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Abstract

Hard chromium coating has a wide range of applications in automotive and aerospace industries.
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 chromium coatings 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 occurring in the stainless steel substrate due to spherical
indentation.
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Chapter 1

Introduction

Hard chromium plating has a wide range of applications in the aerospace and automotive
industries. Chromium plated components are often used in key applications, such as
piston rings, shock absorber rods, and hydraulic shafts. 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 corrosion. The presence of all
these properties together in a single metal makes chromium deposits unique. Chromium
electrodeposition is also used to salvage or refurbish worn components. For example,
when a component is worn out, the component can be plated again with chromium and it

will be as good as a new one.

Chromium electroplating is brittle and produces rough surfaces. Therefore, grinding is an
essential process in manufacturing of hard chromium electroplated parts since it can
produce fine surfaces. It can also remove brittle material more efficiently than other
conventional processes, such as turning. Furthermore, 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 underneath. Unfortunately, the open literature lacks a comprehensive study
on the thermal damage of chromium coatings. Therefore, an investigation of the 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 chromium coatings. Hence,
it is important to understand the failure mechanism of hard chromium coatings due to
mechanical damage, such as impact and denting during service of hard chromium
coatings before grinding. Unfortunately, a comprehensive study on the mechanical

damage of hard chromium coatings is lacking in the open literature.

1.2 Objectives

The objective of this research work is to:

1. Investigate the mechanical damage of chromium coatings due to spherical

indentation as a function of thickness and load

2. Investigate thermal damage of hard chromium coatings as a function of heating

temperature and its effects on the mechanical response of the coatings

3. Conduct FIB (focused ion beam) work and SEM observation for a detailed

investigation on:

e Inherent and Indentation cracks interaction



e The strain distribution and direction in the stainless steel substrate due

spherical indentation

1.3 Thesis OQutline

This thesis consists of 5 chapters. Chapter 2 covers the background information needed to
understand the work in this research. An extensive literature review is also provided in
this chapter. Chapter 3 presents the substrate material characterization and experimental
producers followed in this research. The experimental results acquired from this research
work are provided in Chapters 4. The results are also extensively discussed in this
chapter. Chapter 5 is the last chapter, in which the summary of the conclusions of this

research, contributions and recommendations for future work are presented.



Chapter 2

Background and Literature Review

This chapter will provide readers with background on the content covered throughout this
thesis. An extensive literature review on 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
contains chromic acid, water, and one or more catalysts. 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 metal. Instead, the anode in chromium electrodeposition is made of lead or lead

alloys [2].

Figure 2-1 shows a schematic diagram of the chromium electroplating process. Geng [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 are deposited on the object.

according to Newby [3] there are basic reactions that occur at cathode and anode. When



the current is connected to the bath, three reactions occur at cathode. The first reaction is
the reduction of hexavalent chromium to trivalent chromium, followed by reducing
hydrogen ions to hydrogen gas. In the last reaction, hexavalent chromium reduces to
chromium metal which is then deposited on the object. The proportion of current ions
used in the reduction 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. First, the anode surface oxidizes to form a chocolate-brown lead dioxide. The
second reaction is oxygen generation. The third is trivalent chromium that deoxidizes to
hexavalent chromium. The later reaction cannot occur without lead dioxide which acts as

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

Several bath 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

electroplating must be well controlled to produce the desired deposit [4]-[6].

2.2 Residual Stress and Inherent Cracks

Chromium is deposited in the form of a pure metal or a metal hydride, depending on
solution composition and other operating conditions. The metallic form of chromium has
a body-centered cubic (BCC) crystal structure, while the metal hydride takes either a
hexagonal or face-centered cubic structure. Hydrides are not stable and decompose to

produce BCC chromium metal and hydrogen. The decomposition results in a shrinkage in



volume that induces tensile stress causing the coating to crack [7]. Guffie [2] suggested
that internal residual stress increases with coating thickness. When residual stresses
exceed the chromium’s tensile strength cracking occurs and stress is released. As
electrodeposition 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, healed-over cracks and open cracks are
observed on chromium coating surfaces. Dennis et al. [8] 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 sharp decrease in stress is observed, as shown in Figure 2-2. Inherent crack
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 hydraulics 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 applications, one of which is investigation of mechanical
damage of materials. In an indentation test, an indenter is applying a specified load at a
slow rate perpendicular 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. A diversity of indenters are available for conducting the

indentation, such as spheres and Vickers indenters. Indenter shape and other factors may



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

mechanical damage due to indentation shall be provided in the next sections.

2.3.1 Monolithic 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 were identified in the literature
[9]. Cone cracks are generated during elastic loading when a blunt indenter is employed.
A cone crack is first generated at the surface as a ring at the periphery contact and then it
propagates downward and outward at a characteristic angle with the symmetry axis
forming a cone-shaped crack. Radial cracks are generated when a sharp indenter or high
loading of a blunt indenter is applied. They form during elastic-plastic 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 impression corner). Another type of crack is median cracks that may be formed
parallel to the loading axis during elastic-plastic contact, below the quasi plastic zone,
bounded by plastic zone or the surface. Lateral cracks can form underneath the plastic
deformation zone, parallel to the material surface. Lastly, half-penny 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 present in a single indentation event [9]. Chen [10] reported that these types of cracks

were identified on brittle 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].

2.3.1.1 Hertzian Contact

Often Hertzian-type contact test is used to evaluate damage mode during contact of brittle
monolithic materials and coatings. These tests involve a spherical indenter and flat
workpiece surface. It has the advantage of well-developed analytical solutions. It assumes
that surfaces are perfectly smooth and that there is no contact friction. In monoliths, two
modes of failure are well identified when such testing is employed. The first type is cone
(Hertzian) crack that starts on the surface as a ring. If the applied load P exceeds a critical
load P,, the ring crack extends downwards and outwards forming a cone-shape crack as
shown in Figure 2-4 [11], [12]. Hertzian cracks form at a radial distance p from the
contact center, outside the circular contact area of radius a where the maximum tensile

stress a,,, is. The radius of elastic contact a can be calculated according to [11],
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s|4kPr Equation 2-1
3E

Where r is sphere radius; E is Young’s modulus of the material being tested; k is a
constant calculated according to,

9 E Equation 2-2
- C2Y (1 — 102 quation
k 16 A-v)-(1A-v )E,

E’ and v' are Young’s modulus and the Poisson ratio of the indenter, respectively. v is the
Poisson ratio of the tested material. The Hertzian ring crack initiates if the maximum
tensile stress g, exceeds the strength of the material being indented. Maximum tensile
stress gy, can be found using,

1 Equation 2-3

Om = E(l—Zv)PO

where P, is the mean pressure that can be calculated according to,

P, = P /7'[ " Equation 2-4

The second failure mode is quasi-plastic occurring in the subsurface below the indenter
where the maximum shear stress 7, is located. The maximum shear stress can be
determined using [13],

T, = 0.47 P, Equation 2-5

The maximum shear stress is located at depth [ that can be computed using,

11



[ = 049 g Equation 2-6

The quasi-plastic mode has the appearance of plastic deformation, but is actually the
formation a network of microcracks that are shear-driven [14], [15]. Cracks form
perpendicular to stress that exceeds material strength and initiate where the maximum

stress is located.

p
Indenter
|x;2 a__.
Cone crack
I N
Quasi plastic zone
Figure 2-4 Ilustration 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 Hertzian-type contact test (spherical indenter) is used to evaluate
damage mode during contact of monolithic materials and coatings. The stress at any point
in the contact filed can be calculated using the following equations [13], where the
spherical coordinates of the contact filed are (p, ©, z) about the contact center, as shown

in Figure 2-1,

= 5 =203 (2) [t = (o)

3
+1; (z/u™?) [(1 = v)u/(@® +u)

+ (1 +v)(u/?/a) arctan(a/u'/?) — 2]
Equation 2-7
1 a\? 3
O'gg/PO = E (1 - 217) (E) [1 — (Z/ul/Z) ]
4 (/) [t/ + a2)]

+% (z/uv?) [(1 —v)u/(a? +u)

+ (1 +v)(u/?/a) arctan(a/u'’?)] + 2v]

Equation 2-8
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3
0,./Py = 5 (z/ul/z)3 [a?u/(u? + a?z?)] Equation 2-9

[ pz%/(? + a?z¥)[a*u'?/(a? + u)] Equation 2-10

N w

Tpz =

where,
1
u= >z {(p% + 22+ a®) + [(p? + 2% — a®)? + 4a? z%4]V%} Equation 2-11

Principal stresses are defined as 0,1 > 0,5 > 033, respectively and can be calculated at

any point using [13],

1 1 2 , ,
o= 5 (app + O'ZZ) + [E (app + O'ZZ)] + Ty, Equation 2-12
022 = Og Equation 2-13
1 1 2 ) .
033 = 5 (Gpp + 02z) = [E (005 + UZZ)] + Tpz Equation 2-14
1 .
T13 = 2 (011 — 033) Equation 2-15
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Figure 2-5 Coordinate system of the contact field of spherical indentation
[16].

Figure 2-6 (a) and (b) show 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 display the principal stress distribution. The upper side of Figure 2-6
(a) is top view of the indention where the black region is the contact area of diameter a-a,
whereas the lower part is cross-sectional view of the indention. The applied load has
hemisphere distribution within the contact area under which all principle stress are
compressive. Principal stress g;; and 033 are axially symmetric in plane with the loading
axis. The circular hoop stress (0,;) trajectories are perpendicular to those of g;; in any

plane through the axis of symmetry. The principal stress g3 trajectories have a nearly

15



hyperbolic shape that meets the surface perpendicularly. Figure 2-6 (b) shows the stress
contour for g,4,0,, , and g33, respectively. The black region in o;; contours indicates the
maximum tensile stress (o0,,) induced by the indenter at a radial distance (p) from the
center of contact, outside the contact area. The normal principal stress gy, is tensile
everywhere except in the compressive zone below the indenter. Hoop stress is tensile
outside compressive zone and its trajectories form circles around the axis of symmetry.
The principal stress (033) is compressive everywhere and zero at any point lying outside
the contact circle. Principal stress g;; and 0,, cause Hertzian rings and radial cracks to

initiate, respectively [11], [12], [16]-[18].
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Figure 2-6 a) Schematic diagram of principal stress trajectories of near-
contact field, surface view (top) and side view (bottom), (b)
principal stress contours.



2.3.2 Layered Materials

In addition to monoliths, layered materials are also tested by Hertzian contact. In
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 loads, the coating controls the mechanical response, while the
substrate plasticity dominates the response at higher loads because the quasi-plastic zone,
which is a function of load, moves from within the coating into the substrate [14]. For
thick coatings fracture dominates the response to the indentation loading because the
quasi-plastic zone is contained in the coating. For thin coating, substrate plasticity is the
predominant damage mode because the quasi-plastic zone falls in the substrate [15], [19],
[20]. Although studies of indentation behavior for hard 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 preferred 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 delamination [15]. Damage
modes of brittle coatings on compliant substrates shall be emphasized in this present

work.

2.3.2.1 Damage Modes

Contact testing is a good method for identifying weakness in coatings [14]. In addition to

the two modes described earlier (Hertzian ring and quasi plasticity), a third mode may
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emerge when a coating is tested with Hertzian contact. This 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 loading. This mode generally takes place in an intermediate coating
thickness region [21]-[23]. Previous studies [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 loads than quasi-plastic and cone cracking for
intermediate coating thicknesses. It is also hard to detect by a routine inspection as they
are not visible on the surface. Therefore, it can be hard to anticipate this type of failure. In
addition to Hertzian ring cracks, surface ring cracks due to bending of the coating may
occur on brittle coatings on compliant substrate. Bend ring cracks typically form at a
radial distance from the load axis and are is larger than that of Hertzian ring cracks [21].
This distance approaches the contact circle with diminishing coating thickness until bend
ring cracks no longer occur [25]. Indeed, coating thickness highly controls what damage
modes occur in a coating. Hertzian crack dominants the coating damage for thick and thin
coatings, whereas bottom radial cracks are predominant for intermediate coating
thickness [25]. The critical thickness at which one crack system dominates depends on

the coating and substrate properties.

Other less common damage modes may occur in coatings. Delamination at the coating/
substrate interface may occur when the coating exhibits weak boding to the substrate or
when a higher loads are applied [24], [25]. Delamination generally occurs because of
compressive residual stress developed by the substrate during the unloading cycle as the

substrate elastic recovery occurs [14], [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. They may form
at the edge of the impression left by the indenter and are caused by the hoop stress [9],

[27].

2.3.2.2 Stress 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 occur. Having a bilayer structure may vary the
stress distribution of Hertzian contact from that of monolithic. As mentioned earlier,
varying the coating thickness can also change the damage mode because of stress
distribution within the coating has changed [10], [15]. Furthermore, under relatively high
contact load, elastic-plastic behavior prevails. Fischer et al [26] indicates that substrate
plasticity plays a significant role in stress distribution induced by indentation loading. In
such situations, the stress distribution is a combination of both Hertzian elastic contact
and residual stresses produced as a result of subsurface plastic zone formation. The
elastic-plastic contact can be treated using the expanding cavity model [28]. In this
model, the indenter is assumed to contact a hemispherical core having a radius equal to
that of circular contacta, as shown in Figure 2-7. The core is surrounded by an
incompressible plastic zone of radius 7., which surrounded by an elastic zone. As the load
increases, the indenter’s penetration increases, thereby increasing the core diameter
by da. This increase leads to an increase in the radius of the plastic zone by dr. [29].
Substrate plastic deformation leads to induce bend stresses to the coating that may initiate
ring cracks on the coating surface and/or radial cracks at the coating bottom surface [24],

[30].
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Figure 2-7 Schematic diagram of elastic and plastic zones under spherical
indentation [29].

Coating can be assumed to be a flexural plate fixed at the edges far from the contact area
and supported weakly by a soft material underneath [26]. In fact, when the ring crack
forms far from the elastic contact region, the stress distribution is analogues to flexing a
plate of fixed edge, as shown in Figure 2-8 [24], where the black region indicates the
location of the maximum stress. Previous studies have proven that there is gradient stress
in the contact zone that switches from 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 the contact 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

substrate [21].
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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.

2.3.2.3 Young’s Modulus Mismatch

The ratio of Young’s modulus of coating to that of substrate is important in terms of
coating damage. Coating fracture can be inhibited by the soft substrate deformation when
the mismatch is small. However, if the mismatch is large, it can promote the fracture due
to bending because the coating and substrate will elastically deform at different rates.
Single or multiple cone cracks may develop, as shown in Figure 2-9. If the substrate to
coating Young’s modulus ratio is 1:1, a straight cone similar to those formed in

monoliths is generated [13], [27], [31]. Cone crack trajectories are changed from straight
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line because of the mismatch in Young’s modulus between substrate and the coating. In
addition, cone crack deflects as it extends downward until it becomes almost parallel to
the interface. Mismatch of the coating/substrate Young’s modulus plays an important role
in the impact of substrate elastic recovery on the coating cracking [14], [26]. As a result,

high mismatch can also promote delamination [32].

A A
j KK Coating
A
y Substrate

Multiple cone cracks

Figure 2-9 Schematic showing multiple cone crack morphologies generated
on the coating due to mismatch between the Young’s modulus of
the coating and that of the substrate.

2.3.2.4 Critical 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 when the applied
load reaches a critical value. In fact, ring cracks have an indentation critical load different
from that of radial cracks. The failure mode with the lower critical load will generate and
may impede the other crack types from 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 dominant in these regions. On the other hand, radial cracking has

a lower critical indentation load than that of ring cracks for intermediate coating
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thicknesses. As the coating thickness increases, the critical 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 coating when the substrate effect is eliminated, the brittle
coating starts acting like monoliths and only Hertzian cone cracks can present. To
conclude, the coating should be thick enough so that the critical load increases beyond
the operational load of the intended application. However, it should not be too thick so
that it may act similar to monoliths and substrate will not accommodate any of the

contact loading [21], [24], [25], [33].

2.4 Thermal Damage

Thermal expansion is the tendency of a material to alter in size or shape when its
temperature changes. Materials can expand when heated and contract when cooled
because a rise in temperature increases the kinetic energy of molecules, thus increasing
their movement and average separation [34]. The thermal expansion coefficient of a
material indicates the rate of expansion due to an increase in temperature unit. The most
commonly used unit for thermal expansion coefficient is pstrain/°C. When a heated
component is constrained, thermal stress are induced in the component. At relatively
higher temperatures, thermal stress may crack or plastically deform a constrained

component depending on the material being used [35].

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 capable of releasing residual stress. However, quenching (rapid cooling) can

introduce significant differences in cooling rates (none-uniform cooling rate) within the
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steel itself. The outer layer of material cools down at higher rate than the internal one.
Therefore, the outer material contracts before the inner material. This puts the internal

material in tensile stress and the outer material in compression [36].

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 expansion rates induces tensile stress to the material
of lower thermal expansion coefficient and compressive stress in the material of higher
thermal expansion [36], [37]. For example, if the substrate has higher coefficient than the
coating, the coating will experience tensile stress and the substrate will encounter
compressive stress. The larger the difference, the higher the tensile stress that can be
induced. Depending on the material, fracture or plastic deformation may occur if the
stress exceeds the material’s ultimate strength or yield strength, respectively [37], [38].
At high enough temperatures, the mechanical properties of the system may be adversely

affected.
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Chapter 3

Substrate Characterization and
Experimental Procedures

Characterization of the substrate, specimen’s preparation, operating conditions and
detailed layout of the experimental approaches utilized in this thesis are presented in this

chapter.

3.1 Substrate Material

The substrate material was annealed 416 stainless steel bars (191 x 25.4 x 10 mm). The
chemical and mechanical properties of the steel are given in Table 3-1 (a) and (b),
respectively. The former was obtained by inductively coupled plasma (ICP) test, whereas
the latter was acquired using a Bruker Universal Micro-Tribometer nano-indentation
system. Scanning electron microscopy (SEM) analysis of the steel reveals the
microstructure of 416 stainless steel which consists of a ferritic structure (most
predominate phase) with chromium carbides at grain boundaries and manganese sulfide,
as shown in Figure 3-1. X-ray diffraction (XRD) experiments were conducted utilizing a
high-speed Bruker D8 Advance system that uses Cu-Ka radiation. Wavelength (), tube

voltage and tube current were 0.154 nm, 40 kV and 40 mA, respectively. Figure 3-2
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shows XRD pattern peaks that were identified to be those for steel found in the Powder

Diffraction Files (PDF).

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

a) Chemical Composition (weight %)

Fe C Co Cr Cu Mn Mo Ni P S Si
84.86 0.109 0.028 12421 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 +0.1
Vickers hardness (GPa) 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 X-ray Spectroscopy (EDS) technique was used to analyze the
chemical composition of different phases in the microstructure of the substrate to verify
those phases. In Figure 3-3, phases in the substrate are labeled with numbers and the
chemical composition of each phase is given in Table 3-2 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 grains in point 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 g g cr Mn Fe Cu Total Structure
m type
1 423 274 212 4901 1623 102 100 anganese
sulfide
2 397 042 11.68 0.61 83.04 0.27 100 Iron carbide
3 345 0.40 11.13 056 84.24 0.22 100 Iron carbide
4 575 0.22 2307 044 7045 007 100 Chromium
carbide
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3.2 Process Parameters for Chromium Electroplating

Steel samples were electroplated commercially using standard bath parameters which are
given in Table 3-3. Different plating times (2, 10, 12, 14, 16, 20, 25 hrs) were used to
produce coatings having different thicknesses. Plating thickness can also be changed by
changing the current density of the process, but according to Guffie [2], 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
behavior, plating time was altered. Figure 3-4 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 were ground using 240, 320, 400, and 600 grit SiC abrasive
papers. When moving from one grit size to another, specimens were rotated 90 degree for
efficient material removal. To obtain a fine surface finish, polishing was carried out using
1, 0.3 and 0.05 pm gamma alumina suspensions. An Olympus BX51 optical microscope
and a Hitachi S-4700 scanning electron microscope were employed for examination of
the specimens. Image-Pro® Plus software was used to analyze optical microscopy images

and measure plating thickness.

3.3 Heat Procedure

Specimens with the plating time (16 h) were heated in a furnace for 5 minutes and then
cooled either by water-quenching or by air cooling. Four different temperatures (200,

600, 800, and 1000° C) were employed.

30



3.4 Mechanical Properties Measurements

The mechanical properties of hard chromium coatings and the substrate material were
obtained by means of a nano-indentation system employing a Berkovich diamond
indenter, as shown in Figure 3- 5. Nine indentations were performed at various locations
on the same sample using loads ranging between 10 and 400 mN to avoid any effects that
may be introduced by irregularities on the surface. Instantaneous loads and depths were
recorded and load vs depth profiles were plotted. Figure 3-6 shows a load/depth profile
obtained from the nano-indentation system, where each line represents a complete
indentation cycle. From load/depth profiles, hardness (H) and Young’s modulus (E') were

calculated using the Oliver and Pharr method [39]. Hardness is given by,

P .
H = st Equation 3- 1

where P is the load and h, is the contact depth of penetration that can be calculated

according to,

_ 2(m=2)] Pmax_ Equation 3- 2
hy = he +[ T ]dP/dh q

and h; is the total penetration depth, dP/dh is the unloading-curve slop and P, is the

maximum load. Young’s modulus can be calculated using

1 _ (1-v?) + (1-v?) Equation 3- 3
E* E E;

where,
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g = 4P 1ym Equation 3- 4
dh2VA

and E™* is system’s Young’s modulus. E and v are Young’s modulus and Poisson’s ratio
of the specimen, respectively. Similarly, Poisson’s ratio and Young’s modulus of the

indenter were E; and v;.

(a)

Load carriage -

Camera 3

Linearstage

: Berkovich indenter

. Specimen

Figure 3- 5 a) Nano-indentation setup (b) a close up image of the system
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 nano-indentation.

3.4.1 Vickers Hardness and Fracture Toughness

A Vickers tester was used to carry out Vickers hardness (HV) measurement of the
coatings. A one kg load was applied to the coating surfaces. Each sample was tested three
times to ensure repeatability and the HV was computed according to the following

equation [40]:

HV = 18544 x P/ , Equation 3- 5

where, P is the applied load (kgf), and d is mean diagonal length of the indentation.

Figure 3-7 shows a typical impression of Vickers indentation. The hardness of the coating
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and substrate of the heated specimens was also measured after cooling as a function of

heating temperature.

Impressions of the Vickers indenter were used to calculate the fracture toughness (K;) of

the chromium coatings using the following equation [41]:

2
a1/2 [E\/s p )
K, = 0.015 (T) (ﬁ) = Equation 3- 6

where [ is crack length generated from the impression corners; a is half of diagonal

length of the indentation; ¢ = a + [ (see Figure 3-7).

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 Measurement

An X-Ray diffraction technique was used to obtain residual stress in chromium coatings
induced during the electroplating process [42]. A sample having a chromium coating
thickness of 167 um (labeled E) was scanned in different directions, 0°, 45°, and 90° from
the perpendicular axis to the coating surface, as shown in Figure 3-8. Scanning was
carried out at different depths 0, 50, 120, and 171 um. The deepest scan was on the
coating/substrate interface. An electropolishing process was employed for chromium
layers removal. A second sample having a coating thickness of 40 um (labeled B) was
scanned in similar directions, but only a surface scan was conducted. XRD experiments
were also conducted on specimens heated up to 600 and 1000° C (both quench and air

cooled) in the same three directions.

Figure 3-8 XRD experimental setup.
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3.6 Crack Density Measurements

Inherent crack densities in the coating were determined on polished specimens. Image
analysis of optical micrographs of the surface coating was performed using a technique
developed by Nascimento and Voorwald [43]. Three random sites on a polished surface
were captured using an optical microscope. Horizontal lines were superimposed on the
images and intersection points between the inherent cracks and these lines were counted.
Inherent crack densities were then computed by dividing the number of intersection
points by the length of the horizontal lines. Figure 3-9 is an image of a coating showing
the inherent cracks and horizontal lines. The same procedure was followed with all
samples while keeping a constant magnification. Crack densities in the coating cross
sections of heated specimens were also determined using the same procedure, as shown

in Figure 3-10.
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Figure 3-9 Optical micrograph of a polished chromium coating surface
showing horizontal lines superimposed on the image used to
determine crack density.

‘ﬁil nm

1

Figure 3-10 A representative micrograph of a coating cross-section 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
contact was also investigated. An indentation study was carried out using a Rockwell
tester employing a spherical hardened steel indenter having a diameter of 1.59 mm. The
indenter’s Poisson’s ratio and Young’s modulus was 0.29 and 210 GPa, respectively.
High contact loads were applied to ensure that contact damage in the form of coating
fracture and substrate plastic deformation 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 duration of 10 s. In order to investigate the effect of thermal
damage on the mechanical response to the indentation load, a series of indentations were

performed on heated specimens using only 100 kg load.

Specimens were then cross-sectioned to examine subsurface 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 200 RPM to 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 pm and an applied load of 100 kg. In

particular, a matrix of microscopic circles was drawn on two specimens using focused ion
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beam (FIB). Circles of 65 um diameter were milled on the coating surface of the first
sample, as shown in Figure 3-11. 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 face, as shown in Figure 3-12. Two rows of circles of 32 pm
diameter were placed on the coating and one row on the coating/substrate interface, as
shown in Figure 3-13. Three rows of circles were placed on the steel substrate. By doing
so, damage of both coating and substrate could be examined. After that, the two halves
were held against each other using a holder. A small clamping force was used so that
minimal additional stress was induced. Indentation was performed on the interface of the
two blocks, as shown in Figure 3-14. The two blocks were separated for examination of
circles to assess the sphere-indentation damage of the structure [32]. This method has not
been used to investigate the indentation damage. In sheet metal, similar technique is used
to investigate the formability of metals, but in the macroscale not in the microscale as the

case in this study.
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Figure 3-11 An optical micrograph showing a matrix of circles on coating
surface.

Figure 3-12 Circle array on the coating cross-section before indentation.
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Figure 3-13 Coating cross-section showing a circle on the coating/ substrate
interface.

I 250 pm |

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 circles into ellipses. When
an elliptical shape is produced, the longest diameter is called the major axis (major
strain), while the shortest is named minor axis (minor strain), as shown in Figure 3-15.
The former is caused by the maximum principal stress and the latter is caused by the
minimum principal stress. If the length of one of the ellipse axis is larger than the initial
diameter of the circle, then the deformation was caused by tensile stress. On the other
hand, compressive stress is the cause of the deformation when the length of the ellipse
axis is shorter than the original one. Principal strains were calculated by dividing the

change in diameter over original diameter.

major strain
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deformed circle
Figure 3-15 Schematic diagram showing the effect of deformation on circle’s

dimension.
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Chapter 4

Results and Discussion

In this chapter, experimental results are presented and discussed. It is divided into 3 main
sections. Mechanical damage as a function of coating thickness is discussed first. In the
second section, thermal damage as a function of heating temperature as well as its effects
on mechanical damage are investigated. Finally, an investigation of stresses and strains

due to spherical indentation is presented.

4.1 Mechanical Damage

This section presents the general characterization of the coating first. Then, the
investigation into the mechanical damage of coatings and factors affecting the damage

mode is discussed.

4.1.1 Characterization of Chromium Coatings

An optical microscopy image of the as-deposited hard chromium coating along with
substrate surface is shown in Figure 4-1. The image reveals an inherent crack network
that developed during the electroplating process due to residual tensile stresses. Two
types of cracks were identified. The first are dark cracks which were freshly formed

cracks. The second are deeper in the coatings and appear brighter in the image. These
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cracks formed first and then a layer of chromium partially covered them [8]. It was also
observed that the coating surface topography replicates the substrate surface as shown in
Figure 4-1 (insert). Paths of the cutting edge of the milling cutter that took place prior to
plating are observed on the coating surface. This is because chromium electroplating does
not show any kind of leveling. In other words, chromium deposition will not only
reproduce substrate roughness, but also will magnify the peaks and valleys. Figure 4-2
shows the difference between leveling and none-leveling coating mechanisms. This

feature is well documented in the literature of hard chromium electroplating [44].

Figure 4-1  Micrograph of chromium plating surface along with substrate surface
prior to plating (insert)
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Figure 4-2 Schematic diagram showing leveling and no leveling mechanism.

Next, plated specimens were sectioned to examine the coatings cross sections, as shown
in Figure 4-3. The coating appears uniform and dense with low porosity. The coating
exhibits excellent bonding to the substrate as it shows a continuous interface with no
defects. Inherent cracks, visible in the cross-section, are perpendicular to the substrate
and are about 7 pm in length. They are randomly distributed along the cross-section and

did not extend to, or into, the substrate, as shown in Figure 4-4.

Figure 4-3 A representative cross-section of a chromium coating (plated for 16 h)
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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 software. Table 4-1 shows the plating time and
the corresponding coating thickness. It is observed that as the plating time increases, the

plating thickness increases.

Table 4-1 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 thickness (um) 11 40 87 100 167 184 194
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The average surface roughness (Ra) of the substrate prior to plating was 0.68 +0.08 pum.
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 0.70 +0.06 pm. It is
interesting to note that the coating surface roughness is very similar to that of the
substrate. This commonly occurs when using low current density during the plating
process [2], [8] as the case in this study. Chromium plated 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 studied samples, the depth of cut has to be more
than 4 £0.05 um. Such finish is financially preferred because a little material required

removal.

4.1.2 Mechanical Properties Results

Mechanical properties of chromium coatings were obtained using a nano-indentation
system. Equation 3- 1 to Equation 3- 4 were used to calculate the hardness and Young’s
modulus of the samples, respectively. It was found that the plating thickness had no
impact on either hardness or Young’s modulus. The average hardness and Young’s
modulus of the coating obtained from nano-indentation testing was 9 +1.5 and 290 +67
GPa, respectively. Due to the small indentation depth (< 1.5 um) of the nano- indentation

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*ml/2. All values of mechanical properties are in
agreement with values found in the literature for nano-hardness [45], Young’s modulus,

fracture toughness [46] and Vickers hardness [5].

4.1.3 Residual Stress Results

Stress as a function of coating thickness profiles of sample ‘E’ measured at different
direction were plotted, as shown in Figure 4-5. It was found that there is no significant
difference between stress values measured at various directions. This indicates that
residual stresses are isotopic in the plane of the coatings. Maximum and minimum
principal stress versus coating thickness of sample ‘E’ were plotted, as shown in Figure
4-6. Both principal stresses were close in magnitude and exhibited a similar trend. At
thickness zero (at coating/substrate interface), stresses were compressive due to interface
mismatch. As the thickness increased the residual stresses rise and became tensile at a
thickness greater than 13 pm. The tensile stresses continue rising to a value of 300 MPa
at a thickness of about 120 um. On the surface, the residual stress drop slightly. This drop
could be because of the mechanical polishing done prior to XRD experiment, which tends

to induce compressive stress.

Surface residual stress measurements were also performed on specimen ‘B’ having
thickness of 40 um. The maximum principal stress at the surface of this sample was +162
MPa. In order to compare the principal stresses of specimen ‘E’ and ‘B’ at the same
coating thickness, a best fit line of the maximum stress in Figure 4-6 was generated. The
maximum principal stress at thickness of 40 um calculated using the best fit polynomial
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was about +150 MPa which is close to result obtained for specimen ‘B’ at the same
coating thickness. This indicates that as the chromium coating is building up, the residual

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

chromium.
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
p i ]
in | ]
0 -
004 A ]
]
rrTYYTrr[rrrrrrrrrr ey T | L

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

4.1.4 Inherent Cracks Density on Coating Surface

Measurement of the inherent crack density on the surface of the chromium coatings was
conducted on polished specimens. Inherent crack densities on the coatings surfaces with
corresponding plating thickness are shown in Figure 4-7. It was observed that the surface
inherent crack density increased with increasing thickness, which has also been observed
by others [8]. The increase in crack density is caused by the rise in residual stresses as a
result of increase in coating thickness previously noted. The overall average inherent
crack density was 125 cracks/mm which is in agreement with other studies [47]. The
question that now arises is whether cracking density and residual stresses would impact

coating mechanical failure.
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Figure 4-7  Inherent crack density observed on plating surfaces as a function of
coating thickness

4.1.5 Indentation Results

In order to assess the coating behavior under indentation and its relationship to residual
stresses and inherent cracks, a series of indentation experiments were conducted on the
coatings. Indented coating surfaces and cross-sections were examined using optical
microscopy to evaluate cracking damage resulting from the spherical indenter. Two
types of surface cracks were identified: ring and radial cracks, as illustrated in Figure 4-8.
Transverse cracks were observed on the cross-section, as shown in Figure 4-9. The
diameter of ring cracks and the length of radial cracks increased with increasing load.

Furthermore, size of indent impression increased with increasing load which indicates
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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 pm thick) indented with a sphere under a) 60, b) 100 and c¢) 150
kg load.

Figure 4-9  Optical micrographs showing cross-sections of cracking pattern of
chromium coating (167 pm thick) indented with a sphere under a) 60,
b) 100 and c) 150 kg load

Profilometry scans were carried out to assess geometric feature of the indentation
impression. Figure 4-10 shows a representative example of a 3D representation of indents
on a 167 thick coating as a function of load. As observed in optical microscopy images,
increasing applied load remarkably enlarged indents impression. In particular, they
become wider and deeper as the load increases. Hertzian and radial cracks are visible in

the scans. This indicates that they are wide enough for the scan to recognize them. The
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same trend was observed when looking at the indentation profiles, as shown in Figure 4-

11. The depth of 60 and 150 kg indentation are 28 and 105 pum, respectively.

; 7 T T | T T X T = 1.50
4.50 4.00 3.50 3.00 2.50 2.00 1.50 1.00 0.50 0.00
K[mm]
Figure 4-10 3D representation of indents on hard chromium (167 pm thick)

coating with loads of 60, 100, 150 kg, from right to left (aspect
ratio 1:1:10)

0.0 0.2 04 0.6 08 1.0 12 14

Figure 4-11 2D representation of indents on hard chromium (167 pm thick)
coating with loads of 60, 100, 150 kg, (aspect ratio 1:12)
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The damage cracks are those caused by the indentation loading. The relationship 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 indentation, as shown in Figure 4-12. A similar procedure used
to calculate inherent crack density was followed to determine crack density due to
indentation. Figure 4-13 shows the cracking density as a function of coating thickness.
Cracking density initially increased as the coating thickness increased. At intermediate
coating thicknesses, cracking density reaches its highest value after which it declines.
From this plot, one can identify three regions: thin, intermediate, and thick coatings. Each

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.

4.1.5.1 Thin Coatings (d < 40 pm)

An example of the crack morphology for thin coating is shown in Figure 4-14 (b, c). The
residual stresses in the thin thickness range are compressive as shown in Figure 4-6. In
addition, inherent crack density is low (about 100 cracks/mm) compared to other regions
(intermediate 133 cracks/mm, thick 154 cracks/mm). Two types of cracking patterns
were observed in this region: ring and radial cracks. The former was likely due to
Hertzian-type contact. This type of crack is initiated on the surface just outside the
contact area where the maximum tensile principal stress (g;;) is located and extended

downward, initially propagates vertically then deviates sideways to form a cone as shown
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in Figure 4-14 (c). The crack below the surface tends to extend along the 35 trajectory
[13], [48]. Rings in thin coatings can initiate if the applied load (P) exceeds the critical

load (P.), where P, can be calculated using the following equation [16],

P. = AS.a? (_) Equation 4- 1

where E and E, are the Young’s modulus of the substrate and coating, respectively. S, is
the bulk strength of the coating. A is a proportionality coefficient and is given by
A =2m/(1— 2v,) 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 steel. Figure 4-14 (b)
shows the surface of a representative image of cracking pattern in the thin coating region.
Radial cracks were also initiated on the surface, but caused by the “hoop stress” (0,5,)
[49]. During elastic-plastic contact, hoop stress becomes positive (tension) on the surface
and equal to gy, in magnitude [28]. Figure 4-14 (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 cross-section 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 configuration as described by Chai [30] in which
coatings are relatively flexible because they lack the thickness to support large bending
loads. Instead, bending stress are concentrated 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 due to bending are observed. The applied load is mostly

56



supported by the substrate which was evident by the large substrate plastic deformation

compared to thick coatings.
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4.1.5.2 Intermediate Coating (40 <d < 184 pm)

Coatings in this region have tensile residual stress at the surface as shown in Figure 4-6.
Inherent crack density of about 133 cracks/mm increases as a result of the increase in
residual stress. Figure 4-14 (d) is a schematic diagram showing top and side view of
indent. The figure shows the different cracks that develop in this thickness range. Figure
4-14 (e) is an optical micrograph showing a typical surface cracking pattern of coating
with thickness in the intermediate range. Figure 4-14 (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 first is Hertzian-type 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 can be computed according to [30] for intermediate

thickness,

_ (B"sca?)

= Equation 4- 2
¢ log(C'Egs/Ec)

where B’ is a coefficient and d is coating thickness. Bend rings form outside the contact
area, at distance R radially directed from the load axis, where R can be determined using

the following equation [30],

R=bd logcE./E Equation 4- 3

where b and ¢ are constant coefficients. In addition to being outside the contact area, they

can be distinguished from Hertzian ring cracks by looking at the indent cross section as
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shown in Figure 4-14 (f). Hertzian ring cracks extended downward and outward and
forming a cone-shaped 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 cracks, 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 cracks did not penetrate to the substrate, yet they tend to deflect
closely parallel to the interface [24]. This region has a mixed mode where Hertzian-type

contact and coating flexural cracks both operate simultaneously.

4.1.5.3 Thick Coating (d>184 pm)

The last region is the thick coating region, in which, coatings are approaching monolithic
material as shown in Figure 4-14 (h, 1). Chromium coatings in this thickness range have
residual tensile stresses at the surface that are higher than those in the intermediate
coating region as shown in Figure 4-6 and a higher inherent crack density of about 154
cracks/mm at the surface. Hertzian ring cracks form on the surface at the edge of the
contact area and are driven by the radial stress g;;. They initiate when the applied load

exceeded a critical load determined using [30],

P.=AS.a? Equation 4- 4

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 observed to initiate at the interface
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between the coating and the substrate. The radial cracks formed on the coating surface

are due to surface hoop stresses as a result of elastic-plastic contact.

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

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

major damage mode.

Bending effect
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" 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 4-13 and Figure 4-14 can be better understood by considering the
combined effects of bending and residual stresses. Bending effects decrease with
increasing chromium coating thickness because thicker coating can resist bending more
effectively than thinner ones. On the other hand, residual stresses increase as the plating
thickness increases which promotes cracking damage. Furthermore, the inherent cracks
associated with the residual stress increase and provide increasing sites for crack
initiation. Consequently, the resultant effect of bending and residual stress reaches a
highest value at intermediate coating thickness where the crack density caused by the
indentation is the largest. The resultant effect is minimal for very thin and thick coatings
where the cracking density is the smallest. Figure 4-15 demonstrates the idea of the

combined effect. Note that as previously discussed, bending cracks for thin coatings are
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not observed, as Figure 4-15 would suggest, because the cracks occur in conjunction with

Hertzian cracks and are impossible to tell apart.

4.1.6 Summary

General characterization of the chromium coating was carried out. Chromium coatings
exhibit excellent bonding to 416 stainless steel. Chromium coatings have inherent crack
networks that form during plating process to release residual stress 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 thickness is not 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 lateral cracks 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 and thick coatings. 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 suggests that two factors control cracking
damage due to spherical indentation: bending effects and residual stress effects. The
former increases with decreasing thickness, while the latter increases with increasing
thickness. The combined effect is maximized at intermediate coating thickness and

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 guide to hard 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 recommended as they may not be capable of supporting

the operational load.

4.2 Thermal Damage

Investigation of thermal damage of chromium coatings is presented in this section.
Sample ‘E’ plated for 16 hours was used for the heating effect study. The average
chromium plating thickness was 167 +7 um, measured using an image analysis software,

Image-Pro® Plus.

4.2.1 Mechanical Properties Results

The results of the Vickers hardness test on the plated surface are shown in Figure 4-16.
There was no significant difference between the quenched and air cooled hardness
values. Furthermore, hardness decreased substantially as the heating temperature
increased. From room temperature to 600 °C, the hardness decreased by 15% and by a
further 54% from 600 to 1000 °C. The Vickers hardness of the unheated specimen was
included in the graphs at 25 °C. The substrate effect on the coating hardness was believed
to be minimal since the coating thickness was 10 times larger than the impression depth
for all samples. Vickers hardness measurements were also conducted on the substrate, as

shown in Figure 4-17. 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. When heating 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 evidenced by the difference in hardness as shown in Figure 4-17.
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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.

4.2.2 Optical Microscopy Observation

The coatings were also examined using an optical microscope. A thin oxide film formed
on the chromium coatings due to heating which was removed by fine polishing to make
microstructural characterization of the coatings possible. The crack network on an
unheated part is shown in Figure 4-18 for comparison purposes. Figure 4-19 shows
micrographs of surfaces of the quenched and air cooled chromium coatings as 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 that of the unheated surface shown in Figure 4-
18. At 800 °C, thermally-induced 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 for 416 stainless steel [46]. In
other word, the steel substrate expanded at a higher rate than chromium during heating,
thereby inducing tensile stresses. When the tensile stresses reached 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. Thermally-induced cracks seem to follow

and extend the inherent cracks.

Figure 4-18 Optical micrograph showing polished surface of unheated
specimen.

65



Figure 4-19

Optical micrographs showing coating surface heated at (a) 200 °C
and quenched, (b) 200 °C and air cooled, (¢) 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 quenched and (h) 1000 °C
and air cooled.
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Observation of specimens cross-sections revealed similar results to those of coating
surfaces in terms of thermal damage, as shown in Figure 4-20 and Figure 4-21 (close up
of coating). No thermally-induced cracks can be observed up to 600 °C. Thermal cracks
start at 800 °C and increased with temperature. No significant difference in cracking
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. Cracks formed on
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 cross-sections 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
quenched, (f) 800 °C and air cooled, (g) 1000 °C and quenched
and (h) 1000 °C and air cooled.
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Figure 4-21

Close up images showing the inherent cracks on the coating cross-
section heated at (a) 200 °C and quenched, (b) 200 °C and air
cooled, (¢) 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
quenched and (h) 1000 °C and air cooled.
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4.2.3 Cracking Density of Coating Cross-Section

The proceeding observations were quantified using the Nascimento and Voorwald [43]
technique described earlier and presented in Figure 4-22. 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 samples in terms of 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 Cross-sectional density of cracks as a function of heating

temperature.
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4.2.4 Residual Stress Results

XRD was used to determine the residual stresses on the coating surfaces. Figure 4-23
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 doubled for both quenched and the air cooled sample as
compared to as-deposited coating. Maximum principal stresses of the quenched and the
air cooled coatings increased from 260 to 552 MPa and to 589 MPa, respectively. This
large increase is believed to be due to thermal 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 remain on the coating
surface as the coating/substrate 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 not high enough to initiate crack formation which would have
released some of the residual stress. At 1000 °C, the quenched chromium coating exhibits
compressive stresses, around -15 and -300 MPa for maximum and minimum principal
stresses, respectively. Cracking due 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 drop (Figure 4-23). 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 (see Figure 4-17). After cracking and releasing of residual stresses,
further cooling of the steel substrate core might have caused an additional drop in surface

residual stress placing the coating surface in compression. Air cooling is expected to

71



produce less martensite; as a result, the surface of air cooled chromium coating exhibited
tensile stress. Coatings were isotropic except for the 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

4.2.5 Indentation Results

An indentation study was carried out to evaluate the mechanical damage of the chromium
coatings after thermal cycling. Profilometry scans were also performed on individual
indentations and analyzed to obtain geometric features such as, depth, width, and volume
of indentation impressions. Unheated specimen revealed similar damage mode to that of

intermediate coating thickness region as shown in Figure 4-14 (e, f). Figure 4-24 and
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Figure 4-25 show the top and cross-sectional views of indentations on the specimens that
received heating. Up to 600 °C, similar damage modes to those of as-deposited 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. Pile-up is a feature that is usually
exhibited by ductile materials. It is believed that chromium coatings heated to 1000 °C
exhibit pseudo-ductile behavior. They act similar to ductile materials at the macroscale,

but they are brittle and fracture at the microscale [50].
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Figure 4-24
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i 7, Quenched m ol 2, Air cooled

00 *C, Quenched m B00 =L, Adr coaled

1000 *C, Quenched m 10048 *C, Adfconked

Micrographs showing top view of indentation on specimens heat
at (a) 200 °C and quenched, (b) 200 °C and air cooled, (¢) 600 °C
and quenched, (d) 600 °C and air cooled, (¢) 800 °C and
quenched, (f) 800 °C and air cooled, (g) 1000 °C and quenched
and (h) 1000 °C and air cooled.
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Figure 4-25 Micrographs showing cross-sectional view of indentation

specimens heat at (a) 200 °C and quenched, (b) 200 °C and air
cooled, (¢) 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

quenched and (h) 1000 °C and air cooled.
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The volume of the indentation impressions were measured from profilometry scans and
plotted as a function of heating temperature, as shown in Figure 4-26. Representative
examples of indentation profile are presented in Figure 4-27. Up to 600 °C, there was no
significant change in terms of indentation volume. At 800 °C, there was a remarkable
increase in impression volume. This is due to the fact that chromium coating cracked as a
result of heating as shown in Figure 4-19 (e, f) and cannot resist loading as those coatings
which did not thermally 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 because the substrate became harder as a result of martensite formation.
Observation of indentation cross-section revealed that coating displacement was higher
than that of the substrate. This occurred because the chromium flows around the
indentation rather than pushing and deforming the hard substrate as shown in Figure 4-24
(g, h) and Figure 4-25 (g, h). Compared to as-deposited sample, indentation profiles
obtained from the scans confirm optical microscopy observation for the pile-up material

around indentations in specimens heated up to 1000 °C, as shown in Figure 4-27 (C).

76



m ] L L 'r i v ki L I L L ¥ L T L i L v T L ¥ L v T i L ¥ v T ¥ 14
i ® Air cooled - ]
18] ® Quenched ]
e ] f
E 164 ° 7
B |
™ 1 1
w 47 ]
= . . ]
b 4
= 124 [ ] B
o ] ]
E : . L
B 101 e ]
* 5
ﬂ 4 4
b= ] :
6 4
L ¥ T v  J v L T L L L] L T v L2 L ] T L ¥ L v T L v 13 v T ¥ L3 3
o0 200 400 600 800 1000
Heating temperature (°C)
Figure 4-26 Volume of indentation as a function of heating temperature.
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Figure 4-27 Indentation profile of (a) as-deposited (b) heated at 800 °C and

quenched (c) heated at 1000 °C and quenched samples (aspect
ratio is 1:12).

4.2.6 Summary

Thermal damage of chromium coatings and its effect on mechanical damage was
investigated as a function of heating temperature and cooling rate. The samples were
heated to different temperature and then cooled down either by water quenching or by air
cooling. The hardness of thermally cycled coatings decreases as heating temperature
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increases. No thermal damage was observed up to 600 °C. At 800 °C, the density of
thermally-induced cracking damage increased. There was no significant difference
between quenched and air cooled specimens in terms of thermally-induced cracks.
Thermal cracks formed to release tensile stresses induced by the thermal 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 hardened the substrate.
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. Hertzian-type indentation tests were carried
out on the coated specimens. The as-deposited sample and those heated up to 600 °C
exhibited the same pattern of cracking damage due to indentation: ring, cone, surface
radial and radial bend cracks. At 800 °C, indentation damage showed partially developed
ring and radial bend cracks. Pseudo-ductile deformation was observed on the specimen
heated to 1000 °C as a result of indentation loading and no indentation cracks were
observed. Furthermore, the hardened substrate reduced the volume of indentation

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 to spherical
indentation as a function of thickness has been obtained. In this section, an intermediate
coating thickness (167 um) was selected for a detailed investigation. This is because in
the intermediate coating thickness region, a combination of bending and residual stress
effects takes place resulting in a variety of damage modes. Furthermore, a novel method

of determining strain is applied to these samples.

4.3.1 Focused Ion Beam Circles Analysis on Coating Surface

After FIB circles were created on the surface of the sample, an indentation test was
performed. Figure 4-28 shows an optical image of the damage due to indentation made
on the surface. As expected, the crack patterns observed in this study were the same as
those observed in the optical studies for the same thickness range, specifically, a mix of
radial and ring cracks. It was observed that no cracks initiated at the center of the
indentation when examined from the top view of the indentation, as shown in region A of
Figure 4-29. This is because the coating surface is under compressive stress at the center
of indentation. At some radial distance, ring and surface radial cracks begin to form. It is
believed that ring cracks form once the applied load reaches a critical load [24].
Similarly, radial cracks form once a second critical load is reached, during the elastic-
plastic loading, which implies that ring cracks occur before radial cracks [24], [28]. Since
chromium is brittle, it will not undergo plastic deformation. However, the 416 stainless

steel substrate does exhibit plastic deformation under loading. The resulting indentation is
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a combination of the brittle fracture of the coating and the plastic deformation of the
substrate. For this work, the elastic-plastic region occurs when the substrate undergoes

plastic deformation.

A novel use of FIB and SEM imagery will be used to investigate the deformation in the
416 stainless steel substrate. When a crack interacts with a FIB circle, material
displacement can be observed and, therefore, stress direction causing crack initiation can
be determined and the order of radial vs ring crack can be determined. For instance, one
can observe that in Figure 4-30, which is a magnified image of region B in Figure 4-29,
part of the FIB circle has been cracked and displaced after fracture. It is believed that the
crack is caused by principal radial stress g;; perpendicular to crack opening direction and

then pulled by hoop stress g,5.
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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 in Figure 4-38 showing a cracked
circle due to indentation and the direction (arrow) of principal
stress causing fracture.
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4.3.1.1 Interactions of Indentation Cracks

Indentation cracks are those caused by indentation loading, such as ring and radial cracks.
To help understanding the formation of indentation cracks in chrome coatings, ring/radial
crack interaction was examined. Figure 4-31 shows micrograph of an indented specimen
where ring and radial cracks interact. At some distance from the contact center, the
Hertzian ring crack H; formed as a result of radial stress followed by the radial crack R;
caused by the hoop stress. This order occurred because Hertzian cracks form during
elastic deformation, while radial cracks develop during elastic-plastic contact. The order
of crack formation can be identified by examining the radial/ring intersections. When two
cracks are propagating in different directions, the crack that formed first would prevent
the intersecting crack from propagating further. For example, crack H, formed and
subsequently followed by crack R,. Subsequently, Hertzian cracks H; and H, formed but

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

4.3.1.2 Inherent and Indentation Cracks Interactions

One can also notice that most cracks do not propagate in perfect straight lines. That is due
to the fact that crack propagation generally follows the path of less resistance. In this case
are inherent crack. Figure 4-32 (a) shows an overall view of the whole indentation and
Figure 4-32 (b) is a magnified micrograph of region C. One can observe that the radial
crack changed its path when it encountered an inherent crack as it provided an easy path
for propagation. The direction change in the radial crack path was for a short distance
because the radial crack was forced to follow the maximum stress direction which is not
in the same direction as the inherent crack. This figure also shows a radial crack initiated

at an inherent crack suggesting that inherent cracks are also location of crack initiation.
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Figure 4-32 (a) SEM micrograph showing the whole indentation (b) a
magnified image of region C showing inherent crack and
indentation crack interaction.
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4.3.2 Focused Ion Beam Circles Analysis on Coating Cross-
Section

SEM examination of FIB circles on the coating cross-section was conducted after
indentation, as shown in Figure 4-33. Boxes ‘a’ though ‘f’ indicate the regions were
higher magnification SEM images were taken. The diameters of the FIB circles were
measured on the coating and on the substrate. There was no change in diameter of FIB
circles located on the coating cross-section pre and post indentation. For example, Figure
4-34 is a magnified micrograph of region ‘a’ of Figure 4-33 showing a FIB circle that did
not crack due to indentation. The diameter of this circle was 32 pum before and after
indentation. This indicates that the chromium coatings did not plastically deform. Instead,
chromium coating cracked when the induced stress exceeded the bulk strength of the
chromium because of the brittleness of the chromium coatings. Circles on the stainless
steel substrate were distorted due to plastic deformation forming an elliptical shape, as
shown in Figure 4-35 which is a magnified image of region ‘b’ in Figure 4-33. Figure 4-
36 is a magnified micrograph of region ‘c’ of Figure 4-33 showing a circle at the
coating/substrate interface where the circle cracked on the coating and deformed on the

stainless steel substrate.
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Figure 4-33 SEM image of the indentation cross section showing the circles.

87




15.0kV 13.2mm xB00 SE(M) 50.0um

Figure 4-34 A magnified SEM image of region ‘a’ in Figure 4-33 showing a
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 micrograph of region ‘b’ in Figure 4-33 showing a
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 region ‘¢’ in Figure 4-33
showing a circle on the coating/substrate interface.

4.3.2.1 Damage Modes on Coating Cross-Section

In this sub-section the different types of cracks (damage modes) in the cross section are
identified and discussed. Figure 4-37 is a magnified image of region ‘d’ of Figure 4-33.
Figure 4-37 shows how the radial and Hertzian cracks formed on the surface interact with
each other. One can see the radial cracks coming from the back intersecting Hertzian
cracks. Hertzian cone cracks initiate at the surface and extend downward at an angle with
the loading axis. Region ‘e’ of Figure 4-33 is magnified in Figure 4-38. Bend radial
cracks initiated at the interface extend upward, as shown in Figure 4-38. The crack edge
having the wider opening indicates the location of crack initiation, where the maximum
stress occurred. Delamination occurred in region ‘f” due to indentation, as shown in

Figure 4-39.
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Figure 4-37 A magnified SEM image of region ‘d’ in Figure 4-33 showing
radial/Hertzian cracks interaction
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15,06V 13.2mm x600 SE(M)

Figure 4-38 A magnified micrograph of region ‘e’ in Figure 4-33 showing
bend radial cracks initiated at the interface.

Figure 4-39 A magnified optical micrograph of region ‘" in Figure 4-33
showing delamination at the coating/substrate interface due to
indentation.

91



4.3.2.2 Strain Contours and Directions of Substrate

Major and minor strains and their directions in the stainless streel substrate due to
indentation were determined from FIB circles, as discussed in section 3.8. Shear strain
developed at each individual circle was calculated. Contours of major, minor and shear
strains are shown in Figure 4-40. An array of circles that was 3 circles deep and 10 circles
wide was used for these calculations. The frame of reference (upper left hand corner of
the array) is shown in Figure 4-33. Although the stress distribution that caused the strain
distributions shown in Figure 4-40 could not be measured directly, it is reasonable to
assume that it would be similar to the strain distribution. The directions of major and
minor strains are shown in Figure 4-41 (a) and (b), respectively. It was found that the
major strain follows the principal radial stress oy, trajectories shown in Figure 2-6 and
reproduced in the insert of Figure 4-41 (a). Furthermore, the minor strain is in the same
direction as the normal principal stress o33. Therefore, it is believed that major strain was
caused by principal tensile stress g1, while the minor strain is caused by the principal

compressive stress g33, as described by the Hertzian contact theory.

For a Hertzian stress distribution, the radial stress g;; is compressive below the indenter
and its magnitude decreases down to zero, as shown in Figure 4-42 (left). Subsequently,
01, becomes tensile and increases until it reaches a maximum value, after which it starts
drop. However, the distribution in Figure 4-40 (a) is somewhat different. The maximum
stress is tensile in the middle section and there is no compressive stress at all. It is
believed that the region of the compressive stress occurred within the coating and could
not be measured due to the brittle nature of chromium. Only the region of positive stress

occurred in the substrate, as shown in Figure 4-42 (right).
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Similarly, the distribution of principal stress o033 was different from that of Hertzian
contact of monolithic materials shown in Figure 4-43 (left). In Hertzian contact, the
principal stress g3; is essentially compressive everywhere in the contact zone. Its
magnitude reaches a maximum value just below the indenter and decreases with
increasing depth below the surface. However, the contours in Figure 4-40 (b) show that
the highest compressive strain was around 100 um below the interface. It is believed that
coating delamination shown in Figure 4-39 released some of the compressive stress close
to the interface. This led to a decrease in the compressive stress in the vicinity of the

interface.

The contours of the shear strain are in agreement with the shear distribution of Hertzian
contact of monolithic materials shown in Figure 4-44. The maximum shear stress
occurred at a distance below the indenter. In addition to the justifications discussed
above, Hertzian contact assumes that the contact is elastic, but the indentation in this
study is elastic-plastic contact which may slightly alter the stresses distribution. The FIB
circle method makes it possible, for the first time, to analyze the stress (strain)

distribution of spherical indentation experimentally.
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Figure 4-40
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by the circles on the stainless steel substrate.
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Figure 4-41 Direction of (a) major and (b) minor strain for each individual
distorted circle on the substrate.
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coating

interface
Figure 4-42 Stress contours of 011 due to Hertzian contact (left) and the effect
of coating on the stress contours (right).
coating
interface
Figure 4-43 Stress contours of o33 due to Hertzian contact (left) and the effect
of coating on the stress contours (right).
Figure 4-44 Contours of principal shear stress due to Hertzian contact [13].

4.3.3 Summary

A detailed investigation of mechanical damage using FIB circles provided insight on the
behavior of chromium coatings during indentation. Cracked circles on chromium coating
surface helped identify the direction of stresses acting on the coating due to indentation.
Ring cracks form first during elastic loading, while radial cracks form during elastic-
plastic loading. Major and minor strain contours and direction on steel substrate due to

indentation were determined. Major and minor strain directions were similar to those of
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principal radial stress o;; and principal stress gz3, respectively. Contours of strain
distribution were plotted and compared to those of Hertzian contact of monolithic
materials. Differences in trends between experimental and theoretical Hertzian
distribution are related to the presence of the chromium coating and the plastic-elastic
behavior. The novel technique developed in this work assisted to analyze the stress

distribution experimentally.

97



Chapter 5

Conclusions

The first objective was to investigate the mechanical damage of hard chromium coating
as a function of coating thickness and load. To achieve this objective, a series of spherical
indentations were carried out as a function of coating thickness using different loads (60,
100, 150 kg). It was found that coating bending and residual stresses significantly affect
the extent of coating damage. The mechanical damage of the chromium coatings as a
function of coating thickness is characterized by three regions, namely thin, intermediate,
and thick coating. Each region has a distinctive damage pattern. Thin coatings are
predominated by Hertzian ring and radial cracks. Intermediate coatings experienced
Hertzian and bend ring cracks and surface and bottom radial cracks. Thick coatings
exhibit Hertzian and radial cracks only. Increasing the load did not change cracking
pattern, but increased the severity of the damage. This indicates that the stress

distribution does not change with changing load, only magnitude.

The second objective was to investigate the thermal damage of hard chromium coatings
as a function of heating temperature and the effect of heating and quenching on the
mechanical response of the coatings. Coated specimens were heated to different
temperatures (200, 600, 800, 1000 °C) and then cooled down by water quenching or by

air cooling. Heated specimens were then indented with a spherical indenter using 100 kg
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load. Optical microscopy observations revealed that no thermally-induced cracks were
observed up to 600 °C. Beyond 600 °C, thermal cracks were observed and increased with
temperature. Thermally-induced cracks were caused by heat cycling due to the thermal
expansion coefficient mismatch between the chromium coating and the stainless steel
substrate. At 1000 °C, martensite formed in the substrate due to the heat cycling, which
led to increase in the thermal crack density. Thermally-induced cracks had a significant
effect on the mechanical response of chromium coatings. At 800 °C, indentation damage
exhibited partially developed ring and radial bend cracks. At 800 °C, Pseudo-ductile
behavior was observed as a result of indentation loading and no indentation cracks were
observed. Further, the hardness of the substrate substantially increased due to martensite

formation that led to a dramatic decrease in the volume of the indentation impression.

The third objective was to investigate inherent and indentation cracks interactions and to
study the strain distribution on the substrate due to spherical indentation. A detailed
investigation was conducted for accomplishing this objective. It was found that when an
indentation crack encountered an inherent crack, the damage crack follow the inherent
crack for a short distance as the later provides an easy path for crack propagation. Lastly,
a novel technique was developed to investigate the deformation in the substrate. FIB
circles were machined on the coating cross-section to examine any distortion caused by
the indentation. Strain values and directions were determined. Strain contours were

plotted and compared to those of Hertzian monolithic materials.

This research work provides chromium plating manufacturers with insight on processes
that may take place during grinding, i.e, accidental overloading and overheating. The

study also have shown that the chromium coatings within the range of intermediate
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coating (40 < d < 184 pum) may results in excessive damage compared to thinner and
thicker coatings. This work includes information to conduct a study on optimization

grinding process of hard chromium coatings.

6.1 Recommendations for Future Work

A study that examines a wider range of chromium coating thickness should be carried out
to identify the optimal coating thickness in terms of mechanical damage. In terms of
thermal damage, a wider range of heating temperatures can help determine the
temperature at which the coating thermally fails. Covering a larger area of the substrate
by FIB circles can provide more strain contours. Sometimes steel substrates are shot
peened before chromium plating, which may change the surface roughness. Therefore, it
would be interesting to investigate the effect of surface roughness on chromium coating
adhesion, mechanical properties, and mechanical failure. A material model should be
built using finite element method for more analysis of the damage. The finite element
model should be able to determine the critical loads at which cracks initiate for all the
damage modes. It should also be capable of identifying the optimal coating thickness at
which damage is minimized. Utilizing the results of the thermal damage investigation, an

optimization of the grinding process parameters can be carried out.
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Appendix A

Mechanical Damage
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Figure A-1 Cross-sections of a chromium coating plated for (a) 2 h, (b) 10 h,
(c) 12 h, (d) 14 h, (e) 16 h, (f) 20 h and (g) 25 h.
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Figure A-2 Optical micrographs showing cracking pattern of chromium
coating surface indented with a sphere under various loads for
different coating thickness.
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Figure A-3 Optical micrographs showing cross-sections of chromium coating
indented with a sphere under various loads for different coating

thickness.
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