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Abstr a

Hard chromium coating has a wide range of applications in automotive and aelospatees.
However, the open literature lacks a comprehensive study on the failure of hard chromium
coatings. This research focuses on the mechanical and the thermal damage of hard chromium
coatings on 416 stainless steel. Mechanical damage of hard gohmocoatings is first
investigated as a function of coating thickness. Then, an investigation of thermal damage of the
coating as a function of heat temperature was carried out. A novel method was developed in this
research to analyze the strain field ocmg in the stainless steel substrate due to spherical
indentation.
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Chapterl

Introduction

Hard chromium plating has a wide range of applications in the aercapd@tomotive
industries.Chromium plated components are often used in key applications, such as
piston rings, shock absorber rods, &ydraulicshafts.Parts are chromium electroplated
when some of the following characteristics are required: low coefficient of friction, high
melting point, high hardness, and a resistance to wear and coriblse®presence of all
these properties together in a single metakes chromium deposits unigu&iromium
electrodeposition is also used to salvage or refurbish worn compofentexample,

when a component is worn out, the component can be plated again with chromium and it

will be as good aanew one.

Chromium eletroplating is brittle and produces rough surfaces. Therefdraligg is an
essential process in manufacturing hafrd chromiumelectroplated partsince it can
produce fine surfacesdt can also remove brittle material more efficiently than other
convertional processs such as turningFurthermore, grinding can achieve high
tolerance that is required by the key application of hard chromium coating. However,
during grinding, high forces and heat are involved which may lead to mechanical or

thermal damage



1.1 Motivation

Excessive heating during grinding may introduce damage to the chromium coating and/or
the substrate underneatbnfortunately, the open literature lacks a comprehensive study
on the thermal damage of chromium coatings. Therefore, an investigdtthe failure
mechanism of chromium coatings as a result of thermal damage, caused by heating
during service or downstream manufacturing processes such as grinding, is crucial.
Furthermore, excessive loads during service may damage the chromiungsadance

it is important to understanthe failure mechanism of hard chromium coatings due to
mechanical damagesuch as impact and denting duringrnsce of hard chromium
coatings before grinding Unfortunately, a comprehensive study on thechanical

damage of hard chromium coatsig lacking in the open literature.

1.2 Objectives

The objective of thisesearch worlks to:

1. Investigate the mechanical damage of chromium coatings tadugpherical

indentation as &unction ofthickness and load

2. Investigatethermal damage of hard chromium coatings as a function of heating

temperatur@nd its effects on the mechanical response of the coatings

3. ConductFIB (focused ion beam) workand SEM observation for aletailed

investigation on

1 Inherent andndentationcracks interaction



M The stain distributionand directionin the stainless steel substrate due

spherical indentation

1.3 Thesis Outline

This thesis consisbf 5 chaptersChapter Zovers thébackground information needed to
understand thevork in this researchAn extensive literature review is also provided in
this chapterChapter 3 presentbe substrate material characterization and experimental
producerdollowed in this researcithe experimental results acquired from this research
work are provided in Chapters 4 The results arealso extensivelydiscussed in this
chapter Chapter 5is the last chaptein which the summary of the conclusions of this

research, contributions and recommendations for future work are presented.



Chapter 2

Background andliterature Review

This chapter will provide readewith background orthe content coverethroughouthis
thesis. An extensive literature reviewon chromium electroplating and its process,

indentation damage, and thermal damage is provided.

2.1 Hard Chromium Electroplating Process

Chromium electroplating is different from electroplating of other platable metals. Geng
[1] points out that chromium can be deposited only from an aqueous solution that
containschromic acid, water, and or@ morecatalyss. Another difference is that the
anode is not made of chromium as in any other deposition processes in which the anode
is made of the same metal to be deposited and sacrificed to replenish the bath for the
depleted metalnsteadthe anode in ammium electrodeposition is made of lead or lead

alloys[2].

Figure 21 shows a schematic diagrashthe chromium electroplating proce§€eng[1]
explains the plating mechanism saying that chromium is electroplated onto an object by
connecting a negative charge to the object and dipping it into a solution containing
chromic acid. Chromic ions carry a positive charge and apesited on the object.

according tdNewby [3] there are basic reactiotfsat occurat cathode and anode. When



the current is connected to the bath, three reactions occur at cathode. The first reaction is
the reduction of hexavalenthromium to trivalent chromium followed by reducing
hydrogen ions to hydrogen gas. Imetlast reactionhexavalent chromium reduces to
chromium metal which is then deposited on the object. The proportion of current ions
used in theeduction of hexavalent chromium to chromium metal represents the current
efficiency. This proportion is relative to the efficiency of the catalyst used; the more

efficient the catalyst, the higher current efficiency can be obtained.

Newby [3] adds that three basic reactions occur at the anode which is usually made of a
lead alloy. Firstthe anode surface oxidizes to form a chocolatewn lead dioxide. The
second reaction is oxygen generation. The thitdivalent chromium that deoxidizes to
hexavalent chromium. The later reaction cannot occur without lead dioxide whicls acts a

a catalyst for this reaction.
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Figure 2-1 lllustration of chromium electroplating process.

Severalbath chemistries can be utilized in the process of chromium electroplating.
Plating speed and deposit characteristics depend on the particular bath chemistry
employed. Process parameters (i.e., current density and bath temperature) involved in

electroplatng must be well controlled ta@duce the desired depogHi [6].

2.2 Residual Sressand Inherent Cracks

Chromium is deposited in the form of a pure metal or a metal hydride, depending on
solution composition and other operating conditions. Mie¢allic formof chromiumhas

a bodycentered cubic (BCC) crystal structusghile the metal hydride takesthera
hexagonal or faceentered cubistructure Hydrides are not stable and decompose to

produce BCC chromium metal and hydrogen. The deconposésults ina shrinkage in

6



volume that induces tensile stressising the coating to cra¢k]. Guffie [2] suggested

that internal residual stress increases with coating thickness. When residual stresses
exceed the chromiumbés tensile strength cr
electrod@osition proceeds, another layer of chromium heals over the existing cracks and
stresses start to accumulate again until another set of cracks forms. This cyclic process
continues during electroplating. Consequently, healext cracks and open cracks are
observed on chromium ciireg surfaces. Dennis et aJ8] explained the cracking
mechanism using an instantaneous stress/thickness curve along with images of cracking
patterns at different coating thicknesses, where stress increases with thickness and when
it cracks, a shi@ decrease in stress is observasishown inFigure 22. Inherentcrack

density increases with increasing thickness. These cracks do not extend to the base metal.
Dennis et al[8] concluded that inherent cracks are usually preferred in applications, such
as hydaulics as they can hold lubricants. However, they can be potential sites for crack
propagation. Inherent cracks and residual stress may play a role in mechanical failure,

such as impact and denting during service of hard chromium coating.
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Figure 2-2 Instantaneous  stress/thickness curve  showing  cracking
mechanism [8].

2.3 Indentation Damage

Indentation has a variety of applicatsrone of which is investigation of mechanical
damage of material$n an indentation test, an indenis applyinga specifiedoad at a

slow rateperpendicular to the surface of the tested part. When the specified load is
reached, the load is maintained for a specified time (generally 10 to 15 second) after
which the indenter is unloaded diversity ofindentersareavailable for conducting the

indentation, such as spheres and ViclkedentersIndenter shape and other factors may



vary resulting damage (stress distribution) from test to another. A background of

mechanical damage due to indentation dbalprovided in the next sections.

2.3.1Monolithic Materials

A variety of cracks may form by indentation contact on brittle materials. Five main types
of cracks due to indentation of brittle monolithic materials videatified in the literature

[9]. Cone cracks are generated during elastic loading when a blunt indenter is employed.
A cone crack is first generated aetburface as a ring at the periphery contact and then it
propagates downward and outward at a characteristic angle with the symmetry axis
forming a coneshaped crack. Radial cracks are generated when a sharp indenter or high
loading of a blunt indenter epplied. They form during elastmastic loading that leaves
plastic impression in the surface. In such circumstance, radial cracks might propagate
parallel to the loading axis, generally starting at the edge of the impression (commonly at
the impressiorcorner). Another type of crack is median cracks that may be formed
parallel to the loading axis during elaspilastic contact, below the quasi plastic zone,
bounded by plastic zone or the surface. Lateral cracks can form underneath the plastic
deformationzone, parallel to the material surface. Lastly,4paiiny cracks are a mixture

of median and radial cracks and can develop during unloading. This type of crack begins
either with radial cracks propagating downward or median cracks extending upward. The
type of cracking present depends on several factors including material, indenter,
maximum applied load, and environment. Generally, one cracking system or more may
be presentn a single indentation evef#]. Chen[10] reported that these types of cracks

were identifed onbrittle thick coatings as well.



(B) Radial (C) Median

(D) Halt-penny (E) Lateral

Figure 2-3 Schematic diagrams showing the crack morphologies of (A) cone
Hertzian crack, (B) radial crack, (C) median crack, (D) half
penny crack and (E) lateral crack[9].

2.3.1.1Hertzian Contact

Often Hertziartype contact test is used to evaluate damage mode during cortiattef
monolithic materials andoatings.These tests involve a spherical indenter and flat
workpiece surface. It has the advantage of-@elleloped analytical solutions assumes
that surfaces angerfectlysmoothandthatthere is nacontact friction.In monoliths two
modes of fallire are well identifiedvhen such testing is employed. Thrstftype is cone
(Hertzian) crack that starts on the surface as a ring. If the applied eskeds a critical
loadD , the ring crack extends downwards and outwards forming astape crek as
shown inFigure 24 [11], [12]. Hertzian cracks fornat a radial distancem from the
contact center, outside the circular contact afeedius wherethe maximum tensile

stress, is. The adius of elastic contadgican be calculated according[id],
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T Equation 21
o0

Wherei is sphere radiusQi s Y o un g 6d thenmoatenial beisg testedis a
constant calculated according to,

- w

0 Equation 22

0 l‘)eero
p o’ P e

Ceandbaa r e Youngo6s Posdordtiads theandehtert réspectivelyis the
Poisson ratio of the tested materidthe Hertzian ring crack initiates if the maximum

tensile stress exceeds the strength of the material being indented. Maximum tensile

stress, can be found using,

) P o cb b Equation 23
q
where0 is themean pressurhat can be calculated according to,
>0 Equation 24

The secondailure mode isquastplasticoccurring in the subsurface below the indenter
where the maximum shear stre§s is located The maximum shear stress can be

determined usin@l3],

t 8 0 Equation 25

The maximum shear stress is locatedegithathat can be computed using,

11



a M@ Equation 26

The quastplastic modehas the appearance plastic deformation, but is actually the
formation a networkof microcracks thatare sheardriven [14], [15]. Cracks form
perpendicular to stress that exceeds material strength and initiate where the maximum

stress is located.

P
Indenter
I%ZE—H
Cone crack
I \
Quasi plastic zone
Figure 2-4 lllustration of Hertzian contact of spherical indenter on brittle

materials
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2.3.1.1.1 Stress Distribution

Understanding the stress distribution in the contact zone can help predict crack types
(damage mode). Often a Hertzigype contact test (spherical indenter) is used to evaluate
damage mode during contact of monolithic materad coatingsThe stresat any point

in the contact filedcan be calculated using the following equati¢h3], where the

sphericalcoordinates of the contact filede( } , a , Z) aboyasshowme <cont
in Figure 21,
” _ P ) TR
§) C p CU &+ p O
g, ,. « s e
EQ(JOJ p LO & O
p U Ol jOAOAGGAT q
Equation 27
. 10 SDCUTF’Q‘JOJ
c oo’ WO 6 Wa
o .., e
c go! p LO W O
p U 6l jOAOAGAT Q)
Equation 28
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, J0 g Gol  woej 6 HOa Equation 29
+ — "dj 6 Oa Oo6ljd o Equation 210

where,
g A H A ® THha ! Equation 211

Principal stresses are defined,asO, O, , respectively and can be calculated at

any point using13],

" P . " P . " t Equation 212
S S

" " Equation 213

» P " . P " " T Equation 214
S S

Equation 215

al e
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Figure 2-5 Coordinate system of the contact field of spherical indentation
[16].

Figure 26 (a) and (b) Bow Hertzian stress trajectories and contours for the principal
normal stresses, respectively. The former is used to display principal stress direction,
while the latter is to dplay the principal stress distribution. The upgide ofFigure 26

(a) istop view of the indention where the black region is the contact area of diargter a
whereas the lower part is cressctional view of the indentiolhe applied load has
hemisphere distribution within the contact area under which all principle stress are
compressivePrincipal stress and, are axially symmetric in plane with the loadi

axis. The circular hoop stress () trajectories are perpendicular to those, of in any

plane through the axis of symmetry. The principal stresstrajectories have a nearly

15



hyperbolicshape that mée the surface perpendicularfyigure 26 (b) showsthe stress
contourfor, ,, ,and, ,respectively. The black regionjn contours indicates the
maximum tensile stress () induced by the indenter at
center of contact, outside the contact area. The normal principal stress tensile
everywhere except in the compressive zone below the indenter. Hoop stress is tensile
outside compressive me and its trajectories form circles around the axis of symmetry.
The principal stress, ( ) is compressive everywheaad zero at any point lying aitle

the contact cird Principal stress and, cause Hertzian rings and radial cracks to

initiate, respectivelyl1], [12], [16] [18].

(a) (b) / \ o,

~
5
AO1l 22

\
\

\

L

Figure 2-6 a) Schematic diagram of principal stress trajectories of near
contact field, surface view (tp) and side view (bottom), (b)
principal stress contours.
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2.3.2Layered Materials

In addition to monoliths, layered materials are also tested by Hertzian coimact.
coatings, failure modes are dependent on a variety of factors including basic mechanical
properties(hardness, toughness, modulus of elasticity, and strength), loading conditions,
flaw states (i.e. size and density) and geometric factors (i.e. indenter geometry, coating
thickness) At low contact loag, the coatingcontrolsthe mechanical respse, while the
substrate plasticitdominateghe response at higher Iedokecausehe quasplastic zone

which is a function of loadnovesfrom within the coatingnto the substrat¢l4]. For

thick coating fracture dominatesthe response to the indentation loadimgrcause the
guastplastic zone is contained in the coatiR@r thin coatingsubstrate plasticity ithe
predominantiamage modbecausehe quasplastic zone falls in the substrdié], [19],

[20]. Although studies of indentation behaviar fhard chrome coatings are sparse, a

substantial body of work on indentation of brittle materials and coatings exists.

Brittle coatings on relatively soft materials (i.e. chromium coating on 416 stainless steel
as the case in this work) are generally @nefd so that the energy of contact loading can
be somehow divided between coating fracture and substrate plastic deformation.
However, having a strong adhesion is vital, to avoid coating delamirfabhrDamage
modes of brittle coatirggon compliant substrates shall benphasized in this present

work.

2.3.2.1Damage Modes
Contact testing is a good method for identifying weakness in codlidgdn addition to

the two modes described earligtertzian ring and quasi plasticifya third mode may
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emerge whn a coating is tested wittertzian contactThis mode takes a form of radial
cracks that initiate at the bottom surface of the coating and extend upwards. It is caused
by the coating flexure as the substrate deforms followed by coating deflection in response
to the contact loadingThis mode generally takes place @m intermediate coating
thickness region21]i[23]. Previous studie$21], [24] indicate that radial cracking
occurring at lower coating surface below the indenter is regarded as the most dangerous
mode because it can initiate at lower lpddan quasplastic and cone ccéing for
intermediate coating thickness It is also hard to detect by a routine inspectsrthey

are not visible on the surfaceherefore, it can be hard to anticip#tes type offailure.In

addition to Hertzian ringracks surfacering cracksdueto bending of the coating ag
occur on brittle coatirgs on compliant substrate. Bend ring cradipically form at a

radial distance from the load ax&énd ares larger than that of Hertzian ring craqi4].

This distance approaches the contact circle with diminishing coating thiakmessend

ring cracks no longer occi25]. Indeed coating thickness highly controlghat damage

modes occurin acoating. Hertzian crack dominants the coating damage for thick and thin
coatings, whereas bottom radial cracks are predominantinfermediate coating
thickness[25]. The critical thickness at which one crack system dominates depends on

the coating and substrate properties.

Otherless common damage modes may occur in coatDgemination at the coating/
substrate interface may occur when the coating exhibits weak boding to the substrate or
when a higher load are applied[24], [25]. Delamination generally occuisecause of
compressive residual stredsveloped by the substeaduring the unloading cycle as the

substrate elastic recovery occitd], [26]. In addition radial cracks may develop on the
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coating surface parallel to the loading axis when applying a higher load nTdeprm
at the edge of the impression left by the indeatetare caused by the hoop str¢dk

[27].

2.3.2.2Stress Distribution

Location of crack initiation is consistent with stress distribution. Therefore, analysis of
stress distribution is of central importance because it can help locating stress
concentration at which cracking may occhiaving a bilayer structure may vary the
stress distribution of Hertzian contact from that of monolitiis. mentioned earlier,
varying the coating thickness can also change the damage mode because of stress
distributionwithin the coatindhas changefll0], [15]. Furthemore, under relatively high

contact load, elastiplastic behavior prevailgzischer et a[26] indicates that substrate
plasticity plays a significant role in stress distribution induced by indentation lodding.

such situatiog the stress distribution is a combination of both Hertzian elastic contact
and residual stress produced as a result of subsurface plastic zone formation. The
elasticplastic contactcan betreated sing the expanding cavity modg8]. In this

mode] the indenter is assumed to contact a hemispherical core having a radius equal to
that of circular contacty as shown inFigure 27. The core is surrounded by an
incompressible plastic zone of radiuswhich surrounded by an elastic zone. As the load

i ncreases, the indenterdés penetration 1inc
by 'Q & This increase leads to an increase in the radius of the plastidy@he[29].
Substrate plastic deformatiteads to inducéend stresssto the coating that may initiate

ring cracks on the coating surface and/or radial cracks at the coating bottom R#face

[30].
19



| Elastic Zone |

e

Figure 2-7 Schematic diagram of elastic and plastic zones under spherical
indentation [29].

Coating can be assumealbea flexural plate fixed ahe edges far from the contact area
and supported weakly by a soft material underngéh In fact, when theing crack

forms far from the elastic contact regjdahe stress distribution is analogues to flexing a
plate of fixed edgeas shown inFigure 28 [24], where the black region indicates the
location of the maximum stres$revious studies have pesvthat there is gradient stress

in the contact zone that swiehfrom tension to compression through the thickness.
Location of maximum concentration stress is consistent with the location of fracture
initiation [26]. For intermediate coating thickness, maximum tensile stress moves from
the coating surface outside tieenta¢ area (as in thin and thick coatings) to coating
lower surface below intender where radial crack may initiate. These changes in cracking

pattern are evident of enhanced stress by the coating flexure supported by the soft

substratg21].
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Figure 2-8 Schematic diagrams showing the stress concentration (black

region) of (a) thin (b) intermediate and (c)thick coating thickness

under spherical indentation.
23.23Youngo6s Modul us Mi smatch
Themati o of Youngo6és modul us of coating to t
coating damge. Coating fracture can be ibiied by the soft substrate deformation when
themismatch is small. However, if the mismatch is laigean promote the fracture due
to bending becausthe coating and substrate will elastically deform at different rates.
Single or multiple coneracksmay developas shown irFigure 29. If the substraté¢o
coating Youngos meo slraightucene sirailari t@ thoses formied in,

monoliths is generatgd 3], [27], [31] Cone crack trajectories are changed from straight
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|l ine because of the mi s enastbstiate and theYcoatimy.g 6 s mo
addition cone cracldeflects as it extends downwaudtil it becomes almost parallel to

the interfaceMi s mat ch of the coating/ substrate You
in the impact of substrate elastic recovenytioe coating crackinfl4], [26]. As a result,

high mismatch can also promote delaminat[88].

A A
j KK Coating
A
y Substrate

Multiple cone cracks

Figure 2-9 Schematic showing maltiple cone crack morphologies generated
onthecoatingdue t o mi smatch between the
the coating and that of the substrate.

2.3.2.4Critical load

Coating crack formation can be explained in terms of critical load at which cracks
initiate. It was found that cracking event occurs on a certain coating thleeapplied

load reaches a critical value. In fact, ring cislckvean indentation critical load different
from that of radial crack The failure mode with théower critical load will generatand

may impede the other cradipesfrom initiation. It has been well identified that the
critical load of ring cracking is lower for thin and thick coatings on compliant substrates
and, therefore, they are dominamtheseregions. On the other hand, radial cracking has

a lower critical indentation load tharnat of ring crack for intermediate coating
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thicknesses. As the coating thickness increasescritical load of radial cracking
increases until it becomes higher than that of ring cracking and, as a result, ring cracks
dominant again. At a very thick dirag when the substrate effectabminated thebrittle

coating starts acting like monoliths and orliertzian cone crackscan present.To
conclude,the coating should be thick enough so that the critical load increases beyond
the operational load dhe intended application. However, it should not be too thick so
that it may act similar to monoliths and substraid not accommodate angf the

contactioading[21], [24], [25], [33]

2.4 Thermal Damage

Thermal expansion is the tendency of a material to alter in size or sVtepe its
temperature change#Materials can expand when heated armmbntract when cooled
because rise in temperature increases the kinetic energy of molecules, thus increasing
their moement and average separati®4]. The hermal expansion coefficient of a
material indictées the rate of expansion due to an increéasemperature unit. The most
commonly used unit for thermal expansion coefficient is ustrain/°C. When a heated
component is constrained, thermal strassinducel in the component. At relatively
higher temperares, thermal stress ay crack or plastically deforna constrained

component depending on the material being (3&d

Thermal cycling (heating up then cooling down) can introduce or release residual stresses
in steels depending on the cooling rate and maximum temperature. Slow cooling (furnace
cooling) is capablef releasing residual stress. However, quenching (rapid cooling) can

introduce significant differensdan cooling rate (noneuniform cooling rate) within the
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steel itself The outedayer of material coad down at higher rate than the internal one.
Therebre, theouter materiakcontractsbefore the inner materialhis puts the intenal

material in tensile stressdthe oute material in compressidi36].

Thermal expansion coefficient mismatch between a coating and a substrate complicates

the process of thermal damage. Typically, the coating expands at a rate different from

that of the substrate. This variance in exgdam rates induces tensile stress to the material

of lower thermal expansion coefficient and compressive stress in the material of higher
thermal expansiof86], [37]. For example, if the substrate has higher coefficient than the
coating, the coatingvill experience tensile stresnd the substratevill encounter
compressive stres§he larger the difference, the higher the tensile stresscémbe

induced. Depending on ehmaterial, fracture or plastic deformation may occur if the
Sstress exceeds the material 6s ul[37][B8te str
At high enough temperatures, the mechanical properties of the system may be adversely

affected.
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Chapter3

SubstrateCharacterization and
Experimental Procedures

Characterization of the substrate, specim
detailed layout of thexperimentabhpproachesitilized in thisthesisare presenteth this

chapter.

3.1 Substrate Material

The substrate material was annealed 416 stainlesblsirs (191 x 25.4 x 10 mm). The

chemical and mechanical properties of the steel are giverale 31 (a) and (b),
respectively. The former was obtained by indeedii coupled plasma (ICP) test, whereas

the latter was acquired using a Bruker Universal Mitribometer nanendentation

system. Scanning electron microscopy (SEM) analysis of the steel reveals the
microstructure of 416 stainless steel which consistsaoferritic structure (most
predominate phaseyith chromiumcarbides at grain boundaries and manganese sulfide

as shown irFigure 31. X-ray diffraction (XRD) expements were conducted utilizing a
high-speed Bruker D8 Advance system that useK@li r adi ati on. Wavel el

voltage and tube current were 0.154 nm, 40 kV and 40 mA, respectiuglye 32
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showsXRD pattern peakghatwere identified to be those for stdelind in the Powder

Diffraction Files (PDF)

Table 3-1 Chemical and mechanical properties of 416 stainless steel

a) ChemicalComposition (weight %)

Fe C Co Cr Cu Mn Mo Ni P S Si
84.86 0.109 0.028 12.421 0.182 1.098 0.08 0.538 0.029 0.281 0.375

b) Mechanical Properties

Young Modulus (GPa) 179 £4
Hardness (GPa) 2+10.1
Vickers hardness3Pa) 1.6+0.1

10.0kV 13.3mm x1.30k SE(L) 40.0um

Figure 3-1 SEM micrograph of 416 stainless steel showing ferritic structure
with carbides at grain boundaries
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Figure 3-2 XRD Peaks of 416 stainless steel

The Energy Dispersive Xay Spectroscopy (EDSgchnique was used to analyze the
chemical composition of different phases in the microstructure of the substrate to verify
those phases. IRigure 33, phases irthe substrate are labeled with numbers anel
chemical compositiorof each phase is givem Table 32 with the corresponding
number EDS analysis reveals that point 1 is manganese sulfide. Points 2 and 3 are iron

carbide. Chromium carbide is precipitating on the graimint 4.
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15.0kV 13.2mm x2.00k SE(L) 20.0um

Figure 3-3 Labeled phases in base metal to be analyzed using EDS.
Table 3-2 Chemical composition of different phases in substrate analyzed
by EDS.

Spectru C Si S Cr Mn Fe Cu Total Structure
m type
1 4.23 27.4 212 4901 1623 102 100 Manganese

sulfide
2 3.97 042 11.68 0.61 83.04 0.27 100 Iron carbide
3 3.45 0.40 11.13 056 84.24 0.22 100 Iron carbide
4 575 022 2307 044 7045 007 100 Chromium
' ' ' ' ' ' carbide
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3.2 ProcessParameters for Chromium Electroplating

Steel samples were electroplated commercially using standard bath paravhetbise

given inTable 33. Different plating times (2, 10, 12, 14, 16, 20, 25 hrs) wesed to
produce coatings having different thicknesses. Plating thickness can also be changed by
changing the current density of the pgss, but according to Guff[@], current density

plays a significant role in the mechanical properties of hard chromium coatings.
Therefore, in order to investigate the effect of the plating thickness on the coating
behavor, plating time was alteredrigure 34 shows a representative example of

chromium electroplated stainless steel bar.

Table 3-3 Chromium electroplating process parameters
Bath Temperature ( F) 120-130

Chromic Acid/ Catalyst Ratio 100:1

Chromic acid Concentration (g/L) 250

Sulfate concentration (g/L) 2.5

Current density (A/dm2) 31

Voltage (V) 8
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Figure 3-4 Chromium electroplated stainless steel bar

Chromium plated surfaces wegeound using 240, 320, 400, and 600 grit SiC abrasive
papers. When moving from one grit size to another, specimens were rotated 9Gategree
efficient material removalTo obtain gine surface finish, polishing was carried out using

1, 0.3 and @5 pm ganma alumina suspensiasn Olympus BX51 optical microscope
and a Hitachi S4700 scanning electron microscopere employed for examination of

the specimendmagePro® Plus software was used to analyze optical microscopy images

and measure plating thicksee

3.3 Heat Procedure

Specimenswith the plating time (16 hwere heated in a furnace for 5 minutes and then
cooled either by wateguenching orby air cooling. Four different temperatures (200,

600, 800, and 1000° C) were employed.
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3.4 Mechanical Properties Measurements

The mechanical properties of hard chromium coatings #wedsubstrate material were

obtained by means of a namamlentation system employing a Berkovich diamond
indenter as shown irFigure 3 5. Nine indentations were performed at various locations

on the same sample using loads ranging betweamd®00 mN to avoid any effects that

may be introduced by irregularities on the surfdostantaneous loads i@ depths were

recorded and load vs depth profiles were plotiedure 36 shows a load/depth profile

obtained from the narmdentation system, where each line représ a complete
indentation cycleFrom load/depth profiles, hardne¥9( and Yo un @dvere mod ul 1

calculatedusingthe Oliver and Pharr methd@9]. Hardness is given by,

Equation 31

where 0 is the load andQ is the contact depth of penetration that can be calculated

according to,

T Q9 — — Equation 32

and'Q is the total penetration depi@,0FCQis the unloadingurve slop and is the

maxi mum | oad. Youngbés modulus can be cal cu

_ Equation 33

where,
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o —-4 Equation 34

and0i s systemds YOoaudogde MmModobéanssPanodud uGs r a
of the speci men, respectivel y. Similarly,

indenterwereO andv .

(a)

Load carriage - :

Camera

Linearstage

: Berkovich indenter

. Specimen

Figure 3-5 a) Nancindentation setup (b) a close up image of theystem
showing the indenter and a test specimen.
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Figure 3-6 A load/depth profile for hard chromium coating obtained from
the nancindentation.

3.4.1Vickers Hardness and Fracture Toughness

A Vickers tester was used to carry out \@ck hardness'@w) measurement of the
coatings A onekg load was applietb thecoating surfaces. Each sample was tested three
times to ensure repeatability and th®&/ was computed accordinto the following

equation40]:

0w pYUL T T 0 o Equation 35

where, 0 is the applied load (kgf), an@ is mean diagonal length of the indentation.

Figure 37 shows a typical impression of Vickers indentatibhe hardness of theating
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and substrate of theeatedspe@émenswasalsomeasured after coolings a @inction of

heating temperature.

Impressions othe Vickers indenter were used to calculate the fracture toughuegssf(
the chromium coatingssing the following equatiof#1]:
Equation 36

R o 0
v PY% o 3

where ais crack length generated from the impression corrgris; half of diagonal

length of the indentatiomp ¢ d(seeFigure 37).

ez

Figure 3-7 Optical micrograph showing typical Vickers indenter impression
on hard chrome coating using 1 kg load
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3.5 Residual Stress Masurement

An X-Ray diffraction technique was used to obtain residual stress in chromium coatings
induced duringthe electroplating procedd42]. A sample having a chromium coating
thickness of 167 em (| abel ed0, &) andvdfoms c ann e
the perpendicular axis to the coating surfage shown inFigure 38. Scanning was
carried out at di fferent dept hs 0, 50, 12
coating/substrate interface. An electropolishing process evaployed for chromium

|l ayers removal. A second sample having a ¢
scanned in similar directions, but only a surface scan was condX&&dexperiments

were also conducted on specimens heated up to 600 and 1dB6th@uench and air

cooled)in the saméehreedirections

Figure 3-8 XRD experimental setup
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3.6 Crack Density Measurements

Inherent crack densitiga the coatingwere determined on polished specimens. Image
analysis of opticamicrographs of the surface coating was performed using a technique
developedoy Nascimento and Voorwald3]. Three random sites on a polished surface
were capture using an optical microscopelorizontal lines were superimposed on the
images and intersaoh points between the inherent cragksl these lines were counted.
Inherent cack densities were then cpoted by dividing the number of intersection
points bythelength of the horizontal linegigure 39 is animage of a coating showing

the inherent cracks and horizontal linf$he same procedure was followed with all
samples while keeping constant magnificationCrack densities in the caayj cross
sections of heated specimens were also determined th&sgme procedureas shown

in Figure 310.

36



Figure 3-9 Optical micrograph of a polished chromium coating surface
showing horizontal lines superimposed on the image used to
determine crack density

30 pum

1

Figure 3-10 A representative micrograph of a coating crossection along with
superimposed horizontal lines.
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3.7 Indentation Study

The mechanical response of hard chromium coatings on 416 stainless steel to Hertzian
contactwas also investigatedAn indentation study was carried out using a Rockwell

tester employing a spherical harders¢eel indenter having a diameter of 1.59 mm. The
indenterods Poissonods was®.29 amd 240 GPa, Yespeatvglp.s mo
High contact loads were applied to enstirat contact damage in the form of coating

fracture and substrate plastic defotima occurred All thicknesses were indented with

different loads (60, 100 and 150 kg) to assess the mechanical damage as a function of
plating thickness and load. A single loading/unloading cycle in air was used for Hertzian
contact test for a contact dion of 10 s.In order to investigate the effect of thermal

damage on the mechanical response to the indentation Ieadea of indentations were

performedon heated specimens usiogly 100 kg load.

Specimens were then cressctioned to examine subbface damage in the coatings and
substrates. A Buehler isomet 1000 precision saw was used to cut the specimens using a
diamond wafering blade (15.2 cm diameter and 0.5 cm thick). Cutting was carried out
under a 100 g load and at rotational speed of 20M R® avoid any thermal or

mechanical damage to the samples.

3.8 Strain Measurement

A novel method was used to investigate the permanent strain caused by the indentation
tests on sample with a coating thickness of 167 um and an applied load of 100 kg.

particular, a mats of microscopiccircleswasdrawnon two specimens using focused ion
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beam (FIB). Circleof 65 pmdiameterwere milled on the coating surface of the first
sample, as shown iRigure 311. A spherical indentation was performed on the matrix.
Another specimen was cut into two halves; cut faces were polished and then circles were
milled on one polished faceas shown irFigure 312. Two rows of circlesof 32 pum
diameterwere placed on the coag and one row on the coatisgbstrate interfaceas

shown inFigure 313. Three rows of circles were placed on the steel substrate. By doing
so, damage of both coating and substcatéld be examined After that,the two halves

were held against each othesing a holderA small clamping foce was used so that
minimal additional stressvasinduced Indentation waperformedon the interface of the

two blocks as shown irFigure 314. The two blocksvereseparated for examination of
circles to assess the spha@rdentation damagef the structurg¢32]. This method has not

been used to investigate the indentation damage. In sheet metal, similar technique is used
to investigate théormability of metals, but in the macroscale mothe microscale as the

case in thistudy.
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Figure 3-12 Circle array on the coating crosssection before indentation.
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Figure 3-13 Coating crosssection showinga circle on the coating/ substrate
interface.

[

Figure 3-14 Indentation impression on the trace of the interface of the two
blocks.
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Plastic deformation due to indentation loading can distort the cirtgle®llipses When

an elliptical shape is produced, the longest diameter is cdledmajor axis (major

strain), while the shortest is named minaxis (minor strair), as shown irFigure 315.

The former is caused by the maximum principal stress and the latter is caused by the
minimum principal stress. If thiength of one of the ellipse axis larger than the initial
diameterof the circle then the deformatiowas caused byensile stres. On the other
hand, compressive stress is the cause of the deformation whiemglie of the ellipse

axis is shorter than the original one. Principal strains were calculated by dividing the

change in chmeter over original diameter.

major strain

original circle i
g N\
\\// \
\
: \
l' ' .
" }— minor strain
\\ !
\\ /l
N 7
o
7
deformed circle
Figure 3-15 Schematic diagram showing the eff e

dimension.
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Chapter 4

Results and Discussion

In this chaptergxperimentaftesults are presented and discussed. It is dividedBintain
sectionsMechanical damage as a function of coating thickness is discussed first. In the
secondsection, thermal damage as a function of heating temperature as well as its effects
on mechanical damage aresestigatedFinally, an investigation ostressesand strans

due to spherical indentation is presented.

4.1 Mechanical Damage

This section presentshe general characterization of the coating first. Théme
investigationinto the mechanical damage of coatings and factors affecting the damage

mode is discussed.

4.1.1Characterization of Chromium Coatings

An optical microscopy image of the-deposited hard chromium coating along with
substrate surface is shown kigure 41. The imagereveals an inherent crack network
that developed during the electroplating procese toresidual tensile stress Two
types of cracks were identified. The first are dark cracks which were freshly formed

cracks. The second are deeper in the coatingsappédar brighter in the image. These
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cracks formed first and then a layer ofaimium partially covered thef®]. It was also
observed that the coating surface topography replicates the substrate assfamen in
Figure 41 (insert). Paths of the cutting edge of the milling cutter that took place prior to
plating are observed on the coating surfdtes is becausencomium electroplating does
not show any kid of leveling. In other words, chromium deposition will not only
reproduce substrat®ughnessbut alsowill magnify the peaks and valleyBigure 42
shows the diffenece between leveling and noleveling coating mechanisma This

feature is well documented in the literature of hard chuomelectroplating44].

Figure 4-1  Micrograph of chromium plating surface along with substrate surface
prior to plating (insert)
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No Leveling

Figure 4-2

/—.\_/—-\._./

Leveling

Schematic diagram showing leveling and no leveling mechanism.

Next, plated specimens were sectioned to examinedhengs cross sections, as shown

in Figure 43. The coating appears uniform and demsth low porosity. The coating

exhibits excellent bonding to the substrate ashidws a continuous interface with no

defects. Inherent cracks, visible in the cresstion, are perpendicular to the substrate

and ar

e about 7 e©m

n

l engt h.

did not extend to, or into, the subs&as shown ifrigure 44.

T-keetipn aad e

Figure 4-3

A representative crosssection of a chromium coating (plated for 16 h)
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10.0kV 14.8mm x1.00k SE(M)

Figure 4-4 An SEM micrograph of chrome coating cross section showing the

inherent cracks

Coating thickness as a function of plating time was measured using a distance

measurement tool in the image analysis softwaable 41 shows the plating time and

the corresponding coating thickness. It is observed that as the plating time increases, the

plating thickneséncreases.

Table 41 Plating time and corresponding coating thickness

Sample A B C D E F G
Plating time (hrs) 2 10 12 14 16 20 25
Coating thick11 40 87 100 167 184 194
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The average surface roughness (Ra) of the substrate prior to plating waf.0%8 m .

It is observed that plating thickness had no significant impact on surface roughness of the
coating. The average Ra after plating for all thicknesses was{D.0® € m. |t i s
interesting to note that the coating surface roughness is very similar tt@fthiae

substrate. This commonly occurs when using low current density during the plating
procesg[2], [8] as the case in this studghromiumplated parts are usually ground for

surface finish and tolerance requirements. Rz is an important parameter in grinding
because it works as an indicator for the minimum depth of cut required to obtain a flat
surface, surface with no grooves. For studiach@es, the depth of cut has to be more

than 4£0.05¢ m. Such finish s fi ttlamateriaddeduiyed pr ef e

removal.

4.1.2Mechanical Properties Results

Mechanical properties of chromium coatings were obtained using aimdemtation

system Equation 31to Equation34wereused t o calcul ate the he
modulusof the samplesrespectively. It was found that the plating thickness had no

i mpact on either hardness or Youngos modu
modulus of the coating obtained from nandengation testing was 9 £1.5 and 290 +67

GPa, respectivel y. Due to the ssiméniation ndent

test, any substrate effect was eliminated.

Vickers indentations were performed on coatings using 1 kg load. The average Vickers
hardness was found to be 850+ 25 kgf/mm? (8.5 GPa). Fracture toughness values were
calculated from Vickers indenter impressions. Similar to hardness, coating thickness had
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no significant impact on fracture toughness of the chromium coatings. The average
fracture toughness is 6.1+ 1.6 MPa*m1/2. All values of mechanical properties are in
agreement with values found in theetature for nandardnesg$45], Y o unodylGss

fracture toughnedq46] and Vickers hardnegs].

4.1.3Residual Stress Rsults

Stress as a function of coatinigicknessprofiles of sampledEd measured at different
direction were plotted,sashown inFigure 45. It was found that there is no significant
difference between stress values measured at various directions. This intheates
residual stresseare isotopic in the plane of the coatingddaximum and minimum
principal stress versus coating t RFiguekness
4-6. Both principal stresses were close in magnitude and exhibited a similar trend. At
thickness zero (at coating/substrate interface), stresses were compitassiganterface
mismatch As thethickness increased the residual stresses rise and became tensile at a
thickness greater than 13 em. The tensile
at a thickness of about 120 em. On the sur
could be because of the mechanical polishing done prior to XRD experiment, which tends

to induce compressive stress.

Surface residual stress measurements were
thickness of 40 em. The neaaeoftnsusample was rlé2 p a |
MPa. In order to compare the principal stesssf s peci men OEO6 and O
coating thickness, a best fit line of the maximum stre$sguare 46 was generated. The

maxi mum principal stress at thickness of 4
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was about +150 MPa which is c¢close to resu
coating thickness. This indicates that as thermiwm coating is building up, the residual

stress increases and is purely a function of thickness and not affected by latter deposits of

chromum.
JrJfpryYvr ¥y r¥yry T T T T T T YT T T T T YTy TTTT
{4 = 0° Stress
3004 @ 45° Stress s .
] & 90° Stress o
|
4 ry
200 -
[ ] o
g . :
= 100 -
" | ]
wy 4 i
z | ]
in | ]
o4 i
4004 A ]
]
L DL BN B T T T

0.000 0.025 0.030 0.075 0.100 0125 0.150 0175

Coating thickness (mm)

Figure 4-5  Stress in chromium coating measured at different scan angle as a
function of coating thickness
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Stress (MPa)

Figure 4-6
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Maximum and minimum principal residual stresses in chromium
coating as a function of thickness

4.1.4Inherent Cracks Density on Coating Surface

Measurement of the inherent crack densitythe surfacef the chromium coatings was

conducted on polished specimens. Inherent crack densitifseecoatings surfaces with

corresponding plating thickness atgwnin Figure 47. It was observed thahe surface

inherent crack density increased with increasing thickness, whichldtabeen observed

by otherg8]. The increase in crack density is caused by the rise in residual stresses as a

result of increase in coating thioéss previously noted. The overall average inherent

crack density was 125 cragknm which is in greement with other studidd47]. The

guestion that now arises is whetlweacking density and residual streswould impact

coating mechanical failure.
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Figure 47  Inherent crack density observed on plating surfaces as a function of
coating thickness

4.1.5Indentation Results

In order to assess tlwdating behavior under indentation and its relationship to residual
stresgsand inherent cracks, a series of indentation experiments were conducted on the
coatings. Indented coating surfaces and esestions were examined using optical
microscopy to evaate cracking damage resulting from the spherical indenter. Two
types of surface cracks were identified: ring and radial crackslustrated irFigure 48.
Transwerse cracks were observed on the csesgtion, as shown ifrigure 49. The
diameter of ring cracks and the length of radial cracks increased with increasing load.

Furthermore,size of indent impressionncreased with increasing load whialdicates
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more damage takes place with increasing load as expected. For all thicknesses, it was
observed that pattern of cracking damage did not change with load. This indicates that
change in load did not alter stress distribution (only stress magnitudes).

Hadinl ernck

L] . \

Himg crach

Figure 4-8  Optical micrographs showing cracking pattern of chromium coating
(167 em thick) indented with a spher
kg load.

s I
Figure 49  Optical micrographs showing crosssections of cracking pattern of

chromium coating (167 em thick) inde
b) 100 and c) 150 kg load

Profilometry scans were carried out to assess geometric feature of the indentation
impressionFigure 410 shows aepresentativexample of 8D representation of dents

on a 167 thick coatings a function of loadAs observed iroptical microscopy images
increasing applied loademarkably enlargedndents impression. In particular, they
become wider and deeper as the load increases. Hertzian and radial cratkiblare

the scans. This indicates that they are wide endoigthe scan to recognize theithe
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same trend was obsesd when looking at the indentatipnofiles, as shown irFigure 4

11. The depth of 60 and 150 kydentatorar e 28 and 105 em, respec

- { / 7 1 ! T T 1} —1.50
450 400 350 300 250 200 15 100 050 000
A[mm]
Figure 4-10 3D representation of indents on ha
coating with loads of 60, 100, 150 kg, from right tdeft (aspect
ratio 1:1:10)
0
-20
-40
’é“ -60
= 20
>--100
-120
-140
0.0 0.2 0.4 0.6 0.8 1.0 12 14
X (mm)
Figure 4-11 2D represenation of indents on hard chromium( 167 ¢e€mn t hi c|

coating with loads of 60, 100, 150 kg, (aspect ratio 12)
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The damage cracks are those caused by the indentation |oEd&rglationship between
cracking damage and coating thickness was also investigated. Gridlines were
superimposed on optical microscopy images of indent impressions in order to measure
density of cracks due to indentatjaas shown irFigure 412. A similar procedure used

to calculate inherent crack density was followed to determine crack density due to
indentation.Figure 413 shows the cracking density as a function of coating thickness.
Cracking density initially increased as the coating thickness increased. At intermediate
coating thicknesses, cracking densigaches its highest value after which it declines.
From this plot, one can identify three regions: thin, intermediate, and thick co&ah

region has distinctive cracking pattern and shall be discussed below.

Figure 4-12 A representative micrograph showing an indentation along with
the superimposed grid lines.
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Figure 4-13 Density of cracking due to indenting as a function of coating
thickness

4.1.5.1Thin Coatings(d 40>m)

An example of the crack morphology for thin coating is showigure 414 (b, c). The
residual stregsin the thin thickness rangee compressive as shown Kigure 46. In
addition, inherent crack density is low (about 100 cracks/mm) compared to other regions
(intermediate133 cracks/mmthick 154 cracks/mm Two types of cradkg patterns

were observed in this region: ring and radial cracks. The former was likely due to
Hertziantype contact. This type of crack is initiated on the surface just outside the
contact area where the maximum tensile principal stres$ is locatedand extended

downward, initially propagates vertically then deviates sideways to form a cone as shown
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in Figure 414 (c). The crack below the surface tends to extodg the, trajectory
[13], [48]. Rings in thin coatings can initiate if the applied |oR) ¢xceedghe critical

load Pc), whereP. can be calculated using the following equation [16],
0 0 "“YO 6 Equatlon 41

whereO andO aretheYoungdés modul us of the suYistrate
the bulk strength of the coating is a proportionality coefficient and is @m by

0 ¢“j p QU in Hertzian contact. Hertzian ring cracks may extend all the way
through the coating. When crakcs reach the substrate, they stop propagating because the
steel substrate is ductile and impedes crack propagation into the Kipale 414 (b)

shows the surface of a representative image of cracking pattdmtimn coating region.

Radial cracks were also initiated on the surface, but cdused t he A ho9gp str e
[49]. During elastieplastic contact, hoop stress becomes positive (tension) on the surface

and equal to, in magnitude[28]. Figure 414 (a) shows a schematic diagram of
cracking damage in the thin coating region, where the upper view is the surface and lower
view is the crossection of the indentation. One can see the radial cracks and Hertzian

ring cracks forming on the surface and extending downward and outward. Coatings in

this region are approaching a membrane condiion as described by CH&0] in which

coatings are relatively flexible because they lack the thickness to support large bending
loads. Instead, bending stress arecemtrated near the edge of the indentation as
evidenced by the sharp bend in the coating at the edge of the indentation. It is likely that

the resulting bend cracks form in conjunction with the Hertzian cracks. For this reason,

no ring or radial cracks dueo bending are observed. The applied load is mostly
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supported by the substrate which was evident by the large substrate plastic adafiormat

compared to thick coatings.

Thin coating region,d 4 0 ¢ Intermediate thickness coating Thickcoating@> 184 ¢ 1
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Figure 4-14 Schematic diagrams and representative examples of thin,
intermediate and thick coating crack morphology.
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4.1.5.2Intermediate Coating (40 <d 184>m)

Coatings in this regiohavetensile residual stresd the surfacas shown irfFigure 46.
Inherent crack density of about 133 cracks/mm increases as a result of the increase in
residual stressFigure 414 (d) is a schematic diagram showing top and side view of
indent. The figure shows the different cracks that develop in this thickness Fange.

4-14 (e) is an optical micrograph showing a typical surface cracking pattern of coating
with thickness in the intermediate randegure 414 (f) shows a representative profile
morphology of the cracking damage under spherical indentation. Multiple ring and radial
cracks are observed, but there are two types of ring cracks. The Histtzantype ring

crack and it is similar to that observed in thin coatings. The second is ring crack caused
by bending of the coating. Ring cracks due to bending initiate when the applied load
surpassed a critical load, which che computed according §80] for intermediate

thickness,

Equation 42

C

wherebags a coefficient andl is coating thickness. Bend rings form outside the contact
area, at distance radially directed from the load axis, whetecan be determinedsing

the following equatiof30],

Y OQd édjO Equation 43

whereb andc are constant coefficients. In addition to beingsale the contact area, they

can be distinguished from Hertzian ringacksby looking at the indent cross section as
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shown inFigure 414 (f). Hertzian ring cracks extended downward and outward and
forming a coneshaped crack, while surface bend ring cracks extended downward
vertically. Radial cracks also formed on the coating surface caused by hoop stress. In
addition to surface radial creg, bending of the coating induces tensile stress on the
bottom surface of the coating causing radial cracks to initiate and extend upward to the
surface. Radial and ring cracks caused by bending, drop with increasing thickness. One
can notice that cone arks did not penetrate to the substrate, yet they tend to deflect
closely parallel to thenterface[24]. This region has eixed mode where Hertziagype

contact and coating flexural cracks both operate simultaneously.

4.1.5.3Thick Coating (d>184>m)

The last region ishethick coatingregion in which, coatings are approaching monolithic
material as shown ifigure 414 (h, i). Chromiumcoatings in this thickness rangave
residual tensile stress at the surface that ahggher than those in the intermediate
coating region as shown Figure 46 and a higher inherent crack density of about 154
cracks/mmat the surfaceHertzian ring cracks form on the surface at the edge of the
contact area and are drivey the radial stress . They initiate when the applied load

exceeded a dical load determined usiri§0],

0  O°YH Equation 44

No surface bend ring cracks are observed because the thicker coating can support and
distribute bending loads over a wider substrate area resulting in lower bending stresses in

the coating. Similarly, no significant radial cracks are obsetwexitiate & the interface
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between the coating and the substrdiee radial cracks formed on the coating surface

are due to surface hoop stresas a result of elastiglastic contact.

Lateral cracks were observed in 4 samples out of 24. Delamination was alsedbser

3 specimens. Indication that delamination and lateral cracks were not observed to be a

major damage mode.

Bending effect
i

" Residual stress
Combined effect

Combine effects

Cracking density

Cracking density

Coating thickness Coating thickness

Figure 4-15 Schematic diagram of the effects causing cracking damage.

Trend in Figure 413 and Figure 414 can be better understood bynsidering the
combined effects ofbending and residual stress Bending effed decreasewith
increasing chromium coating thickness because thicker coatingesah bending more
effectively than thinner ones. On the other hand, residual esiessease as the plating
thickness increases which promotes cracking damage. Furthermore, the inherent cracks
associated with the residual stress increase and provaeaging sites for crack
initiation. Consequently, the resultant effect of bending and residual stress reaches a
highest value at intermediate coating thickness where the crack demss#gd by the
indentationis the largest. The resultant effect is mialrfor very thin and thick coatings
where the cracking density is the smalldsgure 415 demonstrates the idea of the

combined effect. Note that as previously desad, bending cracks for thin coatrage
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not observed, asigure 415would suggest, because the cracks occur in conjunction with

Hertzian cracks ahare impossibléo tell apart.

4.1.6Summary

General characterization of the chromium coatvas @rried out.Chromium coatings
exhibit excellent bonding to 416 stainless steel. Chromium coatings have inherent crack
networlks that form during plating process to release residitgdss induced by the
decomposition of chromium hydride to metallic chromium and hydrogen. Residual stress
in the coating increases with increasing thickness leading to an increase in inherent crack
density. The residual stress value at a given thickiees®t affected by subsequent
material deposits of chromium. Spherical indentation on chromium coatings causes
different types of cracking damage including Hertzian cone, bend rings, surface radial
and bottom surface radial cracks. Rare presence of latemaeks and delamination
indicates that they were not observed to be a primary failure mode. Damage severity
increases with increasing load. Three thickness regions in which cracking pattern was
different, were identified, namely thin, intermediate andkltioatings. Thin coatings are
dominated by Hertzian ring and radial cracks. Intermediate coatings exhibit Hertzian and
bend ring cracks, surface and bottom radial cracks. Thick coatings experienced Hertzian
and radial cracks only. Indentation study suggigbat two factors control cracking
damage due to spherical indentation: bending effects and residual stress effects. The
former increase with decreasing thickness, while the latter increases with increasing
thickness. The combined effect is maximizedirdermediate coating thicknesand

minimized for thin and thick coatings. The presence of diverse failure modes on hard
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chromium coatings of 416 stainless steel due to indentation reveals the complexity of
such damage. The present work provides a guitlarth chromium plating manufacturers

on the appropriate thickness to be employed for a given application. The thickness should
be higher than the point where the resultant effect of bending and residual stress is
maximized. Thin coatings are not recommeahde they may not be capable of supporting

the operational load.

4.2 Thermal Damage

Investigationof thermal damage of chromium coatings is presented in this section.
Sample OE® pl ated f dahehedtifg efieot studyThewaverageu s e d
chromium plating thicknesa imageanalisi§ Joftwdré & m,

ImagePro® Plus

4.2.1Mechanical Properties Results

The results of the Vickers hardness test on the plated surface are shienyaren416.

There was no significant difference between the quenched and air cooled hardness
values. Furthermore, hardness decreased substantially as the heating temperature
increased. From room temparee to 600°C, the hardness decreased by 15% and by a
further 54% from 600 to 100®C. The Vickers hardness of the unheated specimen was
included in the graphs at 26. The substrate effect dne coating hardness was believed

to be minimal since the ctiag thickness was 10 times larger titae impression depth

for all samples. Vickers hardness measurements were also conducted on the substrate, as
shown inFigure 417. Up to 800°C, there was very little change in hardness. From 800
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to 1000°C, the data reveals that the substrate hardness more than doubled for both air
cooled and quenched conditions. This increase was due to the formation of martensitic
phase. Whendating to 1000 °C, austenite forms and transforms to martensite upon rapid
cooling. Because 416 stainless steel exhibits high hardenability, martensite can form even
when air cooled. However, quenching can form more martensite than air cooling, which

is evdenced by the difference in hardness as showfigare 417.
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Figure 4-16 Vickers hardness of quenched and air cooled coatings as a

function of heating temperature.
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Figure 4-17 Vickers hardness of the substrate as a function of heating

temperature.

4.2.20ptical Microscopy Observation

The coatings were also examihesing an optical microscope. Ain oxide filmformed

on the chromium coatings due to heatwigich was removed by fine polishing to make
microstructural characterization of the coatings possible. The crack network on an
unheated part is shown iRigure 418 for comparison purposesigure 419 shows
micrographs of surfaces tie quenched and air cooled chromium coadiag a function

of heating temperature. One can notice that up to 600 °C, no additional thermal cracks are
visible. The cracking pattern is similar to thattlo¢ unheated surface shownhigure 4

18. At 800 °C, thermallyinduced cracks were formed on the coating surface. These

cracks are likely a result of coating/substrate thermal expansion coefficient mismatch,
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which is 7 pstrain/°C for chromium and 11 pstrain/°C #46 stainless ste¢46]. In

other word, the steel substrate expandea lagher rate than chromium during heating,
thereby inducing tensile stressWhen the tensile stressreached a critical value, cracks
occurred. More cracks can be observed on the quenched specimens, which could be due
to rapid cooling. Extensive cracking damage was observed when the coating was heated
to 1000 °C and cooled. In addition to thermal expansion difference, the formation of
martensite, discussed earlier, increased the volume of the substrate and induced
additional tensile stress on the coating surface. Thersmallyced cracks seem to follow

and extend the inherent cracks.

Figure 4-18 Optical micrograph showing polished surface of unheated
specimen.
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Figure 4-19 Optical micrographs showing coating surface heated gg) 200 °C
and quenched, (b) 200 °C and air cooled, (c) 600 °C and
guenched, (d) 600 °Gand air cooled, (e) 800 °C and quenched, (f)
800 °C and air cooled, (g) 1000 °C and quenched and (h)anorC
and air cooled.

66



Observation of specimens cressctions revealed similar results to those of coating
surfaces in terms of thermal damage, as showsigare 420 andFigure 421 (close up

of coating). No thermallynduced cracks can be observed up to 600 °C. Thermal cracks
startat 800 °C and increased with temperature. No significant differen@gacking
damage between quenched and air cooled specimens were observed. Inherent cracks
became longer and some connected to other cracks forming much longer cracks, but
inherent cracks did not extend from the surface to or into the substrate. Crackd tor

the surface were observed extending downward into the coating for a few microns.
Cracks parallel to the substrate were also formed in the coating. Coating delamination at

the interface was not observed.
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Figure 4-20

Micrographs showing crosssections of thermally cycled coating
(a) 200 °C and quenched, (b) 200 °C and air cooled, (c) 600 °C
and quenched, (d) 600 °C and air cooled, (¢) 800 °C and
guenched, (f) 800 °C and air cooled, (g) D0 °C and quenched
and (h) 100 °C and air cooled.
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Figure 4-21

Close up images showing the inherent cracks on the coating cress
section heated at(a) 200 °C and quenched, (b) 200 °C and air
cooled, (c) 600C and quenched, (d) 600 °C and air cooled, (e) 800
°C and quenched, (f) 800 °C and air cooled, (g) 1000 °C and
guenched and (h) 100 °C and air cooled.
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4.2.3Cracking Density of Coating CrossSection

The proceeding observations were quantified using the Naswnaed Voorwald43]
technique described earlier and presenteBigure 422. These crack densities include

the inherent ones as well as the cracks induced thermally. It is clear that there is no
significant difference between quenched and air cooled samplegnis @& cross
sectional crack density. Beyond 600 °C, a remarkable increase in crack density can be
seen explaining why the coating hardness drops off rapidly at 600 °C. At 1000 °C, the

crack density is 41% higher than the unheated sample.
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Figure 4-22 Crosssectional density of cracks as a function of heating

temperature.
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4.2 .4Residual Stress Results

XRD was used to determine the residual stresses on the coating sufigoes.423

shows the maximum and minimum principal stresses on the surface of quenched and air
cooled chromium coatings as a function of heating temperature. Residual stresses on the
coating surface heated to 600 °C doubledofath quenched anttie air cooled samplas
compared to adeposited coating. Maximum principal stresef the quenched anthe

air cooled coatings increased from 260 to 552 MPa and to 589 MPa, respectively. This
large increase is believed to be due tartia expansion coefficient mismatch between

the coating and the steel substrate. During cooling the coating surface cooled faster than
the stainless steel core. As a result, the surface tensile stresses remaircaatitise
surface as the coatifsyibstrag cool. It is worth mentioning that these residual stress
values were slightly less than the tensile strength of chromium which is around 650 MPa
[46], and evidently was ndtigh enough to initiate crack formation which would have
released some of the residual stress. At 1000 °C, the quenched chromium coating exhibits
compressive stresses, arowi® and-300 MPa for maximum and minimumipcipal
stresses, respectivelgracking die to the thermal expansion coefficient mismatch and
martensite formation released the existing tensile residual stress which caused the
residual stresses on the coating surface to d¥iguie 423). Moreover, heating to 1000

°C caused the austenitic phase to form which transformed to martensitic phase upon rapid
cooling by quenching. Martensite formation was evidenced by the large increase in
substrate hardness (sBmure 417). After cracking and releasing of residual stresses,
further cooling of the steel substrate core might have caused an additional drop in surface

residual sressplacing the coating surface tompression. Air cooling is expected to
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produce less martensite; as a result, the surface of air cooled chromium coating exhibited
tensile stress. Coatingsere isotropic except fothe sample air cooled at 600 °C and
sample quenched at 1000 °C as indicated by the gap between maximum and minimum

principal stresses.
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Figure 4-23 Residual stress of quenched (Q) and air cooled (A) chromium

coatings as a function of heat treatment temperature

4.2 .5Indentation Results

An indentation study was carried out to evaluate the mechanical damgelafomium
coatings after thermal cycling. Profilometry scans were also performed on individual
indentations and analyzed to obtain geometric features sudbph, width, and vaime

of indentation impression&lnheated specimemevealed similar damage mode to that of

intermediate coating thickness region as showFkigure 414 (e, f). Figure 424 and
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Figure 425 show the top and crosectional views of indentations on the specimens that
receivedheating. Up to 600 °C, similar damage modes to those-dépssited samples

were observed. Coatings heated up to 800 °C showed less cracking. Partially developed
ring and radial bend cracks were observed. At 800 °C surface radial cracks due to
indentation totally disappeared. At 1000 °C, no cracks due to indentation were observed.
Instead, the material piled up around the indentation-Upiles a feature that is usually
exhibited by ductile materials. It is believed that chromium coatings heated td@000
exhibit pseudaductile behavior. They act similar to ductile materials at the macroscale,

but they are brittle and fracture at the micros¢ala.
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Figure 4-24 Micrographs showing top view of indentation on specimens heat
at (a) 200 °C and quenched, (b) 200 °C and air cooled, (c) 600 °C
and quenched, (d) 600 °C and air cooled, (e) 800 °@nd
guenched, (f) 800 °C and air cooled, (g) 1000 °C and quenched
and (h) 100 °C and air cooled.
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Figure 4-25 Micrographs showing crosssectional view of indentation

specimens heat afa) 200 °C andquenched, (b) 200 °C and air
cooled, (c) 600 °C and quenched, (d) 600 °C and air cooled, (e) 800
°C and quenched, (f) 800 °C and air cooled, (g) 1000 °C and

guenched and (h) 100 °C and air cooled.
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The volume of the indentation impressions were measuoad frofilometry scans and
plotted as a function of heating temperature, as showkigare 426. Representative
examples of indentation profile are presenteBligure 427. Up to 600 °C, there was no
significant change in terms of indentation volume. At 800 tiérewas a remarkable
increase in impression volumghis is due to the fact that chromium coating cracked

result ofheating as shown iRigure 419 (e, f) and cannotesist loading as those coatings
which did notthermally crack As a result,the mechanical response to indentation
loading was dominated by the substrate plastic deformation. The impression volume of
the indentations on specimens heated to 1000 °C was the smallest among all specimens.
This is becausdhe substrate became harder as a result of martensite formation.
Observation of indentation cresection revealed that coating displacement was higher
than that of the substrate. This occurred because the chromium flows around the
indentation rather thapushing and deforming the hard substrate as shoWwigure 424

(g, h) and Figure 425 (g, h) Compared to adeposited sample, indentation profiles
obtained from the scans confirm optical microscopy observation for thepiweaterial

around indentations in specimens heated up to 1000 °C, as shBwgnura 427 (C).
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Figure 4-26 Volume of indentation as a function of heating temperature.
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Figure 4-27
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Indentation profile of (a) asdeposited (b) heated at 800 °C and
guenched (c) heated at 1000 °C and quenched samp(aspect

ratio is 1:12).

4.2.6Summary
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Thermal damage of chromium coatings and its effect on mechanical daneesye
investigated as a function of heating temperature coaling rate. The samples were
heated to different temperature and then cooled down either by water quendbyrejror

cooling. The hardness of thermally cycled coaidgcreases as heating temperature




increases. No thermal damage was observed up td®06¢t 800 °C, the density of
thermallyinduced cracking damage increased. There was no significant difference
between quenched and air cooled specimens in terms of theinthlyed cracks.
Thermal cracks formed to release tensile stresses induced bettmal expansion
coefficient mismatch between the coating and the substrate. Heating extended the
inherent cracks. At 1000 °C, martensite formed in the stainless steel substrate during
cooling, which further increased cracking damage as well as hardeeeslbstrate.
Residual stresses in the coating surface were affected by both heating temperature and
cooling method. Residual stresses increased when the samples heated to 600 °C due to
the thermal expansion coefficient mismatch. Herttigoe indentatiortests were carried

out on the coated specimens. Thedaposited sample and those heated up to 600 °C
exhibitedthe same pattern of cracking damage due to indentation: ring, cone, surface
radial and radial bend cracks. At 800 °C, indentation damage slpawxitally developed

ring and radial bend cracks. Psewtiactiie deformation was observed on the specimen
heated to 1000 °C as a result of indentation loadind no indentation cracks were
observed Furthermore, the hardened substrate reduced the volunmadentation

impression and forced the chromium coating to pile up on the sides of the impression.
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4.3 Detailed Investigation of Indentation Damage for
Intermediate Coating Thickness

The big picture of the mechanical damage of chromium coatings due tocsgpheri
indentation as a function of thickness has been obtaingtis section, & intermediate
coating thicknes$167 um)was selected for a detail@avestigation. This is because in
the intermediate coating thickness region, a combination of bendingesigdial stress
effectstakesplace resulting in a variety of damage modasithermore, a novel method

of determining strain is applied to these samples.

4.3.1Focused lon BeanCircles Analysison Coating Surface

After FIB circles were created on the surfaafethe sample, anndentationtest was
performed.Figure 428 shows aroptical image of thedamage due to indentation made
on the surface.As expected, the crack patte observed in this study were the same as
those observed in the optical studies for the same thickness spag#ically, a mix of
radial and ring crackslt was observed that no crackstiated atthe center of the
indentatiorwhen examined from thep view of the indertion, as shown imegion A of
Figure 429. This is becausthe coating surface is under compressive stress at the center
of indengation At sone radial distance, ring and surface radial cradogginto form. It is
believed that ring crackéorm once the applied load reacha critical load[24].
Similarly, radial crackf§orm oncea secondcritical load is reached, dung the elastic
plastic loadingwhich implies that ring cracks occur before radial crg2k$ [28]. Since
chromium is brittlejt will not undergoplastic deformationHowever, the 416 stainless

steel substrate does exhibit plastic deformation under loatbivagesulting indentatioms
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a conbination of the brittle fracture of the coating and the plastic deformation of the
substrate. For this work, the elagpiastic region occurs when the substrate undergoes

plastic deformation.

A novel use of FIB and SEM imagery will be used to investitja@edeformation in the

416 stainless steel substratd/hen a crack interacts with aFIB circle, material
displacementan be observed and, therefore, stress direction causing crack initiation can
be deteminedand the order of radial vs ring crack candetermined For instancepne

can observehatin Figure 430, which is a magnified image of region BHigure 429,

part of theFIB circle has beercracked andlisplacedafter fracture. It is believed th#dte
crackis caused by principahdial stress perpendicular to crack opening directiamd

then pulled byhoop stress
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Figure 4-28 An optical micrograph showing indented surface.
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10.0kV 13.4mm x110 SE(M) 500um

Figure 4-29 An SEM micrograph showing a more detailed image of the inside
the indentation.

m x600 SE(M)

Figure 4-30 A magnified image of region B inFigure 4-38 showing a cracked
circle due to indentation and the direction (arrow) of principal
stress ausing fracture.
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4.3.1.1Interactions of Indentation Cracks

Indentationcracks are those caused by indentation loading, such as ring and radial cracks.
To help understandintpe formationof indentationcracks in chrome coatingsjng/radial

crack interaction was examindeigure 431 shows micrograph of an indented specimen
wherering and radial cracks interact. Aome distancérom the contact enter, the
Hertzianring crackO formed as a result ghdial stresf$ollowed by the radial crack
caused by the hoop streskhis order occured because Hertzian crackerm during
elasticdeformation while radial cracks developuting elastieplasic contact. The order

of crack formation can belentified by examiningthe radialfing intersectionsWhen two
cracks are propagating in different directions, the crack that formed first would prevent
the intersecting crack from propagating furthEor example crack "O formed and
subsequentlyollowed bycrack'Y . Subsequently, Hertzian crack and 'O formed but

could not cross radial crack .
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Figure 4-31 Hertzian and radial cracks interaction occurred during
indentation.

4.3.1.2Inherent and Indentation Cracks Interactions

One caralsonotice thaimost cracks do not propagate in perfect straight.lifleat isdue

to thefact thatcrack propagatiogenerally followsthe path of less resistancen this case
areinherent crack Figure 432 (a) showsan overall view ofthe whole indentatioand
Figure 432 (b) is a magified micrograph of region GOne can observe thdte radial
crackchanged its path whahencountere@n inherent crack asprovided aneasy path
for propagation. The diréoin change irthe radial crack pathwasfor a short distance
because theadial crackwasforced to follow the maximum stresi&ectionwhich is not

in the same directioastheinherent crackThis figure also shows a radial crack initiated

at an inherentrack suggesting that inherent cracks are also location of crack initiation.
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10.0kV 13.4mm x45 SE(M) 1.00mm

10.0kV 13.4mm x4.00k SE(M) 10.0um

Figure 4-32 (@) SEM micrograph showing the whole indentation (b) a
magnified image of region C showing inherent crack and
indentation crack interaction.
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4.3.2Focused lon BeamCircles Analysis on Coating Cross
Section

SEM examination ofFIB circles onthe coating crossection was conducted after
indentation as shown inFigure 433. Boxes @0 though ¢ findlicate the regions were

higher magnification SEM images were taken. The diameters of the FIB circles were
measured on the coating and on the substfdiere was no @nge in diameter ofIB
circleslocated on the coating cressction pre and post indentatidior exampleFigure

4-34i s a magni fi ed mi ¢iguegd3ahowinga FIB acirdeghatadidl 6 a 6
not crack due to indentatioifhe diameter of this circle was 32m before and after
indentation.This indicates that thehromium coatings did ngiasticallydeform. Instead,
chromium coating crackedwhen the induced stress exceddhe bulk strength of the
chromiumbecause othe brittleness ofhe chromium coatirgy Circles onthe stainless
steelsubstratewere distorteddue to plast deformation forming an ellipticahape, as

shown inFigure 435whi ch i s a magnilidi kighre 433 &iguee40f r eg
36i s a magni fied mdbc regge 489 showngfa circle gtitleen 6
coating/substrate interface where the circle cracked on the coating and deforthed on

stainless steel substrate.

86



=
L
77
Q
S
X
£
=
N
m
>
"4
Q
L

Figure 4-33 SEM imageof the indentation cross section showing the circles.
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15.0kV 13.2mm xB00 SE(M) 50.0um

Figure 4-34 A magnified SEM i mage -83fshowimggai on 0 ¢
circle made on the coating that did not change due to indentation

15.0kV 13.2mm x1.80k SE(M)

Figure 4-35 A magnified mi cr ogr aph o fFigureedg3B showingad 6 i n
circle made on the substrate and distorted due to indentation.
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15.0kV 13.2mm x1.80k SE(M) 30.0um

Figure 4-36 A magnified SEM micrograph of r e gi on Figued4-33 n
showing a circle on the coating/substrate interface.

4.3.2.1Damage Modes on Coating GyssSection

In this subsection the different types of cracks (damage modes) in the cross section are
identified and discusse@igure 437 is a magnified image of rego d6  d€iglure 433.

Figure 437 shows how the radiand Hertziarcracks formed on the surface interact with

each otherOne can see the radial cracks coming from the lateksectingHertzian

cracks. Hertzian cone crackstiate at the surface and extend downward at an angle with

the loading axisR e g i ed n Bigure 433 is magnified inFigure 438. Bend radial

cracks initiated at the intiace extend upward, as shownFigure 438. The crack edge

havingthe wider opening indicates the location of crack initiation, where the maximum

stress occurredd e | ami nati on odocuduedt oni megmtoat i6on

Figure 439.
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200um

Figure 4-37 A magni fied SEM débmaigne FB8ghowey idon O
radial/Hertzian cracks interaction

90



Figure 4-38

Figure 4-39

A magnified mi cr ogr aph o f Figuore 433 showing e 6
bend radial cracksinitiated at the interface.

A magnified optical micrograph of r e gi o n Figufe ®-33i n
showing delamination at the coating/substrate interfacedue to
indentation.

91

n

























































