal expansion coefficient of the different
intermetallic phase$4]. Throughthickness cracks are particularly problematic as they create a path for
corrosive solutions to contact the underlyisgbstrate with much less galvanic protection offered by the
intermetallic phases than Al0%Si coating. Heat treating aluminized steel/stainless steel above the
melting temperature of the coating has been shown to significantly decrease the providedigalvan
protection[5]. Table Il and Figure 3, demonstrates the possible intermetallic phases that can occur

during the solidification of the FAl layer, depending on the time and temperature of heat treatment.
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Tablelll: XRD analysis of phase formation in heat treate8i&loated sted#]

No. | Phase| Formula Al Si Fe Tmelt

[wt%] | [wt%] | wt%] | [°C]
1 - Al + Si 87 10 3 577
2 G AlFeSi 56 9 35 | 855

3 a AbFesSi 32 13 55 | 1050

4 | did | FeAkFeAk | 49 2 29 | 1156

ST

s
S S S A Y

tiurnace =1 min, T, =594 °C trumace = 5 Min, Ty, = 920 °C

Figure3: SEM images of heat treated0%Si microstructuri@d]

2.2 Localized Corrosion of Ferritic Stainl&tgels

Stainless steels are well known for their relatively high aqueous corrosion resistance. This high
corrosion resistance is due to the formation and maintenance of a protective (passive) oxide film that
forms on the exposed surface. A very thin eddyer 13 nm is formed when exposed to air, and once
this film is formed the corrosion rate can be decredibg orders of magnitude, depending on the
environmental condition§18]. Localized corrosion involves breakdown a$frassive film in localized

areas due to the microgalvanic activity of cathodic/anodic precipitates, scratches/holidays in the passive
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film, mechanical stresses and chemical attack by aggressive ions. Stainless steel is particularly prone to
localized comsion in halide (specifically chloride) environmejiig].

Passive layers commonly have a chemical structure described by a bilayer model. According to
this model, passive films contaém inner and outer layer. The inner lay(€r0s) plays the barrier role
protecting against corrosion and the outer layer is either a hydroxide chgayoxide which behaves as
an exchange laydyetween the metal surface and electrolyfg0]. The thickess of thigpassive layer is
dependent on theébulk metal composition pH of the electrolyte and the electrochemical potentiéhe
composition of the bulk metal specifically the Cr content affects the thickness and corrosion resistance
of the film. As GO; forms a thinner film than Fe(OH)the more chromium present in the bulk the more
CrOs will form therefore producing a thinner overall passive filmQgrs more adherent to the metal
surface, compared to the Fe(QHi)m which will break off exposing a fresh aagé to the corrosive
media.

Different methods for pit initiation have been reported, but the most accepted thbas/been
developed by MacDonalet al. known as the point defect model (PDR2)L]. Point defects, are assumed
to be electrons, holes and metal/oxide vacancies. Aggressive sslich as €lons are believed to
adsorb into the passive film creating a cationic vacancy. These vacancies then diffuse toward the metal
surfaceandare annihilated by metal cations. If thieiX of cationic vacancies is higher than the metal
surface can annihilate, vacancies condense on the surface forming voids. These voids are an initiation
site for localized corrosion to occur, therefore the higher tHec@hcentration, the more cationic
vacancies form leading to a higher density of vg&§. Other theories discuss, the crystallinity of the
passive oile layer being susceptible fmtting at grain boundaries, as grain boundaries can exhibit ionic
conductivities much larger than bulk oxide. In solutions witholti@ls, once the dissolution of the
passive film occurs, repassivation initiates if sufficient Okt adsorb to the exposed surface. Yet when

Chions are present, a competition ensues with*@#iadsorb on the surface and possibly impede
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repassivationdading to stable pit growtf23]. Once stable pits grow in the presence &fi@is,

conditions are set such that pit growth is promoted. As the dissolution ¥fid¢ies, as well as the

reduction of HO reducing to Hons occus, Clions electromigrate to the pit due to the charge

imbalance. The formation of HCI (aq) within the pit lowers the pH of the pit environment, and the acidic
chloride environment tends to propagate further pit growgg].

Other factors that affect the corrosion resistance of stainless steel, include the crystallographic
orientation of the grains, dislocation density and grain size. The influence of crystallographic
orientations originates from the atomic densities, as ahbignumber of nearest neighbor atoms (high
atomic density) requires a higher energy to break the bonds, and there is a reduction of the dissolution
of atoms[24]. According to G. Let al. [25], strain can influence stainless steel by the formation and
movement of dislocations leading to plastic deformation, as well as the formation of defects on the
surface. An applied stress decreases the corrosion resistance of the cut edge by increasing ttle store
Gibbs energy, decreasing the electrochemical potential and, therefore increasing probability of
dissolution, Equatiod [26]. Equatior2, demonstrates the effect of dislocations on the donor density
within the passive filmM represents metalw®represents oxygen vacancy and T is defined as the
dislocation formed at the metal/oxide interfacelence, 1 mol of point defects (dislocations) forms (x/2)
mols of vacancies, therefore the more dislocations created throyagiied strain, the more vacancies
effecting the compactness of the passive film and, therefore the corrosion resigtarfjcé\ccording to
the PDM, the more oxygen vacancies formed, the higher the chance of adsorptidrionisQireating
cationic vacancies. If a high enough flux of these cationic vacancies form, condensation on the
metal/oxide interface leads to increased void formation. These voids can lead to fracturing of the

passive film, behaving as pit initiation sif@4].
YO 20— zQan (1)

0 Yo b -0® Q@
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Tests were conducted on austenitic stainless stégbe 304measuring the corrosion rate with varying
average grain sizes in 5%86 (aq). he results are shown in kige 4a. A decrease in corrosion rate

occurs as the grain size increases, which is caused by defects concentrated at the grain boundaries. As
the grain size decreasgbe grain boundary surface area increases resulting in more defects,
destabilizing the pssive film and lowering the intergranular resistance. Samples were also tested in
3.5% NaCl (aq), results shoimrFigure 4b, which illustrate different result in that decreasing the grain

size decreases the pitting potentiab)EThis is due to a largaverage grain size resulting in a lower

pitting density, but deeper pits formed. In contrast, a smaller grain size results in a higher pitting density
yet shallower pits. Therefore grain size can influence the corrosion rate positively or negatively

depending on the surrounding environme[i8].
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Figure4: Plot comparing corrosion rate and average grain size a) &34 thq)b) 3.5% NaGhq)[28]

To increase the locaéd corrosion resistance of a ferritic stainless steel, two main elésnam
used, Cr and Mo. Figure 5a ard reported by Horvatlet al. [29], and Bond30], demonstrate the

increase in pitting pantial achieved through the addition of Cr and Mo individually.

11
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Figure5: Graphic representation of effect of alloying elements on pitting potentials a) Influence of Cr
addition on FeCr alloy{29] b) Influence of Mo addition on FESCr alloyf30]

Authors debate over the reasoning behind the effect of Mo on thél'ke current theories
include Mo adsorbing on the surface film formed while in the active region forming nertkytod
blocking active sites during active dissolutj@@]. Mo has also been theorized to enhance the cation
selective properties of the passive film decreasing the amount of cationic vac@Zjeslo can also
increase the nobility of a pit, decreasing pit current density, as well as has been suggested to counteract
the effect of S by enriching the surface, bonding to adsorbed S and disd@®jnget the most
acceped theory is Mo influences the, Ehrough dissolution and pit growth consideratif??]. The
influence of temperatue on the pitting potential of &eCr dloy is demonstrated in Figuréo5The
results illustrate a decrease iy and, therefore the corrosion resistance of a@ealloy, with increasing
temperature as ion transfer between the electrode and electrolyte is increased.iffimg pesistance of
stainless steels has been modeled by an equation, equating to a Pittgigtdhce Equivalence Number
(PREN), incorporating the elements which increasesth&quation 3. Each element has a corresponding
coefficient representing the influence it has on thgnormalized to the effect of Cr, which has a
coefficient of 1[31].

0'YOO P61 o®wbdé UPO (3)

12
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K has been reported to correspond to 16 and30. Throughout this thesis, K is taken asHuation 3

is commonly used for estimating the pitting resistance udtanitic and duplex stainless steels, as N is
soluble in the austenite phase and not the ferrite phase. N, when in solid solution, has been reported to
decrease the donor density and increase the Cr concentration in the passive film providing a mere stabl

film with fewer defects increasing the corrosion resistafic®.

Preferred sites for pitting on the metal surface occurs at (Mnf)i8des which are nucleated
during casting and difficult to avoid. The inclusion has beported as electrochemically active and
cathodic in a F€r matrix. Thereforaifferent authors have reported microcrevices caused by the
dissolution of the MnS inclusion initiating pitting, as well as the accelerated dissolution of thyear
metal mdrix. The size of and, therefore the impact thfe inclusion is dependent on precipitation,
segregation, cold work and heat treatmefg2]. Another secondary phashat behaves cathodically in
the FeCr matrix is TiNwhich ae more prevalent in ferritic stainless ste¢b2].

Oxyhydroxide deposits or films can occur on metal surfdeading to underdeposit pitting.

Due to the film formed, occluded anodes become more frequéntoccluded anode is present

underneath the deposit on the metal surface where the exterior surface of the deposit functions as the
cathode. The mechanism of undaéeposit pitting is dependent on the conductivity of the dxydroxide
deposit. As iron oxideare electrically conductive, the outer surface behaves cathodically reducing
dissolved oxygen as the deposit thickens. Through testing conducted by Suéialaon Type 304, the
influence of a rust layer on the corrosion resistance was measured e8lilésrshowed evidence that
underdeposit pitting behaves similar to crevice corrosion under a g@mneable aniorselective
deposit[33]. Though the rust layer behaves similar to a crevice, the ionic resistance is muchhawer
conventional crevice, permitting rapid propagation of localized corrosion, even in dilute [B3&3lia

Even though corrosion is localized under the deposit, pits differ in shape from the deep and narrow pits

commonly foundn stainless steel34].

13
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2.3 Intergranular Corrosion

Intergranular corrosion (IGC) is an attack of grain boundaries due to a galvanic couple typically
created by a depletion of an element or reactive impurity segregationegtain boundary34]. The
most common form of IGC occurs when ferritic stainless steels are heat treated in the range’6tal25
815°C forming Crich carbides or nitrides at the grain boundaridepletingthe adjacentmatrix in Cr
[16, 35]. Above 815CCrrich carbides are soluble, and below £L&he diffusion rate of C is too low to
form carbideqd34]. This altered microstructure is known as a sersitimicrostructure, meaning it is
susceptible to intergranular attack due to galvanic couple created between the grain boundary and
adjacent Grdepleted matriX(16, 35, 36, 37]. Figure &hows an elemetal line scaracross the grain
boundary of &eCr alloy containing a €ich carbide pregiitate particle acquired usingray energy
dispersive spectroscopy (EDS). The bulk Cr content of the grains adjacent to the boundary is 18%. The
content decreasesota value of less than 10% as the boundary is approached, ghéds than the
ONRGAOFE /NI O2yGSyld 2F wmnop: ONBrjedzindidades sigaifidantlya G I A y f
as the Girich carbide precipitate particles itself are traversed. Stwchiometry CiC ratio in the
precipitate (MsGs) is very high, which makes-fich carbide formation especially dangerous, as nearly

four times more Cr is lost from the matrix to the precipitate particle than C.
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Figure6: EDXinescan througlCrrich MxsGs carbide containing grain boundary

In oxidizing conditions €ich carbides behave inertly, yet the Cr depleted zone adjacent to the
grain boundary is electrochemically active relative to the adjacemic@matrix. This redts in a
microscopic galvanic attack with the-@epleted zone serving as the anode aneti€in matrix serving as
the cathode. Methods to decrease the susceptibility of it@lide decreasing th€content of the alloy,
avoiding thermal heat treatments stated temperature range and adding carbide stabilizing elements
such as Ti and/or Nb to preferentially form carbide precipitqiés [35].

Certain elements that are added to increase the cormsisistance of stainless steel can have
secondary effects, which alter the materials susceptibility to IGC. Mo, which is added to increase the
pitting corrosion resistance can form carbides (MoC) at the grain boundary similar to Cr. This depletion
of Mo will contribute to a galvanic couple between the depleted grain boundary and the matrix inducing
IGC34].

The solubility of N in austenite is very high and, therefore N does not precipitate as nitrides, yet
in ferrite solubility is elatively low. Consequelyt, CN can also precipitate at grain boundaries and serve

to increase IGC susceptibil[B4].

15
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One popular method of determining the degree of sensitization (DOS) of stastéedss the so
called double loop electrokinetioopentiodynamic reactivation ([HPR) test. This method involves
anodically polarizing a working electrode in diluteS8 (aq) measuring the ratio of the critical current
density required to passivate, asasured during the activation (forward) sca), (@nd depassivate, as
measured during the reactivation (reverse) scian If this ratio(i/iz) is above 1%, the stainless steel is
considered to be sensitizdd5, 36,37]. A schematic example of a ngensitized DEPR curve is shown
in Figure 7a, while Figurd Bhows a sensitized DLEPR schematic, and a typical DLEPRrclype #09
is shown in Figurec?
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Figure7: DEPR curvesatjram: a) Desensitized material b) Sensitized matB&]ic) DLEPR curve Type
409[39]

Cold end components reach temperatures ranging from ambient air t¢65@hich overlaps
with the temperaturerange in which ferritic stainless steels are susceptible to sensitizatienferritic
stainless steels used to manufacture exhaust components are designed with a Ti safety factor to ensure
IGC is impeded. A minimum amount ofJE x %C is the ASTM reqeiment [40], yet commonly Ti
concentration of up to 40 x (%C + %N) have been used as an attempt to ensure sensitization does not
occur. I.A. Fransost al. [41], tested over 30 Type 409 samples witrying Ti, Nb, C and N contents all
which met the ASTM requirement 6f A x%C cEach of the samples were arc welded, pickled and
immersed in a solution of boiling 0.5%3@ (aq)+ 6% CuSQaq)+ Cus)shots for 20 h. Theamples

16
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were then cut in crossection analyzing the grain boundary attack, denoting severelglathsamples

4 aLD FddarOoléx aKlFftt2¢ INIAY 02dzy RFNE INB2GAYy 3 |
results were then plotted as sivnin Figure® ! f Ay S gl a RNI gy aSLI NI dGAy3
attacked samples, revealing a pattern. S piot proves the ASTM requirement of alloying elements is

insufficient as it does not include the sensitization contribution diéhce whyl.A. Fransomt al. [41],

calculated a new stabilization requirement, extrapolatimanirthe plot Figure3. Either%Ti or (%Ti &

%Ch) = 0.08 +8(%C + %N).
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Figure8: Plot comparing (%TI + %Nb) and (%C + %N) content of Type 409 alloys testing sensitization
susceptibilityf41]

Tiisvery commonlhaddedto stainless steels for the purpose mihninggrain boundaries impeding
abnormal grain growth. In stainless steels, Ti is also used to react with any freei@medingM2:Gs or
MN formation, as this could indud&C The differencen size betweeMiNand Ti(precipitates can be
explained by the different temperatures in which precipitation occurs. TiN precipataap@proximately
1300 °C compared to Ti@hich precipitatesat 850 °C therefore allowing more time for growthToN
[42]. TheseTiC/TiN precipitates forran or adjacent t@rain boundaries, subboundaries and the fusion

line. The attack at the grain boundaries is caused by the microgalvanic corrosion associated with
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concentrated areas of TiN/TfEecipitates. Temperatures above the seniziation range of 425 °C to
815°C induce IGtrough the precipitation of TiC and TiMhich form at 850 “@ndabove[32]. Figure
9abelow showsa TimeTemperatureSensitization diagim for Type 409, demonstrating that there are
two temperature ranges in which sensitization can oc&igure9b plots the sensitization susceptibility
(i/i2) results of Type 409 heat treated to multiple temperatures. The results of this plot confirm the

sensitization temperature ranges shown in Figae
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Figure9: a) TimeTemperatureSensitizatiordiagramfor Type 409 b)/i, ratio plotted against heat
treatment temperature for Type 4(92]

2.4 External Corrosion Performance
Due to the use of décing salts, chloride salts are bountiful on the roads during the winter
months causing dominantly pitting corrosion of cold end components. Geography and climate are
important to this form of corrosion ageas that are warm year round (not using-déng salts) and
inland, far from sea water do not experience this corrosion md@ Deicing salts such as Ca@hd
MgC}, which have lower freezing temperatures than NaCl, araraonly used for this purpodd4].
Localized external corrosion is a result of the combination of moisture, road debris and related
external corrosion sources (road-@t@ng salt solutions, etc.) that becomes entrappeddnaus

locations along the exhaust systgd8]. Unlike internal exhaust condensate corrosion, external salt
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corrosion does not depend on vehicle or engine operating conditions, localized corrosion continues after
the automobileis turned off[43].

Commonly, only limited regions are affected by enhanced metal attack and penetration due to
the formation of corrosion concentration cell on the surface. A concentration cell occurs when moisture
reacts wih the abundant NaCl creating allh OK G RNR LE 2F 41 GSNI 2y (G KS & dzNJ
behaving similar to the Evans Water Drop Experinigst45]. Areas near the edge of the drop with
abundant access to oxygémction as the cathode. The metal surface at the center of the drop has the
least amount of access to dissolved oxygen as dissolved oxygen needs to diffuses through the volume of
the drop, replenishing oxygen initially lost to the corrosion of the mietalirface. Therefore, there is a
continuous deficit of dissolved oxygen at the metal surface ensuring the surface continues to function as
the anode[34,45]. Equation 4 and 5 demonstrate the anodic and cathodicd®lfreactions occurring
in the drop

"0Q © "0Q c¢Q (4)
0 ¢O0 TQO0 Tt00 (5

The constant changing temperature of the exhaust components and ambient air has an effect
on the localized corrosion rate. As high temperaturesraeehed, the corrosion rate is increased due to
increased rate of ion transfer, yet if the surface reaches a critical temperature, moisture is evaporated
and, thus the corrosion rate is decreased. Once the temperature begins to cool down, moisture is
restored and the concentration cell fgtarts to corrode the materig#3]. Therefore, whilst driving the
automobile, salt corrosion does not affect hot end components. Only the tail pipe tends to experience a
low enough temperatureluring service to maintain the required moisture content for concentration cell
corrosion of the exterior surface to occur.

Type 409 has been tested against higher alloyed stainless steels in-addalvironment

simulating the exterior environmeni.he chemical composition for each alloy is presented in Table IV.
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The samples were heat treated at 630 for 1 h in air, followed by naturally cooling in air, and finally

exposed per ASTM B117 to 5% NacCl salt spray ‘@@ 8% 24 hours before cooling toom temperature,

completing the cycle. The results in Table IV, display the results after 100 cycles, showing that the best

results pertain to alloys with Mo present. The decrease in weight change, is expected as the PREN values

increase, signifying andrease irlocalizedcorrosion resistance.

TablelV: Alloy compositions and modified ASTM B117 weight change rglilts

Typical Composition, Weight Percent

Weight Change (%)

Alloy (PRE) Cr Mo Ni Post 100 Cycles
Type 409 (11) 11 - - -57.4
Type 439 (18) 18 - -28.9

Type 444 (24.6) 18 2 - -8.1

A similar test was run at AK Steel, testing the corrosion resistance of Type 409 against a higher alloyed

ferritic stainless steel (Type 439) and aluminiFe8 NNA G A O a il Ay t-Sadé aliyBmet

Gl f dzY MY ApiE SR Ay

can be seen in Figur®1
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TableV: Simulation of external exhaust environmentgadure[46]

Steps | Procedure

1 Heat to 316 °C for 1 h (Monday Only)
2 Daily Dip 15 ming 5% NacCl

3 Air Dry

4 Humidityq 85% RH, 60 °C
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FigurelO: Results of exterior exhaust environment exposese of untreated and aluminized ferritic
stainless steel§46]

Figure D demonstrates thepositiveinfluence ofCrand the effectiveness of an aluminized lagerthe
corrosion resistancef ferritic stainless steels in@k-rich environment The pit depth of Aluminized 409
drastically increased after week 6, due to the consumption of aluminized layer exposing the teaa Cr
Type 409. This decrease in effectiveness is not seen in aluminized Type 439, due to consurtigion of
aluminized layer not affecting the corrosion resistance of the bare Type 43Ghmieh environment.
An interesting result is that bare Type 439 outperformed Alumini#@@, signifying that increasing the
Cr content is the more efficient method todrease the corrosion resistance, barring the increase in
weight.

As different road salts have begun to be uskghe 409 and 439 samples were tested by Beom
et al.[44]in both a NaCl (aq) and Ca@lqg)solution, to measure the influence of both on the corrosion
resistance of a low and highly alloyed ferritic stainless steel. The pH was measured for both solutions as
the Ct concentration was increased from 5% to 30%, and it gradually decreased from 7.6 to 7.3 for NaCl

(aq), yet it decreased from 7.2 to 6.0 for Gd@4). As can be seen in Figudalnd 1b, with the same
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CP concentration both samples exhibit a loweyi CaGl(aq). This is caused by the increased acidity

and corrosiveness of Ca(iqg) compared to the NaCl (aq).
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Salt conc. [wt %] Salt conc. [wt %]

Figurell: B of Type 409 and 439 polarized in a) 5% NaCl b) 5%[€HCI

2.5Internal Gorrosion Performance

Internal exhaust condensate forms a solution containing different strong acids, which if left
stagnant on exhaust components, can lead to general corrosion or localized corrosion. As exhaust gas is
being removed, it begins to codbwn before leaving the tail pigd3]. During this cool down period,
water vapor will react with acidic compounds forming an acidic gas, eventually condensing into an acidic

solution. These compounds include,xgf@ makesulphuric acid and N@,to make nitric acid47].

Figure 2 plots the weight loss results of Type 409 against a higher alloyed ferritic stainless steel
(Type 439) in a simulated exhaust system condensate solution contaid@@gppm ¢&| 2000 ppm
CG*, 3740 ppm NH, 5000 ppm S&; and 100 ppm N&. The difference in Cr concentration has a clear
influence on the corrosion resistance due to exhaust gas condensate, as time passes. The first ten cycles
R2y Qi &Kz ¢ diffegencSi it bss gakie, but after 20 cycles there is a clear difference

between Type 409 and Type 439.
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TableVI: Simulation of internal exhaust environment procedure

Steps | Procedure

1 Sample immersed in 100 mL of condemsaplution

2 Heat from ambient Temp. to 25C in 1 h

3 Hold at 250°C for 2 h

4 Cool to ambient Temp. over 3 h

5 As only solid residue remains from original test cycle
Add 100 mL to beaker and repeat cycle

0.04
A
—A ATl 409HP™ (UNS S40900)
o --B- ATI 439™ (UNS S43035)
~
= A
O
-~ ‘/
20
«n 0.02 /
wv
3 / A
4 A
< /
/
2 oot y
3 Y ) O O
// I e O
e
0 10 20 30 40
Cycles

Figurel2: Exhast gas condensate exposure test resj4gj

Tests vere also conducted at AK Steebmparig ferritic stainless steels in an internal exhaust gas
condensate simulated solution. Table VI presents the procedure and the rasmitgHis can be seen in
Figure B. This test compares untreated-{éan stainless steels (Type 409), highly alloyed stainless steels

(Type 436, 439) and aluminized stainless steels (Alumidia@dAluminizeet39).

23



M.A.Sc. ThesisY. Emun; McMaster UniversityMaterials Science and Engineering

— Type 409

— Aluminized-409

— Type 439
Aluminized-439
Type 436L

— Type 304

Test setup: Test cycle procedure: 500
Partial immersion of 3 x 4 in. Heat 1 hr. at 500 °F (260 °C)
(7.6 x 10.2 cm)
coupon in synthetic condensate Boil condensate 16 hr. 4004
Expose 6 hr. in
Test solution: 85% humidity =
5000 ppm SO;? at 125 °F (52 °C) S 300
100 ppm Cl - =
100 ppm NO - Watch Glass =
100 ppm HCOOH y g 0l
Initial pH 5.3 — 5.5 ——— =
Final pH 3.3 - 3.5 Condensing ——> Steel
Vapor < Sample 100
Boiling
Boalex ’ <~ Condensate
0
0

5 10 15 20 25 30 35 40
No. Cycles, Weeks

Figurel3: Procedure and results of internal exhaust gas condensate exposure test comparing untreated
and aluminized ferritic stainless stefl§]

The results shown in Figur@ $uggest that an aluminized layer is highly effective in g the

ferritic stainless steel substrate in an exhaust gas condensate solution, outperforming highly alloyed

ferritic and austenitic stainless steels.

Testing conducted by Nippon steel compared the corrosion performance of bareGre

aluminized Fel1Cr and aluminized carbon steel when exposed in a cyclic acid condensate exposure

simulating an internal automotive exhaust environment. The cyclic testquiure is listed in Table VII.

TableVIt Muffler exhaust environmersurfacecorrosion test methodSolution:1100 ppm S, 150
ppm NQ@, 3000 ppm NH, 300 ppm GI4000 ppm O:*, 1000 ppm C¥D, and 1000ppm CHCOOHZ2]

Cycle steps 1 week = ompletecycle
1 Two cycles of heating (300 °C), 2/3 iemsion (pH 8, 80 °C, 150 min
2 Drying (100 °C, 24 h)
3 2/3 immersion (pH 3, 80 °C, 24 h)
4 Drying (100 °C, 24 h)
5 2/3 immersion (pH 3, 80 °C, 24 h)
6 Drying at room temperature (27 °C, 66 h)
Test Period 20 weeks
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Figure 14 demonstrates the diffamee in corrosion observed after testing in the in the cyclic acid
condensate exposuréigure 14 clearly shows the beneficial effect of the aluminized coating on

corrosion resistance of bare stainless steel. The coating behaves as a barrier coatingngrdtec

carbon steel surface, yet the edges are unprotected and corrode rapidly leading to the high corrosion
rate of aluminized carbon steel. The edges of aluminizetilier are also exposed, yet are more

resistant to corrosion firstly due to the @ich oxide passive layer present on the surface and secondly
due to the galvanic protection provided by the 1%Si coating. Bare #&Cr showed no evidence of
general corrosion, but reduction of the section thickness occurred due to pitting corrosion. Egure

also demonstrates the attractiveness of aluminized 11%Cr stainless steel, as it performs comparably to

the highly alloyed stainless steels at a lower cost.
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Figurel4: Results of muffler interior surface corrosion {@%t

2.6 Chromizing

Chromized steel is a carbon steel substrate with-adDrlayer/coating applied on the surface
andhas been investigated for many years dating back to the 1p#E)sInterest in usinglromized
steel to buildautomotive exhaust componentiates back to the 1960§, 7]. Chromizing can be
achieved by several methods including electrodepositibrgmical vapour depositiovacuum powder

coating and packementation[49].
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The pack cementation method of applying ariCh surface layer to carbon steel, which is of
particular interest to the research conducted for this thesis, vias feported by Kelley in 19739], yet
a major disadvantage was the high temperature of 1300equired. Weber and Marshall were able to
overcome this problem by introducing a halogen carrier compdd8§l The compound provides a
volatile source of Cr at the substrate surface, which required a lower temperature (as low a8)000
Pack cementatiorconsistsof a pack of powders comprised of ferecbrome powder mixed with inert
filler (AkOs), and anactivator(NH.CI)[49,50,51]. Once the pack is created and the steel substrate is
immersed in the packt is placed in the furnace and raised téemperaturedependent on thedesired
coating thickness usually ranging fr@0°G 1200°C The envionment consists of a gaseous mixture
of H, and HCI, which promote reactions that provide the required volatile Cr compound at the substrate

surface according to the following simplifiesactionsequence Equations-9) [51].

6G'05a©° 5054 ©0'0 06 & (6)

o0 ©° 9 o) ™
¢o6a 61 081 b6a O ®
6i 64 -@O0 ©°8i O65&a (9

During the heating process théHClis evaporated into a gas and decomposed iNté; andHC]
Equation(6). NH; is then decompsed into N and H, Equation(7), whereas HGkacts with theCr
powder to createthe volatile CrGlgas,Equation(8). CrCl gas therreacts withH, to create solidCr,
which is then depositednto and diffused into the steel substrat&quation(9). Thechromizedcoating
consists of a granular structure that alsontains Crrich carbides((Cr,Fe)cand MsGs) , AbOs and pores

[51].
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The FeCr phase diagram in Figure 15a displays the change in phase that occurs during the
diffusion of Cr into the steel substrate. With a large Cr content at tinfase of the substrate, the stable
phase present in the microstructure at a typical diffusion temperature (88Q@200°C) is ferrite, due to
the ferrite-stabilizing Cr. Cr diffusion profiles are shown in Figure 15b, demonstrating that even though
there may be a difference in coating thickness, the change in diffusion rate always occurs at
approximately 12%. This abrupt change in the profile is consistent with the predicted change in the

stable phase from (F&C) ferrite to austenite and the associatedder of magnitude difference in the Cr

diffusion rate in the two phases:

Weight Percent Chromium

[} 10 20 30 40 50 60 70 80 20 100
2000 + : - r N S SR S S ,.,,...._-,Jf
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Temperature o¢
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: A g r T v
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a) Fe Atomic Percent Chromium

100
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Figurel5: a) FeCr Phase diagraf®2] b) Cr diffusion profile through chromized steel before and after 18
h heat treatmentat 950°C[50]

C in the steel substrate can affect the formation (extent) of a chromized surface layer in two
important ways. First, the tendency for C to diffuse out of the steel surface (into the environment)
produces a deadurized layer, which forms at the substrate surface. Second, a carbide layer tends to
form on the surface, which serves as an effective barrier to Cr diffusion. The addition of carbide forming

elements such as Ti, Nb, Mo and V serve to reduce C adiivityng the formation of a surface carbide
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layer. Other elements present in the steel substrate that can affect the chromizing process include S and
P, which can influence the formation of the coating by altering the rate of diffusion or modifying surface

reactions[49].

800

7001 % = Chromized for 85 min ot 1200°C
O = Chromized for 95 min ot 10S0°C

600~ f = Arrows indicate core coating inferface

500~

2o — g
400} —x
! \

3c0r-

Vickers hardness No.

2001~

100 by
o 0

|
30 40 50 60 7O 80 20 100

Depth inwards from surface, p

Figurel6: Hardness measurements across chromized cofbig

Figure 16 shows the effect of process parameters on the resultant micro hardness andghkiokae
chromized layer applied on a carbon steel substfad. The different coating temperatures 1200

and 105C°C result in different hardness and thickness values. The sample heat treated t6Q,0%s a
thinner coatihg due to the lower temperature causing a shorter diffusion length. Due to Cr not diffusing
as far, a higher concentration of Cr is retained near the surface resulting in higher hardness values. An
interesting aspect of these profiles is the initial in@edn micro hardness near the surface of the

coating. It was concluded that this increase is due to localized yielding of the coating near the surface.

BlandyJr, [10] measured the corrosion resistance of chromized steel f@ B2ully immersed in
a muffler condensate solution heated to 86 and concluded that the chromized steel performs
comparably to that of Type 409 #4% Cr), as shown in Figure 17. The cut edges of chromized steel are
assumed to be protected during imnseon as cut edge corrosion does not seem apparent in the as

tested condition.
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Figurel7: Chromized steel and#&Cr Alloy post 820 h immersion in exhaust condensate soJttipn

To determine the arrosion resistance of chromized steel in a #i#al application, chromized
mufflers were tested by assembling mufflers on a vehicle for 5 years. Due to the cathodic nature of the
noble ferritic stainless steel coating, the steel substrate is subjealt@gic corrosion when the cut
edge is exposed. Yet corrosion of the unprotected edge perforations in the muffler were confined to a
thousandth of an inch (26m). The corrosion products that formed between the layers restricted
further attack, behaving a& plug blocking the corrosive solution from contacting the steel substrate,

impeding further corrosiofl0].

Arcanum Alloys has patented a novel way of chromizing steel, which involves chromizing an
entire coil of steel rathethan of premanufactured components. This method allows the fabrication of
exhaust components from a pighromized sheet metal. This process is advantageous because it
requires no extra steps by exhaust manufacturers and does not affect the alreadgaénaglsembly line.
This process includes the application of ai€lm slurry on one surface of an uncoiled steel sheet, which
is then recoiled and annealed to induce diffusion, creating a stainless steel coating. The slurry is a
solution containing a solidnd liquid phase, comprised of an alloying agent (Cr), a solved),(Bin inert

species (ADs) and an activator (NA€I)[53]. Halide activators are selected depending on their
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contribution to the green strength, as the slytoated substrate needs to withstand handling and/or
machining before fully cured. The alloying agent may have a particle size pfml@0smaller where the
inert species may have a particle size ofubor smaller The purpose of the inert species @sdontrol

the viscosity of the slurry, preventing the alloying agent from dropping out of suspension as well as
LINE@SyGAy3a aaidiroOl SNAE¢ [GBINFcKersTa Mlyidhy/oB th&kadilNgregstre | yVy S| £ A
welded to adjaent bare metal through a sintering process. These regions require an uncoiling force
exceeding the yield strength of the material, leading to kinks formed on the surface due to plastic
deformation[54]. The &urry is applied® the substrate by roll coaters. First, the steel coil is uncoiled and
then fed through the roll coaters. The steel may be fed through roll coaters multiple times to achieve
the desired thickness of slurry; different slurry formulations alsobe used dung the multiple passes
through roll coaters, as well as different coating patterns. After the slurry is applied the solvent is
evaporated by heating the coil, and then the coated sieeécoiled Gaseou$iClis mixed in withthe
annealing gas to prew loss of the activator in the slurry during annealing. Minimizing the partial
pressure of the activator at high temperatures, maintains a low deposition rate essential to greyent
Kirkendall voids. The annealing temperature may range from?8@0L300°C, and the annealing time
may range from 5 Iy 200 h depending on coating thickness requiremdb8j. Figure 18 demonstrates

an example of a possible surface finish, appearing striated with light and dark bands. Therldght ba
correspond to regions containing-Gch carbides and the dark bands correspond to regions free-of Cr
rich carbides. The surface finish is dependent on the substrate composition, specifically the
concentration of elements such as C. This striationguatis caused by C migrating from the substrate

to the surface layer during annealing and forming a carbide layer.
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Figurel8: Striation pattern on chromized steel demonstrating light regions (with chromium carbides)
and dark regins (without chromium carbidef3]

Carbide Layer

Figurel9: Cross section of chromized coating a) with chromigimcarbide layer present b) without
chromiumrich carbide layef53]

The carbide layer is shown in Figure 19a, representing the lighter region on striated surface finish and
Figure 19b represents the darker region on the striated surface finish free of this carbide layer. This
figure also demonstrates the columnarmagrs which occur due to the quick diffusion of Cr through

ferrite grains, and pores which are presentjirfi from the surface.
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3. Experimental Procedures
3.1 Material Characterization

Two major types of materials were used in this study: commercialijade monolithic ferritic
stainless thin gauge sheet product and midirered (surfacéreated) thin gauge sheet materials. The
monolithic ferritic stainless sheet products include: Type 4091(er, t=1.3mm), Type 439 (E&Cr,
t=1.6 mm) and Type 436€¢17Cr1Mo, t=1.2 mm): all of which were supplied by AK Steel through
Tenneco Automotive (Cambridge, ON). The mlajtered sheet materials include aluminized Type 409
ferritic stainless steel (Al0%Si, t=1 mm), which was supplied by AK Steel througiie€e Automotive,
and the XHOM materials (chromized interstitial free (IF) steel, t=1.3 mm), which was supplied by

Arcanum Alloys (Kentwood, MI) through Tenneco Automotive.

Induced coupled plasmaoptical emission spectroscopy (HOES)) was used to dgimine the
bulk composition of the three monolithic ferritic stainless steels. Three standard solutions were made
for each major alloying element of interest: one containing a minimum amount expected, a second
solution containing a maximum amount expeci@ad a third solution with an amount in the middle of
the range. The concentration of each standard solution is listed in Vakldhe volume of each
standard solution was chosen to be 100 mL so that the milliliter amount of each element would be equal
to the percentage in the bulk of the material. Both HCI (TraceMetal Grade 37%) an{Tiidé®Metal
Grade 70%) were added to each standard solution since these are the acids that were used to dissolve
the sample. Only 8 mL of Fe was added to each of theethtandard solutions sind& was selected as
the base element in the IGBES program, where roughly 10% of the actual amount is needed in the

standard solution.
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TableVIit Composition of Standard Solutions for-@ES Analysis

Solution | Blank (mL)| Standard 1 (mL) Standard 2 (mL) Standard 3 (mL
HCI 5 5 5 5
HNQ 3 3 3 3
Fe 8 8 8 8
Al N/A 0.01 0.05 0.1
Cr N/A 5 10 20
Cu N/A 0.1 0.5 1
Mn N/A 0.1 0.5 1
Mo N/A 0.05 0.5 1
Ni N/A 0.1 0.5 1
Si N/A 0.1 0.5 1
Ti N/A 0.1 0.5 1
HO 86.00 78.44 70.95 57.90

A small sample of each ferritic stainless steel wasoctifrom the supplied sheet, mechanically

abraded down to ~0.1 g in mass and then dissolved in a mixed acid solution containing 5 mL of HCI
(TraceMetal Grad87%) and 3 m of HN@(TraceMetal Grad&0%). Double distilled water was used to

fill the remainder of the 100 mL beaker. The standard solutions were then analyzed using the optical
emission spectroscopy, which involves spraying the solution as an aerosol througjoarpasma to

ionize the solution and the emitted wavelengths (colour) are separated and the light intensity is
measured. The dissolved alloy sample solution was then analyzed using the same process. Analysis was
conducted using the Varian Vistao CCDifultaneous ICROES model located in the MSE department

at McMaster University. The measuredheposition is listed in Tabkx

TablelX Monolithic stainless steel composition determined byQERwt.%)

Element | Cr (%) | Mo (%) | Mn (%9 | Si(%) | Ti(%) | Cu (%) | Ni (%) | Al (%) | C (%) | Fe (%)
Type 409| 11.3 0.1 0.3 0.3 0.2 0.1 0.2 0.01 | 0.01 Bal
Type 439| 175 | 0.1 03 | 03 | 04 | 01 | 02 | oo1 | 90?2 | gal
Type 436| 17.1 0.9 0.3 0.3 0.4 0.1 0.2 0.02 | 0.01 Bal
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Analysis of the IF steel substrate bEtXHOM material was analyzed using the@E%echnique at

Arcanum Abys, results shown in Table

TableX: XHOM IF steel substrate composition determined bOIEP

Element Mn Si Ti Al \Y P S C Fe
Wt. % 0.7 0.43 0.22 0.03 0.01 0.01 0.001 0.006 Bal

The reported C content in Talk¥ & Xwvas measured separately. This was done by combusting a
1 g samples in a pure oxygen atmosphere. The sample was cut from a steel sheet mectzdomeddig
until a mass of 1 g was achieved. Thiegafs from such a combustion consists of carbon and sulphur
reacting with oxygen to form S@nd CQ@. The concentration of carbon is measured using infrared cells.

This test was conducted using the LECO CS230 located in the MSE department of McMastatyUnive

3.2 Starting Material Characterization

A set of three small rectangular (approximately 1 cm x 0.5 cm, thickness dependent on material)
samples were cut from each monolithic ferritic stainless steel sheet. Three samples of each were cut so
that the three orthogonal planes could be separately egldunted in epoxy as the working surface
from which to acquire metallographic images. The orthogonal planes are defined by the three
orthogonal directions, which are referred to as the rolling direction (R&)sverse direction (TD) and
normal (throughthickness) direction (ND). Only the two orthogonal cfsastion planes (RBD and
TDND) were prepared from the two muliiayered sheet materials. All working surfaces were first
mechanically abraded to 40@pit surface finish using SiC abrasive paper and water as a lubricant and
then polished using a 9 um, 6 um, 3 um and 1 pum clotRelished surfaces were etched using a
modified aqua regia (15 mL HCI, 15@GH#COOK 10 mL HNg) 5 mLGHsOs) to expose graitboundaries

A cotton ball was submerged in etchant and swabbed over the working surface for 10 s, and then rinsed
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with distilled water. This etching procedure was repeated until grain boundaries were fully exposed

when viewed using a light optical microgpe (LOM).

A light optical microscopy (Keyence V6000) was used to image the microstructure of each
orthogonal plane of the three monolithic ferritic stainless steels in both thpddished and agtched
condition. Asetched images were then used to @etine the average grain size and distribution of

secondary phase particles. XHOM coating thickness was measured using LOM.

SEM coupled with-¥ay energy dispersive spectroscopy (EDS) was used to acquire secondary
and backscattered electron images and etgrtal composition information from the gsolished and as
etched working surfaces at higher magnification. A JEOL 6610LV SEM coupled with an Oxford Silicon
Drift Detector (SDD) and associated Aztec software was used for this purpose. Images were taken at
different magnifications, using 20 kV energy and a working distance of 10 mm. EDS maps used to
identify the major elements that comprised the various secondary phase particles observed in the as
polished surfaces of the monolithic stainless steels and tibstsates @ the multi-layered materials.

EDS line scans were performed to determine the concentration profile of each major alloying element
through the Cirich diffusion coating of the XHOM material (on both the prime andpidme surfaces)
and the Al10%Si coating on the aluminized Type 409 stainless steel material. The EDS maps were also

used to quantify the thickness of the coatings on both materials.

A small rectangular (approximately 20 mm x 10 mm x 1.3 mm) sample was cut from the XHOM
material fora subsequent surface analysis for elemental composition usiggr Electron Spectroscopy
(AES). The neprime surface was analyzed to determine the depth of the alumina particles, effecting
the surface chromium concentration and corrosion resistance. $&amas cleaned ultrasonically for 30
min in ethanol, and preserved in a vile of isopropanol to avoid oxidation, as Auger is sensitive to surface

contamination. A JEOL JAMIBO0F AUGER/FEEM scanning Auger microscope was used for this
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purpose. Secondarylextron and backscattered electron images were taken before and after a light
argon ion etch of the working surfacesing an acceleration voltage of 10 kV and working distance of

23 mm. Ar‘ions were used to remove 500 nm from the surface through spurteto allow for an

elemental depth profile acquired using AES. Once 500 nm of material were removed, secondary phase

particles were revealed and analyzed using EDS point spectrum.

3.3 Electrochemical Polarization Tests

Working electrodes consisted of 1 ol cm samples that were cut from the starting sheet
materials using the precision cutteBtfuers Secotord0). Working surfaces (RLD plane) of the
monolithic stainless steels were prepared by cold mounting the square sample such that-Tie [R&n
wasexposed and a copper wired aluminum taped to the @xposed side. Working surfaces (RD
plane) of the multlayered materials were prepared in the same way ensuring samples with both the

prime and norRprime surface of the XHOM material were prepared

Typically, the electrochemical polarization measurements were made using the sheet material in
the asreceived condition. However, as discussed in Chapter 2, ferritic stainless steels may become
sensitized from exposure to high temperatsgreither throughthe formationof Crdepleted or €
enriched zoneadjacent to grain boundarigd6]. Considering this, a set of ferritic stainless steel and
XHOM (1 cm x 1 cm) square samples were given a sensitizing heat treatment in a valoeidunrtace
at 650 °C for 12 h. Aluminized 409 was not included in this experiment as sensitization would only occur
in the Type 409 substrate which was already being tested. The vacuum tube consisted of a fore line,
roughing line to lower pressure and #fdsion pump to achieve the desired pressure ofHIm. The
heattreated disks were cleaned ultrasonically for 30 minutes in ethanol and subsequently dried using a
hair dryer before cold mounting in epoxy exposing theTRDplane with a copper wire aithed to the

back using aluminum tape.

36



M.A.Sc. ThesisY. Emun; McMaster UniversityMaterials Science and Engineering

All electrochemical measurements were performed using a conventional three electrode
electrochemical cell. A photographic image of a typical cell set up for an electrochemical polarization
measurement is shown in Figu20. As mentioned earlier, the working electrode consisted of a square
sample connected to the potentiostat via a copper wire aluminum taped to theexposed surface.

Two graphite rods served as the counter electrode (CE) and a saturated calomeldedd&CE) was
used as the reference electrode (RE). SCE was placed in a salt bridge containing potassium chloride (KCI)
solution decreasing the distance between RE and WE surface. A corsputeslled Gamry Reference

600 potentiostat/galvanostat was uséd carry out the electrochemical measurements.

Potentiostat

T T~

IRE

WE CE

Figure20: Three electrode cedthematic

3.4Double Loop Electrokinetic Potentiodynamic Testing

Double loop electrochemical potentiodynamic reactivation (DLEPR) curves were adquites
ferritic stainless steels in the @sceived and sensitized (hetteated) condition to determine relative
differences in the degree of sensitization. Each alloy was tested in triplicate for reproducibility purposes.
The degree of sensitizationdetermined by the ratio of the reactivation current densiiy {o the
activation current densityi{), where a value above 1% is considered sensitized. A schematic comparison
of a sensitized curve verse a nsensitized curve is shown in Figute Zhecurves were acquired using

a 0.5 M HSQ + 0.01 M KSCN solution at room temperature. The polarization measurement was
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conducted after conditioning the working electrode at the op@reuit potential (OCP) for 1 h. Anodic
polarization was conducted at a sceate of 1 mV/s starting at the OCP. Once the passive region was

attained, polarization was reversed back down to the original OCP at the same scan rate.

| 1
1 Ir/1a= 0 pet | I:/Ta>> 0 pet

I (mA/em?) - I (mA/em?)

>

X

E (mV/ECS)
E (mV/ECS)

a

Activation current
== == Reactivation current

= Activation current
== == Reactivation current

IGC desensitization criterion (I./I, < 1pct) IGC sensitization criterion (I/1, > 1pc0\

(a) (b)

Figure21l: A schematic representation of a DLEPR curve measured famagnsitized materiaind (b)
sensitized materigl38].

3.5 ExternalEnvironmentPotentiodynamic Procedure

Potentiodynamic polarization curves were acquired for the ifaristainless steels in the
asreceived condition to determine relat differences in the pitting susceptibility. Each alloy was tested
in triplicatesetsfor reproducibility purposes. With this type of measurement, the pitting susceptibility is
determined by thawo characteristigpotentials (breakdown potentiak,, andcorrosion potential Eor)
and the relative differences between them. A schematic polarizatiagram identifying these two
characteristic potentials is shown in Fig@2 The curves were acquired using a 5 wt.% NacCl (aq)
solutions held at 35 °’hs environment was chosdn match the atmospheric environmesnused to
evaluate the pitting susceptibility dfie externalsurfaces of cold end exhaust components, as described
in more detail later. These measurements were made to help interpret the results from these longer
term atmospheric corrdsn tests. The polarization measurement was initiated after conditioning the

working electrode at the opeunircuit potential (OCP) for 1 h. Potentiodynamic polarizatiorveswere
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conducted at a scan rate of 1 mV/s starting cathodic8D® mv below th@OCP. Once an applied
potential of 1 écewas reachedthe test was complete Anodic polarization curves were acquired for

both monolithic andnulti-layered materials

Potential (V) 1 Transpassive
Region
E, -y
T Passive
Region
E Active — Passive

pass P A Transition
! Active

E 7 N Region

Corr """~ |

»

Log Current Density (mA/cm?)

Figure22: Schematic showing cyclic polarization curve withaharateristic potentials identified.

3.6 Continuous NeaiNeutral Salt Fog Exposure Testing

The localized (pitting) corrosion susceptibility of the external surfaces on the cold end exhaust
components was evaluated using the ASTM B117 Standard Priactidperatirg Salt Spray (Fog)
Apparatug55]. The specific apparatus used for this purpose is an Ascott 450 CCT chsinolpear in
Figure 23aA calibration procedure was first conducted. This involved exposing five tess@tet 127
x 0.8 mm), made from SAE 1008 commergiade coldrolled carbon steel. These test panels were
cleaned by degreasing the surface using acetone. The mass of each panel was measured to the nearest
0.1 mg using a digital balance and placed imdber at a 30 angle relative to the normal direction of
the chamber shown in Figure 231250 mL beakers with a collection area of 83 wrare placed near
each of the samples. The panels were subjected to a continuous near neutral salt fog consisting of 5
parts NaCl and 95 parts distilled® for 48 h at 33C. Collection rate fell between 1 mL to 2 mL per

hour, as specified in ASTM B117 Standard Practice. After the 48 h exposure period, the panels were
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removed and cleaned first using distilled water, aedond using a 1000 mL HCI (aq)+ 1000 s8L+H
10 g @Hi2Ns (hexamethylene tetramine) solution at room temperature. Panels were reweighed and
compared to irtial mass. A mass loss of 0.81Was achieved, which falls within specified range of
ASTM B1l1¢alibration standard55]. This confirmed the atmospheric chamber was calibrated for use

on research materials.

A)

Figure23: A) Schematic image of the Ascott 450 CCT chamber that was useditictire
atmospheriecontrolled environments used in this stud$6] B) ASTM B117 Calibration sgt
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Figure24: Image showing the placement of the coupons for the ASTM B117 exposure.

A set of triplcate coupons (15 cm x 10 cm) were prepared from each material. Smaller samples
shown in Figur@4, belong to other researchers conducting the same .t€xte triplicate set of XHOM
coupons were tested with the cigdges exposed and a second triplicate sasuested with the cut
edges masked off with silicone adhesive. An additional triplicate set of Type 409 and XHOM coupons
were included to determine the corrosion resistance of a cut edge, as associated with drain holes in cold
end components. A set ofvb simulated drain holes (3.2 mm in diameter) were introduced into the
triplicate set of coupons of each material: one drilled and one punched. F2§efeows a schematic
diagram and a photographic image of one such coupon prepared with two adjacenatgthdlain
holes (one drilled and the other punched). The-edges of the triplicate sets of XHOM coupons were
masked off using silicone adhesive, leaving the cut edge of the drain holes exposed. All coupons were
cleaned ultrasonically in ethanol for Bfinutes, weighed using a digital balance with a precision of 0.1

mg and photographed before being placed into the atmospheric chamber sample holder, which placed
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the coupons at an angle of 3éelative to the normal direction of the chamber. The prime fiéhe
XHOM material was boldly exposed, ahd nonprime side was shielded’he 1000 h exposure was
interrupted on a weekly basis (afted3h) to permit a mass measurement and a photograph to

document the progression of corrosion with time.

10 cm e |

Punched Drilled

3.2mm 3.2mm

.8 b
(S}
S| Punched  Drilled
Hole Hole
a) y b)

Figure25: a) Schematic diagram photographic image of a coupon prepared with two adjacent
simulated drain holes

After completion of 1000 h, all coupons were imaged and weighed to permit a mass gain
calculaton. Surface deposits (salt and corrosion products) were then mechanically removed by
sandblasting. Care was taken to include an unexposed coupon of each material as a control for mass loss
during this sandblasting step. Coupons were then imaged agaireandighed to permit a mass loss
calculation. Images of coupons after sandblasting were analyzed using ImageJ softdetezitinea
pitting corrosion density. Once a minimum pit diameter whssen ImageJ software was able to count
each individual pit aeh divide this value by total surface area. One coupon from each triplicate set of
coupons exposed was then cut in cross section,-gmdnted in epoxy, polished to a 1 um surface finish

using standard metallographic procedures and imagsidg light opticemicroscopy.

3.7 Effect of Strain Testing
Due to a lower corrosion resistance found on the edge of Type 409, strain during shearing was

considered as a main contributdfo investigate thénfluence andprogression of strainlype 409 and
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XHOMsamples wee pulled to 5% and 10% strainaatross head speeaf 2mm/min, using theMTS

100KN testing frame. The gauge length was then cut into 1 cm x 1 cm squares, and cold mounted in
epoxy with a copper wire aluminum taped to the back of the metal surface exptsRDTD plane.
Samples were then anodically polarizgbve the Evalue at a rate of 1 mVis a 5% NaCl (aq) solution

held at 35°C. Dimensions of tensile coupon can be seen in Dédble

TableXt Tensile coupon dimensions

- L >
> d T
S P - —
| 1 | . R
|: GL :l "TI‘
L =200 mm
W=12 mm
C=18mm
t(409) = 1 mm, t(XHOM) = 1.3 mm
GL =160 mm

As the effect of strain on the corrosion resistance of the XHOM coating was the target of this

experiment, only Type 409 was tested of the benchmark materials.

3.8 CyclicAcid Condensate Exposure Testing

L Thermometer

§ 2L Beaker
O
Exhaust

+—— condensate
solution

[~ Samples

Hot Plate

a) b)

10cm

Figure26: Photographic image of &xhaust gasondensate bulk immersi@thematid) @upons
arranged on racks placed within the atmospheric chamber.
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A triplicate set of coupons (Ifim x 8 cm) were prepared from each material, with the long direction
parallel to the rolling direction. All coupons were ultrasonically cleaned in ethanol for 30 minutes,
weighed using a digital balance with a precision of 0.1 mg and photographed be$tiregt The cyclic
experiment was run for nine cycles: each cycle has been designed to simulated one full year in service
[57]. The cyclic exposure procedure is afimduse procedure developed by Tenneco Automotive

containing he following 6 steps:

1) Heat treat coupons for one hour &0°Cin air and then air cool to room temperature
2) Submerge coupons in synthetiondensatesolution** at 43°C and soak for 15 minutes
a. Solution heated usihot plate shown in Figuresa.
3) Remove oupons and rinse with 5 wt.% NacCl (aq), then place coupons in a drying oven held at
65°Cforlh
4) Place coupons in an atmospheric chamber held ét@and 85% RH for 24 h.
5) Repeatsteps 24 each day for 5 days
6) Leave coupons in atmospheric chamber for @duitional days after day 5

** SyntheticCondensateSolution: 5000 ppm S®as (NH).SQ (aq); 100 ppnClas NHCI (aq)

acidify to pH between 2.02.2 with HSQ (aq); solution made using Type 4 RO Watearsesl

and replenished as needed.

Once nine cgles were complete, samples were imaged and weighed to permit a mass gain
calculation. Surface deposits were then mechanically removed by sandblasting. Care was taken to
include an unexposed coupon of each material as a control for mass loss duririgghiS®upons were
then imaged again and +&eighed to permit a mass loss calculation. Due to the high amount of pits and
corroded surfaces, ImageJ is not accurate enough to provide an accurate pitting density. Maximum pit
depth and mass loss was used ademnal property comparisons. As well due to tlegeamount of pits

on the surface, laser profilometry would have difficulty differentiating between pits when attempting to
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obtain a pit depth analysis. For this reason coupons were cut into four sectidnsbserved under the
LOM. Wha the deepest pit was found, a cresection wasemoved cold mounted in epoxy, polished
to a 1 um surface finish using standard metallographic procedures and imaged using light optical

microscopy.

4. Results and Discussion
4.1 Starting Microstructure

Images of typical microstructures were taken of each monolithic material in all three orthogonal
planes (REXTD, REND, TEND). Due to comparable microstructures of each plane only thd Dplane
is shown in Figure&7-29. Throigh LOM imaging, a single phase (ferrite) microstructure with an average
grain size of about 40m and randomly distributed TiC, TiN and TiCN particles were observed. These
intermetallic types were confirmed though EDS mapping, as shown in FRjugSs A higher density of
TIiCN particles was observed and easily located due to their elongated shape. TiN particles tend to
precipitate in molten steel forming a cube shaped particle and eventually TiC particles form around the
TiN particles breaking up¢hcube into an elongated intermetallic parti¢h2]. A large quantity of Ti
rich precipitates form due to the high concentration of Ti added for the purpose of grain refinement, as
well as tying up free C and N. Commonly %K) of Ti is addddO0], yet these materials contain up to 40
X (%C) demonstrated in the composition analysiSdntion 3.1 Tirich precipitates can range up to 20

pm in size. This set of observations is consisterdszcallmonolithic materials.
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SOp V o : 1 50pum
Figure27: Starting microstructure of Type 409 a) Low Mag LOM Image b) High Mag LOM Image c) SEM

BSE Image d) Ti EDS Map e) N EDS Map f) C EDS Map
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Figure28: Starting microstructure of Type 436 a) Low Mag LOM Image b) High Mag LOM Image C) SEM
BSE Image d) Ti EDS Map e) N EDS Map f) C EDS Map
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f 1 a0
25um 25um

Figure29: Starting nicrostructure of Type 439 a) Low Mag LOM Image b) High Mag LOM Image-c) SEM
BSE Image d) Ti EDS Map e) N EDS Map f) C EDS Map

Due to the AlL0%Si coating being very thin, it is invisibléhm low mag LOM image in
Figure30a, but visible in the high magM image in Figur80b. Thesublayer visible below the
Al-10%Si coating is likely the interdiffusional layer (IDL) that is caused by the rapid diffusion of Fe and Cr
in to the coating during the hot dip process. Si is added to the molten Al bath to intpedanaway

growth of this intermetallic diffusional phase, which does not provide galvanic protection to the Type
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409 substrate. The IDL is very distinct in Figide Using SEMEDS mapping, the IDL was found to be
comprised of Fe and Cr from the Ty@@94ubstrate, as well as Al and Si from the coating (FEfide
30e and30f). Moreover, the Si map in FiguB€c indicates Si segregates within the coating (towards the

top surface), Siich phases and the IDL.

a)

Figure30: Starting microstructure of Type 409Al a) Low Mag LOM Image b) High Mag LOM Image c)
SEMBSE Image d) Ti EDS Map e) N EDS Map f) C EDS Ma. B = Bulk, IDL = Interdiffusional layer, S =
Substrate
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The linescan in FigudLillustrates thediffusion of Fe and Cr into the coating that occurred
during the hot dipping process. Cr has segregated to the bulk coHdbigterface, shown by the spike
in the diffusion profile in Figurgl, and the elemental map in Figudef. There is a drop from1P4 Cr in
the bulk to 5% Cr in the IDL that is followed by an increase to 8% Cr inttich @yer at the bulk
coating/IDL interface. Silicon is shown again to segregate to the IDL, drop in the bulk coating and
increase to 20% near the coating surfacedFaps from 88% in the bulk to 25% within the IDL, whereas
Al drops from 90% in the bulk coating to 60% within the IDL, and then to 0% at the IDL/substrate

interface.

1
:
1
1
|
Type 409 Substrate ! Al-10%Si Layer
|
100 :
90 ;
80 :
70 ¢ :
1
§ 60 |
550 | |
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D30 '
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20 | :
10 kx\i/—v'\l»—_/\—/\/"—VA/\HfA,,/\:
1,
0 {
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Distance (um)
—Fe Wt% —Cr Wt% Al Wt% Si Wt%

Figure31: EDS line scan through aluminized coating

The XHOMhromized layecan be seen in Figu2. The coating is broken down into two sections: skin
layer and bulk layer. The skin layer is comprised of the tqui@f thechromizedlayerand contains
equiaxed grains, whereas the bulk layer (aboupdthick) contains columar grains. Pores-2 um in
size are visible at the skin/bulk interface, as shown in Figbteand32d. The pores could be due to

ALQ; particles that were removed during polishing. However, from Fig2geand32k, AbO; particles
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are more prominent wittm pores on the no#prime side compared to prime side. These particles are
likely the AO; particles added tothe @ f dzNNE (2 | @2 AR & & ( xAh@¢thOmiting FNB Y 2
process. Figure 38nd 34 show elemental maps of the XHOM prime and {poime side, illustrating the

difference in AIO; distribution on the chromized surface.

Figure32: Images of XHOM sarting microstructure a) Low mag LOM image b) High mag LOM image c)
SEMSEI image d) High mag S&&¥ image
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a) _ b)
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Figure33: XHOM Prime SEEDS maps a) SEHBSE image b) Cr elemental map c) Al elemental map d) O
elemental map
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Figure34: XHOM No#prime SEMEDS mapa) SEMBSE image b) Cr elemental map c) Al elemental map
d) O elemental map

Toobtain Cr diffusion profilethrough the coating, EDS linessamere acquiredthrough the
XHOM prime side andon-prime side, shown in FiguB5 and 36. Although the cross sectin of the
prime and norprime side seems identical, FiguB®and 36 confirms there are elemental differences
between the coatings. The Cr diffusion profile in Fi@dFés linear due to the rapid diffusion of Cr into
h ferrite. Yet in Figur@6there is adecrease and subsequent increase in the Cr diffusion profile. This
initial decrease is a result of thieme scan crossg anAkLQO; particles on the surface, increasing the
percentage of Al whilst decreasing the Fe and Cr concentrations. At a deptinofthe Cr and Fe

profile matches that of the prime side. The surface roughness of thepnare side is greater than that
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of the prime side, which is to be expected due to the higher density of pores found on therinos

surface, as shown in Figusé.

Prime Prime
Skin Layer  Bulk Layer

Substrate
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Weight Percent (%)

0 20 40 60 80 100 120 140
Distance (um)
—Fe Wt% —Cr Wt% —Al Wt% —Ti Wt%
—Nb Wt% —V Wt% —Mn Wt% —Si Wt%

Figure35: EDS Line scan through XHOM prime layer
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Figure36: EDS Line scan though XHOM {Rdme layer

SEMEDS maps wergcquiredon the plan surface of both the XHOM prime and 1poime side.
After imaging, the surface ohé sample was then Ar etchéatsitu within the AES chamber, removing
approximately 500 nm of material. Due to the slower etching rate gds&bmpared to the chromized
layer, the AlOzparticles remained on the surface, whereas the chromized layer wederpntially
sputtered away. At first glance, the black spots across the entire surface were assumedA0:be Al
particles, based on the acquired elemental maps shown in FRjurost etching, the AD;particles are
shown protruding from the surface aghite spots, Figur&7h. This observation reveals that the black
spots seen distributed across the surface were pores on the surface w@kpatticles embedded
within, and appeared dark due to the shadowing effect of the pore. These pores are bebdved t
formed during the temper rolling step after the chromizing process. The pores created also behave as

crack initiation sites, as shown in Fig@a.
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Figure37: SEMBSE plan view of XHOM nprime side A) SEIASE Image B) Fe EDS map C) Al EDS map
D) O EDS map e) SE5HI image f) SEBEI image g) Pre Ar etch h) Post Ar etch

The distribution density of 4Dz particles on the chromized surface is different when comparing the
prime and norprime sice. More AIO; particles are present on the negprime side, Figur87, than the

prime side, Figur88, due to the placement of the €ich slurry, leading to more crack initiation sites.
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This increases the dislocation density of the ypsime chromized sudce decreasing the corrosion

resistance, according to Lv et @7].

50 um 50 pm

10 um 10 pm
Figure38: Figure 8: SEMBSE plan view images of XHOM prime side A)iEEEMmage B) Fe EDS 1@ap

Al EDS map D) O EDS map €) g) Pre Ar etch h) Post Ar etch
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4.2 Double Loop Electrokinetic Potentiodynamic Reactivation (DLEPR)

As exhaust components in the cold end reach temperatures ranging frorfiCik)650°C, as
illustrated inFigure 1 sensitizatn is likely to occur. To combat this corrosion mode, a high
concentration of Ti is added to exhaust components up to 40 x (%C). The results shown iB%-igure
prove this method is successful in impeding sensitization. Type 409 shows evidence of Hengitiza
to the 12 h heat treatment, implying sensitization occurred during the smelting and/or hot rolling
process at the steel mill. Interestingly, no further sensitization occurred within the material during the
12 h 650°C heat treatment. Type 439sal shows evidence of sensitization prior to 12h heat treatment,
yet it is significantly less sensitized than Type 409. This result can be explaifigdrieg in section 23,
which illustrates a linescan across a grain boundary containingiehQyLsGs particle. The Cr
concentration inFigure6 decreases below the critical Cr concentration required for passivity. Therefore
a Crlean alloy such as Type 409 that has a bulk composition-bi Eeis more likely to contain regions
in which the Cr content dqms below the critical Cr content required for passivity compared to Type 439
that has a bulk composition of A& Cr. Subsequently Type 439 also shows no evidence of further
sensitization after the 12 h 65 heat treatment as well. Type 436 shows no evideof sensitization
in the asreceived state, signifying this alloy is resistant to sensitization during the smelting and/or hot
rolling step, unlike Types 409 and 439. As well, fhgatio is unchanged after the 12 h 680 heat
treatment, signifyinghis material is unaffected by this heat treatment. XHOM shows no evidence of
sensitization in aseceived state, as well as after the 12 h 8&0heat treatment, similar to that of Type
436 exemplifying its sensitization resistance. Thieand i/ia ratio for each material in the a®ceived

state and heat treated state can be seen in Tatle
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Figure39: DLEPR Curves before and after 12 h°65eat treatment a) Type 409 b) Type 439 ¢) Type
436 d)XHOM

TableXIt DLEPR sensitization data

Samples ia(A/lcm?) ir (Alcm?) ir/i a (%)
Type 409 ARec 0.306 0.118 39
Type 409 Heat Treated | 0.315 0.129 41
Type 439 ARec 0.229 0.0236 11
Type 439 Heat Treated | 0.223 0.0213 10
Type 436AsRec 0.067 0.0002 0.3
Type 436 Heat Treated | 0.077 0.0002 0.3
XHOM AsRec 0.12 0.0027 2
XHOM Heat Treated 0.152 0.00105 1

4.3 External Environment Corrosion

4.3.1 ASTM B117 Polarization Results

The results of the monolithic curves in Figdfia showthe difference in Ebetween the

monolithic stainless steel$he trend of increasing, mirrors the trend in increasing PRE&lues that

are listed in the legend. The increasekirirom Type 409 to Type 439 is a result of the increase in Cr
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concentration and the Mo addition is responsible for the increas&i ifrom Type 439 to Type 436. To

compare the performance of the monolithic alloys and mialfiered materials, Type 436, which exhibits

the highests, among the monolithic alloys, served as the congpiae baseline for the muliiayered
materials. The XHOM prime and nprime surface both contain a higher Cr containing surface than

Type 436 and this is evident in their higher PREN and subseginaiti. The difference in the, Ealue

of the XHOM prie and norprime is also consistent with the difference in Cr content at each surface.

The Eis also influenced by the embedment 0$@d particles causing defectm the surface of the non

prime side as seen in Figud& and38. The Type 409Al curve shewo evidence of passivity, signifying

that the aluminum coating will not form a passive film, corroding rapidly due to the galvanic couple as

well as poor corrosion resistance of the coating.
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Figure40Q: Potentiodynamicurve in 5% NacCl solution heated to°85a) monolithienaterial b) multk
layered material

4.3.2 ASTM B117 Exposure Results

Images of each material, before exposure, after exposure and after cleaning can be seen in
Figure42. The Citean alloy, Type 409 lgan corroding at the top cut edge of the panel, with corrosion
product migrating down the surface, as shown in Figie. With the corrosion product sandblasted
off, localized corrosion sites are only evident in regions that were covered by the migoatedion

product. This phenomena was reported by Suleiratal., as discussed fBection 2.2The metal surface
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below the corrosion product behaves anodically, whereas the outer surface of the corrosion product
behaves cathodically, reducing®{33]. Therefore, the Type 409 surface is resistant to the ASTM B117
corrosive environment for the time considered, barring a rust deposit forming. The cause for corrosion
of the cut edge is explained by two possible methods. The firistgoa result of the mechanical

deformation applied during the shearing of the sheet metal leading to an increase in the local
dislocation density. This increase in local dislocation density may give rise to an increase in the reactivity
of Featoms on themetal surfacg26]. The second being due to miegalvanic corrosion involving TiN
precipitates boldly exposed on the cut edge surface. According to LUB8IWTiIN grow in size the

further from the surface, implying that there should be larger TiN particles present on a cut edge (cross
section) surface compared to the RID surface. These theories imply a lower corrosion resistance at
the cut edge, which is evident by the Type 409 ASTM B117se8is is further proven by the
potentiodynamic curve in Figurkl, illustrating the difference in they&alue of the Type 409 plan

surface and theut edge ND-TD surface
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Figure4l: Potentiodynamic curve in 5% NaCl hea@336C

This cut edge corrosion phenomena is not replicated by Type 439 and Type 436, which implies

even though both factors (increase in dislocation density and size and distribution density of cathodic
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TiN particles) apply, the passive layer present onhilg@er alloyed ferritic stainless steels is resistant
enough to impede corrosion. Some staining is present on both samples surfaces as seen in Figure 16d

and 16e, yet no pits were alent after sandblasting.
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AsReceived | Post 1000 h Exposar | Post Sandblasting

Figure42: Images of monolithic panels before, during and post ASTM BXX¥h exposure a) Type 409
b) Type 439 c¢) Type 436

Figure43a depicts the Type 409Al surface after 500 h and 1000 h exposure. The white corrosion

product prominent on the surface after 500 h is presumably A§Qie¢monstrating the sacrificial
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