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Abstract

Abstract
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Doctor of Philosophy
An Integrated Laser Cladding and Stress Improvement for Enhancing Surface
Properties
March 2016

Laser cladding is a process that is used to improve the properties of a metal surface. The
properties in question may include hardness, wear-, corrosion- and/or fatigue-resistance.
The process involves fusing a thin layer of additional metal to the original surface, using
a laser as the heat source. Unfortunately, residual stresses are generated due to the rapid
and highly localised thermal expansion and contraction that occur during the heating-
melting-solidification-cooling cycle. These residual stresses can have a detrimental
effect on the final performance of the clad component, especially with respect to
corrosion resistance. Detrimental tensile residual stresses can be mitigated through the
use of post-processing techniques such as laser shock peening (LSP). LSP is a process
that uses a pulsed laser to generate intense spots of recoil pressure on a surface, thereby
introducing compressive residual stresses. Post weld heat treatment (PWHT) is another
process that could be also used in laser cladding in order to relieve tensile residual
stresses. In this work, laser cladding was carried out by depositing a clad layer of AISI
grade 316L stainless steel on to either a S275 steel substrate or an AISI grade 316L
stainless steel substrate, using different process parameters. The hardness and residual
stresses in the overlay and substrate were assessed for each laser clad sample before and
after being treated with LSP and PWHT. The corrosion rate and microstructure were
also assessed in each case. The novelty of this work is two-fold. Firstly, to the author’s
knowledge, it is the first study that attempts to link process parameters to both the
residual stresses and the corrosion performance of austenitic stainless steel overlays
deposited by laser cladding. The second novel aspect is based on the application of both
LSP and PWHT to the deposited overlay in order to investigate whether an
improvement in the mechanical properties and the corrosion resistance can be realised.
In this study, tensile residual stresses were generated in the clad layers. However, the
magnitude of the residual stresses did not appear to be particularly sensitive to the
deposition parameters. Indeed, it was found that the number of layers that is deposited is
more important than the choice of process parameters. LSP was effective in reducing
the tensile residual stresses and in fact it introduced compressive stresses to all the
samples that were treated. In contrast, PWHT only led to satisfactory stress relief when
the AISI grade 316L stainless steel was deposited on to a matching substrate material.
This was related to the fact that a difference between the thermal expansion coefficients
of the overlay and substrate led to the development of significant tensile residual
stresses on cooling down after PWHT. The corrosion tests on the clad coupons led to
the development of pits and cracks. However, after LSP only pits were found, without
any sign of cracking, for the test durations that were investigated owing to the fact that
compressive stresses were generated. Similar results were found after PWHT for the
clad samples in which the overlay material matched the substrate material. However,
signs of cracking were observed after PWHT in samples where AISI grade 316L
stainless steel was deposited on to an S275 steel substrate due to tensile residual stresses
remaining within the overlay. This result suggests that there may be little benefit in
carrying out PWHT for components in which grade 316L stainless steel is deposited on
to a steel substrate. In contrast, there appear to be clear benefits associated with carrying
out LSP in order to mitigate the residual stresses and retard the onset of cracking.
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Chapter 1. Introduction

Chapter 1

Introduction

1.1 Research and motivation

The implementation of lasers in industry has widely increased over the years because of
their capability to perform different tasks. Lasers can be used in different applications
such as the measurement of length, holography, analytical techniques, communications,
printing, medical applications and as a heat source [1]. However, the high operational
cost of some lasers has limited their application in some areas. In materials processing
areas, the laser is used as heat source and due to fact that the laser beam can be easily
focused on small areas, the power intensity achieved is high enough to ensure that any
kind of material capable of absorbing the laser energy can be evaporated. Therefore,
industries have implemented the use of lasers in their production processes in order to
perform different applications such as welding, bending, surface treatments, alloying,

cutting, machining, cleaning, heat treatments, stereolithography and cladding.

Owing to the necessity for producing materials with better mechanical properties and
reducing the production costs, surfacing processes such as laser cladding have been
under investigation for decades. It has been found that laser cladding is capable of
satisfy the new requirements of the automobile, aerospace and nuclear industries.
However, the process involves several variables that in turn make laser cladding a

complex process.

Laser cladding is a surface process treatment that has been used by industries in order to
improve the mechanical properties of metals such as hardness, wear-, corrosion- and
also fatigue-resistance. This process requires the use of a laser as a heat source in order
to melt and deposit a protective coating over a metal surface [2]. It can be used to
restore worn components or to develop coatings with better mechanical properties than
the base material. The use of inert gases (commonly argon) is necessary in order to

reduce or avoid oxidation during the melting process. Typical lasers used for laser
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cladding are carbon dioxide (CO,), gas lasers, neodymium lasers (Nd: glass or Nd:
YAG), solid state lasers, high-power diode lasers (HPDL), semiconductor lasers and
sometimes fibre lasers [3-5]. Some physical aspects of the laser define the interaction
between the laser beam and the material. Owing to the benefits achieved, laser cladding
has been used to repair turbine blades in the aerospace industry [6-8], to repair moulds
used in the plastic industry [9], in rapid prototyping [10], to repair die-casting dies [11],
in the repair of heavy mining equipment, and for the reclamation of pump components
in the oil recovery and refining industry. In some production processes, the corrosion
resistance of the material is fundamental; therefore, an exhaustive study of cladding
materials that provides good mechanical properties and excellent corrosion resistance
has been performed. Ceramics, metal matrix composites (cermets), and Ni alloys are

some of the materials used as coatings [12].

Since laser cladding is a melting process; the process parameters play an important role
in avoiding the generation of some flaws during solidification such as porosity and
cracks or to produce a coating with desired characteristics. Furthermore, the use of a
dissimilar material as a coating is an aspect to consider because the differences in
thermal properties between the coating and base material could also affect the final
performance. For instance, differences in the thermal expansion coefficient can lead to
the generation of a highly tensile residual stresses in the overlay during cooling, which
could later contribute to cracking. Several studies have shown that residual stresses
generated in laser cladding, resulting from the constrained contraction of the metal after
solidification, could produce high tensile residual stresses capable of generating cracks
in the cladding [13] affecting the fatigue resistance. Furthermore, the state of the
residual stresses could also affect the performance of the metals in corrosive
environments, promoting a failure related to corrosion mechanisms such as stress
corrosion cracking. Even though, the nature of the process has some drawbacks, there
are some post-processing operations that could be used in order to enhance the

performance of the metals.

Laser shock peening is a surface treatment process used by various industries in order to
improve the fatigue life and corrosion resistance of metals, by introducing compressive
residual stresses in order to mitigate the tensile residual stresses generated by
manufacturing processes such as welding, cutting and forming [5, 14-17]. This process

requires the use of a laser capable of providing high intensity energy pulses. Laser
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shock peening could, therefore, be used in order to mitigate the state of residual stresses

developed in laser cladding.

Another post-process used frequently in welding applications in order to mitigate the
effects of residual stresses is Post Weld Heat Treatment. PWHT is usually applied in
order to restore toughness. However, it usually achieves stress relief, and it could be
used for this purpose after laser cladding in order to improve the fatigue and corrosion

resistance of the metals.

1.2 Aim and objectives

The aim of this work is to study the laser cladding process and understand the effects of
the process parameters on the development of the microstructure, hardness, residual
stresses and corrosion resistance, using both similar and dissimilar materials for the
cladding and base material. Furthermore, laser shock peening and post weld heat
treatment processes will be applied after laser cladding in order to investigate how these
processes interact, and to assess whether they can be used effectively in combination in
order to improve the hardness, corrosion resistance and the mitigation of residual
stresses. This thesis focuses on overlays based on AISI grade 316L stainless steel. This
is an austenitic stainless steel that is widely utilised in marine applications,
pharmaceuticals, food processing equipment, oil and refinery components and medical

applications such as orthopaedic implants.
Based on this over-arching aim, specific objectives have been established as follows:

¢ To determine the appropriate laser cladding parameters that produce a cladding
without discontinuities such as porosity and cracks, and avoid lack of fusion
between overlapping tracks and the base material, using similar and dissimilar
coatings and base materials;

e To examine the microstructure and hardness developed with different process
parameters;

e To examine the corrosion resistance and the state of residual stresses in the laser

clad samples;
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e To apply laser shock peening to the laser clad samples and to examine its effects
on the microstructure, hardness, residual stresses and corrosion resistance;
e To apply post weld heat treatment to the laser clad samples and to examine its

effects on the residual stress and corrosion resistance.

This work will be the first detailed study that links laser deposition parameters, dilution,
hardness and residual stresses to the corrosion performance of laser deposited overlays
in AISI grade 316L stainless steels. In doing so, the potential benefits of residual stress
mitigation processes such as laser shock peening and post-weld heat treatment will also

be investigated.

1.3 Thesis outline

Chapter 2 is a literature review covering the main types of laser used in material
processing, discussing some characteristics that are relevant at present to select the
appropriate laser. Furthermore, a literature review of laser cladding is also included
where the different ways of feeding material are explained. Also, the effects of laser
processing parameters such as laser power, powder feed rate and traverse speed on the
development of the clad layer are explained in detail. The different forces acting on the
molten pool and the associated temperature distributions are also explained. A review of
laser shock peening is also included, providing an explanation of the main process
parameters. In addition, a brief discussion on the microstructure and hardness developed
by laser cladding is also included. Finally, a review of the residual stresses developed in
laser cladding and laser shock peening and their measurement is covered, together with

the different mechanisms of corrosion.

Chapter 3 describes the laser cladding experiments. The set up of for the experimental
work is also described. In addition, a detailed explanation concerning the issues

involved in the generation of cladding without discontinuities is presented.

Chapter 4 provides a description of the procedure utilised in order to reveal the
microstructures developed in the clad samples. Furthermore, the effects of the
processing parameters on the microstructure have been investigated. In addition, the

hardness developed in the clad samples is also assessed.
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Chapter 5 presents the assessment of the residual stresses generated in the cladding

samples, as measured by the shallow hole drilling technique and the contour method.

Chapter 6 describes the effects produced by laser shock peening and post weld heat
treatment on the residual stresses in the clad layer. Furthermore, an assessment of the

hardness of the material after laser shock peening is also provided.

Chapter 7 provides information relating to the exposure of the clad samples to
corrosive environments, in order to assess the stress corrosion cracking mechanism.
Furthermore, the results are related to the residual stresses in the samples, with and

without the application of laser shock peening and post weld heat treatment.

Chapter 8 presents a summary of the conclusions obtained from this study.

Furthermore, suggestions for future work are provided.
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Chapter 2

Literature Review

2.1 Introduction

The use of lasers in industry has promoted the development of different manufacturing
techniques such as laser rapid manufacturing (LRM), laser engineering net shaping
(LENS), selective laser powder re-melting (SLPR), direct metal deposition (DMD),
selective laser cladding (SLC), shape deposition manufacturing (SDM) and direct metal
laser sintering (DMLS). These techniques have been continuously incorporated into
various industries because they have offered reductions in production time and
production costs. The principle of these techniques is based on a fabrication approach
which involves the deposition of material layer by layer. Although these techniques are
similar in concept, since they all involve laser deposition, they are used for different

applications [18-21].

Even though lasers have contributed significantly to the evolution of manufacturing
techniques based on laser deposition, different applications which do not involve the
deposition of material can be also performed. Their application is based on the laser
power density and interaction time, which affects whether the laser heats, melts or
shocks the surface of the base material [22]. Figure 2.1 shows a classification of some
laser surface treatments performed by lasers. The rapid manufacturing techniques can be
classified as melting laser surface treatments. In this work, the emphasis is placed on

laser cladding and laser shock peening processes.

This chapter describes the principles of the laser cladding deposition process and
highlights some factors that could affect its performance. A brief description of some
categories of laser that are frequently used in laser cladding and their general
characteristics are also discussed. The mass transfer produced by a powder stream and
the relationship between process parameters such as laser power, traverse speed and

powder feed rate in the generation of a single cladding track is described. The different
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forces acting in the melt pool are also discussed. An examination of the microstructures
developed after rapid solidification, and the residual stresses generated by the steep
temperature gradients in the vicinity of the cladding, and their measurements, are
discussed in detail. Attention is also given to the different mechanisms of corrosion that
can affect the performance of clad surfaces. Finally, the effects of different processing
operations that could be used post cladding in order to improve mechanical properties

such as hardness, and the corrosion resistance, are described.

Laser Surface Treatment

Heating Melting Shocking
Annealing Alloying Cladding Shock
hardening
Trans. Glazing Grain refining
Hardening

Figure 2.1 Methods of some laser treatments. Adapted from [22]

2.2 Types of lasers

The word “laser” derives from the acronym “light amplification by stimulated emission
of radiation”. A laser consists of a chamber in which light is oscillating; the chamber
contains an active medium which amplifies the light oscillations. The active medium is
excited by an external source of power [1]. There are different types of lasers; these are
normally classified by the active medium used to amplify the light. The principal

categories are as follows [5]:

Fibre lasers

Solid-state lasers

Gas lasers

Semiconductor (diode) lasers

b=

Although lasers are used for different applications, the most commonly used in

industrial processes are the gas lasers, solid-state lasers and semiconductors lasers.
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Fibre lasers:

Fibre lasers constitute another class of laser used in industrial processes such as welding
and cladding. They have a good beam quality and are capable of achieving small spot
sizes in the order of micrometres. The output powers have been typically in the
hundreds of watts although more recently fibre lasers with beam powers of several
kilowatts have become prevalent. They can be operated in pulse mode or in continuous
wave mode and they use an optical fibre where the core is doped with either erbium
(Er), neodymium (Nd) or ytterbium (Yb) rare earth elements as the active medium. Care

is needed at high powers because the potential exists to damage the fibre [5].

Solid-state lasers:

Solid-state lasers used in industrial processes include Nd:YAG or Nd:glass. These lasers
are more efficient than CO, lasers and they have an immense power laser (i.e. Nd:YAG
in continuous mode up to kW and in pulsed mode up to MW ). Nd:YAG laser uses a
non-destructive solid of crystal as an active medium and Nd:glass lasers use a glass
composition instead. The laser light output can be continuous wave or Q-switched (or
pulsed) mode [3, 14]. This laser has been successfully used in order to shock peen

material surfaces.

Gas lasers:

Carbon dioxide (CO,) and Excimer lasers are different gas lasers used in industrial
processes such as cutting or cleaning. They are suited to different applications according
to the maximum laser power which varies in the range of kilowatts to milliwatts. The
wavelengths emitted by the carbon dioxide and excimer lasers are approximately 10.6
pm and 249 nm respectively. In each case, the laser beam can be easily focused to a
circular spot. Furthermore, CO, laser can be operated in continuous wave or pulsed

mode while an excimer laser can only be used in pulsed mode. [3]
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Semiconductor (diode) laser

High power diode lasers (HPDL) were introduced to the industry such as aerospace and,
automotive in order to perform applications that involved welding, cladding or surface
treatment. One advantage of this laser corresponds to the short wave-length emitted,
which is in the range between of 0.65 and 0.94 pum. This leads to a higher level of
absorption (and therefore more efficient use) of the laser light on material surfaces. The
effect of short wave-lengths can be observed in Figure 2.2 where a CO, laser exhibited
high reflectivity on steel material. Furthermore, with a HPDL laser, the output beam has
a rectangular or square shape; although this can be changed to circular shapes with the
use of special optics [5, 23-24]. This laser has been used in laser cladding processes
because of its high energy efficiency and high power outputs. However, HPDL lasers
have a poor beam quality, which means that a small spot size, in the order of
micrometres, cannot be achieved. However, this does not present a problem in laser
cladding operations since wider areas of a surface need to be covered. Furthermore, the
laser beam profile is considered to more uniform in intensity as opposed to a Gaussian

distribution.

A summary of the most common parameters used in laser cladding operations with

different types of laser is presented in Table 2.1.
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Figure 2.2 Reflectivity vs. Wavelengths for various metals [14].
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Table 2.1 Typical laser parameters for lasers frequently used in laser cladding [3].

Nd:YAG Nd:YAG
Characteristics CO, HPDL Fibre
Lamp-pumped Diode-pumped
Wavelength (um) 10.64 1.06 1.06 0.65-0.94  1.03-1.6
Efficiency (%) 5-10 1-4 10-12 30-50 20

Maximum power
used in cladding 45 4 5 6 2
operations (kW)

Average power

. 10°to 10° 10° to 10 10° to 10 10’ to 10° 10’
density (W/cm®)
Service period 5000-
1000-2000 200 5000-10000 100000
(hours) 10000

Beam parameter

product (BBP) 12 20-45 12 100-1000 -

(mm x mradian)

Fibre coupling No Yes Yes Yes Yes

2.3 Laser cladding process

The laser cladding process involves producing a new coating layer on a base material.
The new layer of material is fed on to the base material surface and melted by a heat of
source in the form of high power laser. A CNC stage is used in order to move the base
material to any position and produce different configurations of coating layers. In some
circumstances the laser is moved by robotic arms and the base material remains static.
The laser cladding process can be classified according the way the material is fed. There
are four methods by which the new material can be delivered in order to produce the

coating layer. These methods will now be discussed:
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2.3.1 Pre-placed powder

The powder is mixed with a binder to produce cohesion between the powder and the
substrate. The mixture is placed on the surface to be clad before the laser beam
irradiates the substrate (Figure 2.3) [25]. There are some drawbacks with this method.
For example, it should only be used on flat surfaces, the evaporation of the binder in the
pre-placed powder can produce porosity, and it is difficult to maintain control of the

molten zone. However, this process is straightforward and economical [1, 5, 26].

Laser beam

I
Preplaced
powder
Dilution Solidified

powder

Figure 2.3 Pre-placed powder methods [5].

2.3.2 Paste

In this method, the powder is mixed with a binder in order to produce the paste and this
mixture is deposited over the substrate. The difference between the paste and pre-placed
method is that the paste is deposited almost at the same time as the laser beam irradiates
the base material [3, 27]. Specific equipment is required in order to feed the paste; and
this can be a drawback. Additionally, in order to have a strong coating, it is critical to
control the substrate and paste feeding speeds. Figure 2.4 provides a schematic

representation of the paste method.
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Laser Beam

Paste

Clad

Substrate I

Figure 2.4 Paste methods [3].

2.3.3 Wire feeding

The cladding material is fed in the form of a wire toward the base material in order to
produce a coating layer. This approach can be used to produce coatings in complex
geometries. However this method tends to produce porosity, cracks, and sometimes
poor bonding between the cladding and substrate, because only a small proportion of
the laser energy is absorbed by the wire [3, 28-29]. On the other hand, the equipment
used to feed the wire is straightforward and inexpensive. Figure 2.5 provides a

schematic illustration of the wire feeding method.

Laser Beam

Substrate

Figure 2.5 Wire feeding methods [3].
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2.3.4 Powder feeding

The powder is delivered to the molten pool by a lateral or coaxial nozzle with the help
of gases: typically argon or helium (these will be discussed later) [3, 11]. An illustration
of this method is given in Figure 2.6. The powder feeding method has some advantages
over the other methods. For instance, a lower power density is required to produce the
melt pool, the use of a binder is not necessary, it can produce cladding with more stable
geometry, and various powder combinations can be used in order to produce better wear

and corrosion resistant coatings.

Owing to the benefits of powder feeding, this method has become prominent and is
widely used in laser cladding applications. Therefore, the majority information and

research presented in this work is focused on this method.

Argon
gas

Laser Powder | Feeders
beam

Clad layer /
Fusion zone 7:3 A R ;

| Workpiece

Heat source direction

Figure 2.6 Powder feeding methods [5].
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2.4 Mass transfer by powder stream

2.4.1 Feeding system

Two different options have been considered in laser cladding to deliver the powder over
the substrate surface in order to produce the coating; these are using either a lateral or

coaxial nozzle (Figure 2.6 and Figure 2.7 respectively).

The lateral nozzle was the first method used in laser cladding as a means of feeding.
With this method, the powder is delivered by the lateral nozzle towards the substrate
with the help of a gas (argon) and the laser beam is also shrouded by a gas (argon) in
order to avoid oxidation. An advantage of using a lateral nozzle is that a sufficient
volume of powder can be rapidly deposited over the substrate [30]. However, the

movement of the cladding head is limited to one direction.

On the other hand, the use of a coaxial nozzle enhanced the use of laser cladding as a
laser surface treatment. A coaxial nozzle improves the powder delivery efficiency
because the powder, the carrier gas and the protective gas are delivered by the same
nozzle [3, 31-32]. The coaxial nozzle can be used in robotic arms [33] and this led to
laser cladding being used in processes such as additive manufacturing. Furthermore, 3D
metal components can be manufactured using a CAD drawing, which offers a

significant decrease in the production time for the manufacturing process [34-35].

As can be seen, three locations are highlighted in Figure 2.7: (1) the main hollow the
laser beam passes through within the nozzle prior to reaching the substrate, (2) a flow of
gas (argon or sometimes CQO,) is injected to protect the focussing lens from spatter and
avoid powder oxidation, and (3) the powder is injected through the special cavities with
the help of gas (argon) and it is fed toward the substrate. At the outlet of the nozzle, the

powder becomes molten due to heating by the laser beam.
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Figure 2.7 Coaxial nozzle [36].

2.4.2 Powder stream process

Laser cladding by powder feeding can use a lateral or coaxial nozzle so as to transport
the powder to the molten pool. Here, the focus will be on the powder stream produced
by the coaxial nozzle. The condition in which the powder stream arrives at the molten
pool is critical; this means the powder should be homogenous in order to get a proper
cladding. Toyserkany [3] suggested that if the powder stream maintains a laminar flow
while it is transported then a homogenous powder stream will be achieved. Sometimes,
it is difficult to get this condition because the flow of the powder stream also depends of

factors such as powder feed rate, the powder itself and the nozzle profile.

Owing to the importance of the powder stream flow, many investigations have been
carried out in order to understand the behaviour of powder stream flow under different
conditions. Lin [34] and Lin and Steen[37] found that by using a coaxial nozzle, the
density of the powder stream flow follows a Gaussian distribution, with maximum flow
occurring at the centre of the nozzle. This mode of powder stream concentration has
been further verified by Pinkerton and Li [38-39]. This kind of information can be

useful for the design of coaxial nozzles.
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On the other hand, apart from the design of the coaxial nozzle, other factors that could
affect the powder stream flow include the velocities of the shielding and the carrier gas.
As mentioned in section 2.4.1, the coaxial nozzle is built with special compartments for
the shielding and carrier gases. The velocities of these gases are related to the velocity
of the powder stream flow. If the velocity of the carrier gas is too high, most of the
powder will not be melted because the powder will ricochet after hitting the base metal
surface. Furthermore, if the velocity of the shielding gas is considerably higher than that
of the carrier gas, some powder particles will be thrown out of the molten pool [40].
This means, there is a relationship between the velocity of the carrier and shielding
gases. Figure 2.8 shows an example where the velocity of the shielding gas has been
increased considerably and, as a result, some powder particles have been thrown out of

the molten pool.

(a) (b)

Figure 2.8 Hot powder streams. (a) Shielding velocity gas of 2 m.s; (b) Shielding
velocity gas of 8 m.s™' [40].

2.4.3 Laser cladding single track dimensions

The dimensions of laser cladding single tracks can be related to different process
parameters such as the laser power, the powder feed rate and the traverse speed, and to
some laser configuration parameters such as the laser beam diameter. The combination
of these parameters can lead to the generation of various cladding configurations, for
instance, they can lead to different values for the height and width of tracks (Figure
2.9); even though single track widths are strictly related to the beam spot size because

the melt pool width is limited by the spot size [41]. This means, no further melting can
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occur beyond the spot size. Several studies have focussed on this topic due to the
importance of understanding the effects of process parameters on cladding

configurations [41-46].

Figure 2.9 Cross-sectional area of single laser cladding track. Width W,
height H and cladding angle o [44].

Figure 2.10 shows the change in single track height as a function of powder feed rate
and traverse speed at constant laser power. It can be seen that the height increases as the
powder feed rate increases. This is because higher amounts of powder have been
deposited. However, low heights were also produced using a high traverse speed. In this
case, because the traverse speed has been increased, less powder was deposited per unit
length. Figure 2.11 shows the effects of laser power and traverse speed on track width at
constant powder feed rate. Here, the single track width increases at high values of laser
power. In this case, it is possible to melt most of the powder that is deposited. However,
the widths are lower at high traverse speeds. Again, this is because less powder was fed

into the melt pool.
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Figure 2.10 Single track heights, H, at different powder feed rates, F,
and traverse speeds, S (mm.s™), at constant laser power, P [44].
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Figure 2.11 Single track widths, W, at different laser powers, P, and
different traverse speeds, S (mm.s'l), at constant powder feed rates, F
[44].

Two parameters can be used in order to assess the likely changes in cladding geometry
when considering the effects of process parameters on the height and width of a single
laser cladding track. These are the specific energy and the powder density. The specific
energy is defined as the energy per unit of irradiated area on the sample surface that is
used to melt the materials [45], while the powder density is defined as the mass of

powder that is deposited per unit of irradiated area [3].
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P
Specific energy = ——
pecifi =1y 2.1

m
Powder density = ——
1y DV (2.2)

where P is the laser power, m is the powder feed rate, D is the spot size diameter and V

is the traverse speed.

According to Equations 2.1 and 2.2, changes in traverse speed directly affect the
specific energy and the powder density. Although, there are other functions that can
help to describe the laser cladding profiles such as laser specific energy input [47].
However, most researchers refer to specific energy and powder density. Figure 2.12
shows how the thickness of the clad layer (or the layer thickness) is influenced by the
specific energy and the powder feed rate. It appears that there may be a linear behaviour

between the layer thickness and both the specific energy and the powder feed rate.

The cladding angle, o, (Figure 2.9) is an important parameter when several single tracks
are overlapped in order to cover a larger area [48]. This angle must be approximately
120°; otherwise lack of fusion between single tracks will be expected. This means,
angles lower than 90° will produce an irregular track shape, where an unfused area can
be generated between the base material surface and the deposited material. The gap that
is produced with low angle cladding will prevent the incident beam from reaching the
base material when a subsequent track is deposited. The specific energy and the powder
density also have an influence on the dilution, which will be discussed in the next

section.
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Figure 2.12 Effect of specific energy and powder feed rate on layer
thickness [49].

2.4.4 Dilution

Dilution refers to the extent to which the deposited material is diluted by the substrate.
When examining a cross-section of a single track, dilution can be defined as the ratio of
the substrate area that is melted to the total melted area [5]. Figure 2.13 illustrates the
measurement of dilution for a single laser cladding track. Single track dilution can be

expressed as:

Substrate area melted(2)

Dilution = . 2.3)
Clad region area(l)+ Substrate area melted(2) ‘

Several studies have been carried out in order to understand how dilution is affected by
laser power, traverse speed and powder feed rate. Basically, it has been found that each
parameter affects dilution in different ways [5, 46, 50-53]. Dilution increases if an
increment in laser power is produced. In this case, an increment in laser power
represents an increase in the amount of energy used in order to melt the powder and the
base material. Figure 2.14 show the changes in dilution with changing laser power,

where a linear relationship between laser power and dilution can be observed.
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Figure 2.13 Dilution in single track laser cladding [5].

Powder feed rates also affect dilution. It has been seen that an increase in powder feed
rate leads to a reduction in dilution. This is because with an increment in powder feed
rate, a higher percentage of the laser energy is used for melting the powder and a
smaller percentage of the energy is used to melt the base material [54]. The changes in
dilution originating from an increment in powder feed rate are depicted in Figure 2.15
where it is possible to observe that higher powder feed rates produced low values of
dilution. Although a low dilution is generally expected in laser cladding, very low

values can lead to lack of fusion between overlapping tracks.
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Figure 2.14 Dilution developed in Ni-based alloy deposited on carbon
steel substrate at different laser powers with traverse speed of 11mms’
"and powder mass flow rate of 11.3'gmin’1 [51].
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Figure 2.15 Relationship between powder feed rate ,V, and dilution,

n. Laser power = 4kW, Traverse speed = 15mm.s™' [51].

Dilution shows different behaviours when the travel speed is changed. At low travel
speeds a reduction in dilution is observed when the travel speed starts rising. However,
with further increases in speed, an increase in dilution starts to manifest. In this case, the
quantity of powder material that is deposited per unit length is reduced to the point
where more laser energy is reaching the base material surface. This effect can be

observed in Figure 2.16.
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Figure 2.16 Effects of traverse speed on clad configuration. Cross-sectional
view of the clad track [5].
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Dilution can also be related to the specific energy and the powder density (Equations
2.1 and 2.2). It is often easier to understand the effects of specific operating parameters
on dilution when they are interpreted in the form of combined parameters such as
specific energy and powder density. A number of studies have been carried out in order
to model the track formation and dilution [52, 55-57], given the importance of dilution

in laser cladding and other process.

Laser cladding is generally used to either produce a coating with superior mechanical
properties to those of the substrate, or to repair worn component surfaces by the
overlapping of several single tracks. In this case equation 2.3 should be redefined when
more than two tracks are deposited. For such cases, the dilution equation can be defined

as (Figure 2.17): [55, 57-58]

P

SS

o = —Pss TH. (2.4)

where D,, is the overlay dilution under steady state conditions, Py is the steady state
average penetration and H is the steady state average height. This equation should only
be applied under steady state conditions. Steady state conditions are reached when the
penetration is similar for each track, and the overlay height has stabilised. In laser
cladding this seems to occur after approximately five tracks have been deposited. In
order to get an accurate estimate for dilution, several tracks should be measured and the

average can be considered as the dilution.

In laser cladding, it is desirable to achieve low dilution especially when dissimilar
materials are used, due to a high dilution resulting in more base material being melted
and mixed with the powder material, thereby changing considerably the chemical
composition and properties of the newly deposited layer. If a high dilution results, it
will usually be necessary to deposit more than one clad layer in order to reduce the
effects of dilution. However, if similar materials are used, dilution will not produce

considerable changes in the newly deposited layer.
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Figure 2.17 Dilution under steady state conditions.

2.5 Melt pool dynamics

2.5.1 Heat transport in the melt pool

It is important to understand the temperature histories experienced during laser
processing because this defines the development of the microstructure. The peak
temperature and the cooling rate are especially important [5]. Laser process parameters
such as laser power, traverse speed and powder mass flow rate directly affect the
temperature distribution and the size of the molten pool [59-61]. However, the thermal
properties of the materials involved and some physical characteristics also have
considerable effects on the temperature distribution. Several studies have been carried
out in order to model the temperature distributions in laser processes. Good
approximations have been found using the Rosenthal equations [5]. Figure 2.18 shows
the temperature distribution represented by a family of isotherms developed in materials
of different thermal conductivity in a single pass. The form of the isotherms indicate

that the temperature travel faster through the material with higher thermal conductivity.
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Figure 2.18 Effect of the thermal conductivity in different base materials.
Heat input (q) = 3.1 kJ s traverse speed (v) =480 mm.min"'; Plate
thickness (d) = 60 mm. [62]

Higher temperatures are reached when several single tracks are deposited one on top of
another in order to produce vertical walls. Peyre [63] showed the different melt pool
sizes that result in the deposition of single tracks, where the melt pool size increases
according to the number of single tracks deposited. The increase in the molten pool size
and in the overlay temperature for subsequent tracks can be explained by the lower heat
dissipation that results as the tracks move further away from the base material. The
same effect is produced when a single layer of overlapping tracks is deposited in order
to generate a clad surface. In this case, the substrate temperature starts increasing as the
deposition of the overlapping tracks proceeds [64]. Figure 2.19 shows the temperature

distribution in overlapped tracks.
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Figure 2.19 Temperature distributions in laser cladding process produced with a laser power of
3800 W, traverse speed of 300 mm.s™, and a powder feed rate of 18 g.min™". (a) Geometry of
the FEM model for single and multi-track clad deposition. (b) Temperature distribution in
single track. (c) Temperature distribution in overlapped tracks. High temperatures are generated
along the base material with overlapped tracks compared with the temperature produced for a
single track [64].

2.5.2 Flow in the melt pool

The flow of material in the molten pool in processes such as laser cladding or laser
welding directly affects the penetration and bead width, the solidification structure, and
the likelihood of porosity and lack of fusion. Two of the most important driving forces
for flow in the molten pool are surface tension and buoyancy. The surface tension force
produces thermocapillary flow due to changes in the temperature. The flow of material
driven by surface tension is also known as Marangoni convection [5, 65-66]. The
buoyancy force is also considered as a gravitational force, and it manifests due to

differences in density owing to the temperature gradients within the weld pool.
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Surface tension gradients are present in the molten pool surface owing to differences in
temperature. A flow of material is induced in which material travels from locations with
lower surface tension to locations with higher surface tension. Surface tension gradients
are usually dependent on the presence of temperature gradients, and the surface tension
gradient can either be negative (i.e. decrease with increasing temperature) or positive
(increase with increasing temperature). Figure 2.20 illustrates the effects of negative and

positive surface tension gradients on the shape of the deposited bead.

-
(a)
T

o (@

(b)

Figure 2.20 Flow of material in molten pool with (a) negative
gradient; the bead shape is wider and penetration is small and (b)
positive gradient; the bead penetration is high [5].

If a negative gradient is developed (Figure 2.20a), a wider melt pool with low
penetration is produced because the flow of molten metal tends to go outward from the
centre of the pool. This leads to the hottest material at the centre of the pool being
transported outward to the periphery and then turning downward before returning to the
centre of the pool [5, 60, 62, 67-68]. In pure metals, a negative gradient would be most
likely. However, the sign of the surface tension gradient is affected by the presence of
active elements such as sulphur and oxygen in the base material. If these elements are

present a positive gradient can develop (Figure 2.20b). In such cases, the flow of the

57



Chapter 2. Literature review

molten material moves from the periphery to the centre of the pool owing to the surface
tension forces. Then the hottest material in the centre is then driven downward,

producing deeper penetration [5, 67].

2.6 Discontinuities

Laser cladding can introduce discontinuities in to the clad layer such as porosity and
cracks, and there are several factors that must be avoided in order to produce a sound
overlay. If cracks or porosity are present in the overlay, the mechanical properties of the

final coating or the corrosion resistance can be affected.

Three different types of porosity can be found in laser cladding: inter-track porosity,
inter-layer porosity and intra-layer porosity [69]. Inter-track porosity arises when
several parallel tracks with irregular shapes (inappropriate laser cladding angle) are
deposited. In this case, lack of fusion occurs between overlapping tracks near the base
material. Inter-layer porosity is found in the deposition of several vertical layers. Lack
of fusion is produced either due to the presence of oxide films between layers which
prevents bonding, or due to variability in the specific energy or misplaced tracks [70].
Intra-layer porosity is produced by the presence of gas pores trapped into the molten
pool during solidification. The primary reason for the presence of pores is surface
contamination (e. g. due to oils, moisture or paint). The gases produced due to the
evaporation of these sources of contamination lead to porosity [5]. Furthermore,
oxygen, nitrogen and hydrogen are the principal gases that produce porosity. Therefore,

techniques that help to clean the surface of the work piece are always recommended.

According to Refs. [70-71], inter-layer and intra-layer porosity can be controlled by
increasing the traverse speed and the laser power. However Wang [72] has showed that
lack of fusion between the base material and the coating is produced by a high traverse
speed. If the traverse speed is increased an increment in laser power should be

considered if lack of fusion occurs.

Other factors that can promote porosity are related to the process parameters. For
instance, if a low laser power and a high traverse speed are used, some proportion of the

powder particles will not be melted [73]. Figure 2.21 shows an example in which a poor
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selection of process parameters has led to gas being trapped in the cladding.
Furthermore if moisture is present in the powder, this can also promote porosity.

Therefore, sometimes it is recommended to bake the powder prior to deposition.

Figure 2.21 Presence of porosity due to gas being trapped in the cladding after
solidification with a laser power of 1.9 kW and a scanning velocity of 1.5 cm.s™'
[73].

Cracks can be introduced by the laser cladding process and there are various
contributing factors: residual stresses developed after solidification, high cooling rates,
low—melting at the fusion zone, and the use of brittle materials. Cracking can occur in
the fusion zone, in the heat affected zone, and sometimes in both, and can manifest
during solidification, a short time after solidification or even days after the cladding

operation.

Cracking can be classified as either hot cracking (solidification) or cold cracking
(hydrogen cracking). Hot cracking refers to cracks that appear immediately after
solidification, most likely in the fusion zone. It is related to the formation of liquid films
along the grain boundaries due to low-melting constituents that develop localized
weaknesses once segregation takes place. Therefore, the material is susceptible to fail in
the presence of tensile residual stresses. Cold cracking, however, refers to cracking that
occurs after solidification, closer to room temperature, and commonly appears in the
fusion zone or in the heat affected zone. The occurrence of cold cracking is related to

processes such as material hardening (martensite formation) and embrittlement by
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hydrogen. Cracking is often transgranular, however sometimes it can be intergranular

[5].

Even though the causes of cracking are often related to the solidification process, it has
been established that the presence of some contaminants at the work piece surface can

also cause cracking [5, 74-75].

Substrate preheating can mitigate the generation of cracks in the laser cladding process
[76-80]. Due to the localised melting, steep thermal gradients are generated. After
solidification, high thermal strains are generated because of the contraction of material.
The thermal strains lead to the development of residual stresses, which normally are
tensile stresses [81-82]. The magnitude of these tensile stresses is sometimes high
enough to produce cracks in the cladding. Therefore substrate preheating is used to
reduce the temperature gradients. Figure 2.22 depicts the preheating effects in different
materials. It can be observed that cracks tend to disappear with increasing the preheating

temperatures. Furthermore, the magnitudes of the tensile stresses are also affected.

20°C

Figure 2.22 Decrease in frequency of cracking with increase in substrate preheating
temperature for Stellite 20 coatings deposited on AIST 1045 base material [2].

2.7 Laser shock peening

The laser shock peening process involves irradiating a surface with sufficient laser

energy (in the order of Joules), and power density (in the order of GW.cm'z), in a short
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period of time (nanoseconds), so that plasma is developed. The plasma generates shock
waves that hit the metal surface and consequently compressive residual stresses are
developed. Shock peening can be carried out in different modes: confined ablation and
direct ablation [14]. Figure 2.23 provides a schematic representation for each of these

modes

Laser Beam Laser Beam

Air or Vacuum

Plasma Transparent
Confining Medium
Shock
Kieep A— Protective
—_— R f— Coating
Target Target
(a) (b)

Figure 2.23 The laser shock peening process: (a) direct ablation, (b)
confined ablation [14].

In confined ablation, an absorbing layer is placed over the surface of the work piece
(normally a black layer), and this is covered by a dielectric layer that must be
transparent to the laser beam (normally water or glass). The laser beam vaporizes the
black layer; the vapour is ionized with the remaining laser energy leading to the
generation of plasma (Figure 2.23b). This immediately expands and creates high
pressures at the work piece surface. The dielectric layer maintains the high pressure
over the work piece surface; the high pressure is converted to shock waves that are

transmitted toward the work piece and then compressive stresses are produced.

In direct ablation, in order to produce a plasma, a few microns of the metal surface are
vaporized and ionized (Figure 2.23a). The plasma expands freely and the peak pressure
that is developed is smaller than for confined ablation. Although the peak pressure is
smaller, it is still in the order of GigaPascals, which is sufficient for some applications.
According to Ref. [83], it is necessary to use double the laser energy that would be

needed to get the same effect with confined ablation.
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The use of a thermo-protective or absorbing layer avoids melting the surface of metals
with the radiation. If the absorbing layer is thick, the shock waves may be stronger
whereas if the absorbing layer is thin, thermal effects are produced over the surface due
to some material surface can be melted by the laser irradiation; and thermal damage

may occur [15].

Most of the literature that is reviewed in the current work relates to laser shock peening
in confined ablation owing to this mode being more common than direct ablation.
However, as is explained above, confined and direct ablation follow the same
principles. The primary difference is that higher pressures are developed by confined

ablation [5, 15].

2.7.1 Advantages

Laser shock peening is a relatively new process that is used in industrial applications
involving metallic surfaces in order to generate compressive residual stresses. It has
some advantages when compared with conventional stress-mitigating processes such as

shot peening, and these include [5]:

e [t can introduce high levels of compressive residual stress to a greater depth
below the surface than is possible with shot peening.

e At the moment compressive stresses are generated, the work piece suffers less
cold work

e Shot peening always leaves dimples over the metal surface, and this can be a
drawback for some applications that require a satisfactory aesthetical appeal.
This problem is not present with laser shock peening.

e Laser shock peening can be used for pieces that have complex shapes.

e Laser shock peening can create micro dents over the work piece surface that can

be used as reservoirs of lubricant in order to improve wear resistance. [84]

Furthermore, laser shock peening offers good control of the precise locations of the
impacts and there is no need to replace the shot constantly, which would be the case in
conventional shot peening. In general, laser shock peening can also be used to reduce or

eliminate tensile residual stresses, without necessarily introducing compressive stresses.
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However, it is considered a process that is still under development and it is also an

expensive process. The expense can be considered a disadvantage.

2.7.2 Requirements for laser shock peening

As mentioned previously, laser shock peening requires a powerful laser in order to
achieve the best results. Hence the selection of the appropriate laser system is crucial.
The principal parameters to consider in laser shock peening are the laser power, the
pulse power density, the pulse energy and the pulse duration. However, laser
wavelength is another parameter that also has an influence on the peak plasma pressure
that is generated. Table 2.2 shows typical ranges for these parameters. A brief

explanation of these parameters is given in the next section [5].

Table 2.2 Typical parameters used in Laser Shock Peening [5].

Parameters Values Units
Power (average) 1 kW
Pulse power density 1-50 GW.cm™
Pulse energy 100 J
Pulse duration 1-50 ns

The selection of the laser system is a critical point for consideration because of its
bearings on the cost and efficiency of the process. The cost of maintenance and the
replacement of parts must also be considered due to their direct relationship with the

cost of the process.

Laser shock peening processes use the laser beam in pulsed form and laser systems such
as neodymium-doped glass or yttrium aluminium garnet (YAG) crystal lasing rod.
Table 2.3 provides a summary of the common lasers used in laser shock peening, and it

also gives typical values for the common parameters of the laser system.
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Some researchers [85-87] have used a femto second pulse laser to perform laser shock
peening. Although these lasers are not so powerful, the energy generated by the short
pulse (in the order of femto seconds) is enough to achieve an acceptable peak pressure

in the ablation zone and hence to introduce compressive residual stresses.

Recent investigations have revealed a different way to carry out shock peening. The
process can be performed under water without an ablative layer, whereby the laser
energy that is used is in the order of mili-Joules and a high frequency is employed.
Despite the significant differences between this approach and the conventional confined

ablation process, the results achieved are satisfactory [88-89].

Table 2.3 Typical laser systems used in laser shock peening processes [15].

Treated materials  Laser Laser Power Pulse Laser Absorbent Transparent Peak References
type power density duration spot size coating overlay pressure
) (GW/em?®) (ns) (mm) (GPa)
Rock Nd: glass 5-100 1-15 20 2-6.6 - Water 1.4 Bolger et al., 1999
Al foil Nd: glass 40 0-25 25-30 35 - Water 5.5 Berthe et al., 1997
(glass)
Thin Al Nd: YAG 6 0.05-1 150 3 - - 0.8 Griffin et al., 1986
Al 2024-T351 and  Nd: glass - - 20-30 0.6-3 Black paint Water 10 Clauer and
T851, 7075-T631 (quartz) Fairand, 1979
and T73
2024-T3 Al Nd: glass - 5 18 10 Black paint Water - Yang et al., 2001
2024-T62 Al Nd: glass - 1.57-7.32 18-23 6-8 Black paint K7 glass - Zhang and Yu,
1998
Al-12Si, A356 Al, Nd: glass 80 1-8 15-30 5-12 Black paint Water 25 Peyre et al., 1996
T075Al
Ti-6Al-4V Nd: glass - 55-9 - 5.6 Black paint Water - Smith et al., 2000
SUS304 s. Nd: YAG 0.1 45 5 0.75 - Water 0.5 Sano et al., 1997
316L s.5. Nd: glass 40-100 8-20 3-10 - Black paint Water 10 Peyre et al.,
2000b
Al, 55C1 s., Nd: glass 40 8-10 8-10 34 Al paint Water 6 Peyre et al.,
316L s.s. 1998a
316L s.s., Nd: glass 40-100 1-100 0.6-30 0.5-1 Al foil, Al Water 6 Peyre et al.,
X12CrNi12-2-2 s. adhesive 1998b
Hypoeutectoid s. Nd: glass 80 5-10 25 5 Black paint Water 5 Masse and
(BK7 Barreau,
glass) 19953, b
Fe-30%Ni Al KDP 4000 10%-10* 1 43-25 - - 0.6 Grevey et al.,
1992
304 s.s. Nd: glass 80 300 0.6 1.2 Black paint Water 18 Gerland et al.,
1992
Hadfield Nd: glass 100 2400 0.6 3-35 Black paint Quartz 395 Chu et al., 1995
manganese
18Ni(250) s. Nd: YAG 0.03 1000 0.15 0.1 Black paint Water - Banas et al.,
1990b

s. = steel, s.s. = stainless steel.
KDP = potassium dihydrogen phosphate.
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2.7.3 Laser power density

Pulse power density is a fundamental parameter to consider in laser shock peening
because it affect the generation of plasma and it also defines the maximum pressure
generated at the target surface. This means that with increases in power density, the
pressure generated owing to the plasma also increases. There are other parameters that
also have an influence on the process such as the wavelength of the laser and the laser

pulse duration. These will be discussed in the next sections.

In order to generate a plasma, the target surface should be exposed to a power density
higher than 10° W.cm™ [14]. However, for some metals this value can be different.
Fabbro [83] showed that cooper requires a power density of above 0.6 GW.cm™ in
direct ablation and above 0.5 GW.cm™ in confined ablation in order to generate a

plasma.

It is worth noting that, the pressure generated in the process does not always increase
with increasing power density. This means, that at a certain power density, pressure
saturation occurs. In confined ablation, this is due to the confined layer exceeding its
dielectric breakdown threshold [14-15, 90]. This effect is depicted in Figure 2.24 where
dielectric breakdown in water confinement occurs at a power density of 10 GW.cm™. In
Figure 2.25, dielectric breakdown in glass confinement occurs at a power density of 9-

10 GW.cm™.

1ou T T T TTTTT T [lllll[' T |||||_
" i e g .
1 8%
‘5? i . g = o) ’
rY R B e .
S 10p . :
@ r o] ]
@ - .
o L _
L e ]
ko -
1 1 L1 111 1 1L llllli 1 L1 bl
0.1 1.0 10.0 100.0

Power density (GW cm™)

Figure 2.24 Maximum pressure as a function of power density in
water confinement: Gaussian pulse (0O ) 30ns duration, short rise
time (SRT) pulse (¢) 25 ns pulse duration [90].
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Figure 2.25 Maximum pressure as a function of power density in
glass confinement: Gaussian pulse (01) 30ns duration, SRT pulse (*)
25ns duration [90].

Another significant effect of the power density is related to the rate at which pressure
decays in the process. The “pressure duration” decreases considerably when high power
densities are used due to a saturation of pressure. An example in which the pressure

duration reduces with increases in power density is depicted in Figure 2.26. [91]
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Figure 2.26 Duration of pressure as a function of power density [91].
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2.7.4 Laser pulse duration

As mentioned in the previous section, pulse duration also has an influence on the
generation of pressure in the laser shock peening process. The pulse duration can be
described in two ways: the duration of the laser pulse or the time in which the laser
beam irradiates the target surface. Normally a short pulse laser is used in shock peening,

and the duration is in the order of nanoseconds [5].

Pulse duration is related to the pressure duration in the shock peening process. In direct
ablation, the pressure duration is approximately equal to the pulse duration. In confined
ablation, the pressure duration is 3-4 times larger [14]. Some researchers have reported
that with a short laser pulse it is possible to generate larger peak pressures [14, 90]. This
can be appreciated in Figure 2.24 and in Figure 2.25 where short laser pulses (SRT 25

ns pulse duration) generated higher pressures.

2.7.5 Laser wavelength

Thus far the effects of pulse duration and power density on the generation of plasma and
consequently the plasma pressure that is generated in the laser shock peening process
have been described, but laser wavelength is another critical parameter in the process.

The different effects of short and long wavelengths will be explained.

Using short wavelengths at a certain power density increases the photon interaction
between the laser and the work piece and this improves the shock wave generation.
However, the peak plasma pressure decreases with short wavelengths. This is because,
at shorter wavelengths, the confinement breakdown threshold appears at lower power
densities. This phenomenon is depicted in Figure 2.27. Here, three different
wavelengths have been plotted. The shorter wavelength (355 nm) developed a
maximum pressure of 3.5 GPa at 6 GW.cm™; while the larger wavelength (1064 nm)

developed a maximum pressure of 5 GPa at 10 GW.cm™. [14-15, 92-94]
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Figure 2.27 Peak pressure in water confined medium as a function of
power density at different wavelengths [15].

Pressure generated

A mathematical model developed to calculate the pressure generated in laser shock

peening has been proposed in Refs. [83, 90-91] and it is described in three steps.

1y

2)

3)

In the moment the laser beam irradiates the interface between the surface
material and the confined layer, the pressure developed by the plasma generates
two shock waves with velocities D; and D,, which propagate into the treated
material and in to the confined layer (Figure 2.28). Owing to the shock waves, a
distance, L, between the surface being treated and the confined layer is generated
and this distance increases due to the pressure.

When the laser beam is stopped, the pressure generated is maintained for a short
period of time (nanoseconds) and then it starts to decrease due to adiabatic
cooling. At this stage, the treated material acquires a mechanical momentum due
to the shock waves.

After some time, the hot gas trapped at the interface impacts the material surface

as a projectile, adding more mechanical momentum to the material surface.

The distance, L, can be considered to be the thickness of the interface and its value is

governed by the following equation: [83]
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@ — EP([) (2.5)
dt VA

where 7 is time, P(?) is the plasma pressure and Z is the shock impedance. Regarding the
heating phase, the absorbed laser energy increases the energy of the plasma at the
interface and is also used to generate the gap between the confined layer and the base

materials, L. This can be represented by:[83]

dL N dlE(t)L]

ac (2.6)
dt dt

1(t)=P(t)

where I(#) is the energy per unit area deposited by the laser, P(f) is the plasma pressure,
and E(?) is the thermal energy for the plasma. The first term of equation 2.6 refers to the

work done by the plasma and the second term refers to its internal energy.

Finally, if the plasma is considered to be a perfect gas, and if we introduce a factor (a),
to represent the ratio of the internal to thermal energy, equations 2.5 and 2.6 can be used

to calculate the pressure generated by a plasma as follows: [90]

1/2
) 71/2[1/2 2.7

Pressure = A (Za 3

where A is the absorption coefficient for surface coating, a is the ratio of thermal to
internal energy, Z is the shock impedance (g.cm™.s™) and I is the laser intensity
(GW.cm™). However, if a water or a glass confined layer is used the pressure can be

reduced according to: [90]

Pressure(Kbar) = BI'/? (2.8)

where B is 21 for a glass confined layer and 10.1 for a water confined layer, and [ is the

laser intensity in GWem™. A satisfactory approximation for the pressure generated can
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be obtained using these equations. As mentioned before, the pressure generated in

confined ablation is 3-4 times higher than in direct ablation.
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Figure 2.28 Effects of the shock waves generated by laser shock peening.

2.8 Microstructure

When stainless steels are used as the overlay material, the microstructures developed
after solidification in laser cladding can be described as either planar, cellular, columnar
dendritic or equiaxed dendritic microstructures. The generation of a finer microstructure
is attributed to the rapid solidification and the high cooling rates [5, 25, 79, 95-97].
Also, the temperature gradients developed in the process have an important effect on the

microstructure. The cooling rates that arise in laser cladding can be described by [5]:

dT _ JdT ox

Z - ga 2.9

where 47 /4r represent the cooling rate, a7/oxis the thermal gradient and ox/o:
represent the solid-liquid interface velocity. Figure 2.29 shows an example of the

different microstructural morphologies that can develop in laser cladding.
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Figure 2.29 Microstructures developed after of solidification: a) planar
microstructure of carbon tetrabromide, b) cellular microstructure of carbon
tetrabromide, ¢) columnar dendritic microstructure of carbon tetrabromide,

d) equiaxed dendritic of cyclohexanol [96].

According to Refs. [5, 96] the main parameters that define the final microstructure in
the process are the solidification rate and the temperature gradient in the melt pool close
to the solid-liquid interface. However, these parameters are directly related to process
parameters such as laser power, interaction time, traverse speed, and powder mass flow
rate. The relationship between the temperature gradient and rapid solidification is

presented in Figure 2.30.

It is possible to observe that if the solidification rate increases and the temperature
gradient decreases, and the result is a finer microstructure. Furthermore, if the
solidification rate decreases and the temperature gradient increases, coarse
microstructures are developed. Therefore, it is necessary to remark that rapid
solidification produces finer microstructures. Traverse speeds in laser cladding are
usually high. Hence this characteristic also leads to the process generating finer
microstructures or in other words, equiaxed dendritic microstructures, and this usually

occurs in the last stage of solidification [5].

The grains normally grow in the direction of the maximum temperature gradient, and
when solidification occurs the growth is normal to the molten pool boundary. The

benefits of obtaining a finer microstructure are that the space between the dendritic arms
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and the dendrites is small and this generally leads to better ductility, toughness and

strength [5].
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Figure 2.30 Relationship between solidification rate and temperature
gradient in solidification process [5].

Several investigations have been carried out in order to understand the development of
microstructures in laser cladding. Hemmati [95] has observed that a transition from
planar to cellular and columnar dendrites can occur in the deposition of one single layer
of AISI 431 martensitic stainless steel. However, when five layers where deposited, it
was possible to observe equiaxed transition at the top surface. This was attributed to the

heat accumulation in the five layers, which may have reduced the temperature gradients.

On the other hand, different solidification modes can be developed in austenitic
stainless steels. The solidification mode is related to two aspects, (1) the concentrations
of ferrite promoting elements (chromium, molybdenum, silicon, titanium, aluminium,
vanadium and tungsten) and austenite promoting elements (nickel, manganese, carbon,

nitrogen, copper and cobalt) and (2) the cooling rates. [98]

In general, considering the aspects mentioned above, four solidification modes can arise
in austenitic stainless steels: austenitic, austenitic-ferritic, ferritic-austenitic and ferritic.
These solidification modes are explained below in Figure 2.31 which shows the four
solidification modes in a Fe-Cr-Ni system. The effects of the nickel content (austenitic
promoter) and the chromium content (ferritic promoter) on the development of different

solidification modes at different temperatures can be observed.
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Figure 2.31 Pseudobinary section of the Fe-Cr-Ni system at 70% iron [98].

Figure 2.32 shows the solidification modes considering the ratio of chromium
equivalent and nickel equivalent. The chromium and nickel equivalent are the sum of
different components of the material used in order to estimate the phases morphologies
developed after a melting process such as welding or cladding. The chromium and

nickel equivalent are defined as:[98]

Creg=Cr+2.5Si+ 1.8 Mo +2 Cb (2.10)

Nigg=Ni+0.5Mn +30C (2.11)

Fully Austenitic Solidification (A)

In this solidification mode austenite is the primary phase, and once the material starts to
solidify, austenite remains until room temperature is reached. This means, the cooling
rate does not affect the development of austenite. Figure 2.33 shows a microstructure

developed via fully austenitic solidification.

73



Chapter 2. Literature review

L+4d
Ferrite

— solvus

L+y+é

Temperature

1
I
I
|
1
I
I
I
I
I
I
|
i
Fully H
austenitic I
I
I
I

Ausleni1?+ i 1 \
eutactic ferrite /:/, | \
A
|

Austenite + — Austenite +  Austenite + Ferrite +
skeletal lathy acicular Widmanstatten
ferrite farita ferrite austenite

Figure 2.32 Solidification modes for different ratios of chromium
equivalent and nickel equivalent [98].

Figure 2.33 Stainless steel microstructures developed by fully austenitic
solidification [98].

Austenitic-Ferritic Solidification (AF)

In this mode, ferrite-promoting elements (primarily chromium and molybdenum) are
present in sufficient quantities to develop ferrite during solidification. Austenite remains
as the primary phase, but ferrite will appear along the grain boundaries and it remains
stable to room temperature. Figure 2.34 shows an example of a stainless steel
microstructure resulting from the AF solidification mode.
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Figure 2.34 Stainless steel microstructures developed via Austenitic-Ferritic
solidification mode [98].

Ferritic-Austenitic Solidification (FA)

In this zone ferrite is the primary phase and some austenite can develop during
solidification. Different ferritic-austenitic morphologies can be developed in this zone
(Figure 2.32) such as skeletal and lathy ferrite. The development of these morphologies
is related to the cooling rate and the ratio of the chromium equivalent and the nickel
equivalent. Figure 2.35 shows an example of a stainless steel microstructure produced

via the ferritic-austenitic solidification mode.

Figure 2.35 Stainless steel microstructures developed by Ferritic-Austenitic solidification: (a)
skeletal ferrite morphology; and (b) lathy ferrite morphology [98].
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Ferritic solidification (F)

Ferrite is the primary phase in this mode and the microstructure developed during
solidification is fully ferritic. However, some austenite could form after solidification
according to Figure 2.32. The development of austenite is related to the cooling rate and
the ratio of the chromium and nickel equivalents. Figure 2.36 shows an example of a

stainless steel microstructure resulting from ferritic solidification.

Figure 2.36 Stainless steel microstructures developed via ferritic solidification:
Widmanstitten austenite nucleates from ferrite along ferrite grain boundaries [98].

Other constitution diagrams that are useful in order to know the final microstructure
after the solidification process are the Shaeffler, Del.ong and the Welding Research
Council 1992 (WRC 1992) diagrams [98-99]. The purpose of these diagrams is to
predict the microstructure that will develop according to the chemical composition of
the metals. The chromium equivalence and the nickel equivalence are also required in

order to predict the phase microstructure.

Some corrections have been made to these diagrams since they were first published in
order to improve the accuracy of predictions for the final microstructure. These
diagrams are used to predict microstructures for processes such as arc welding, laser
welding and laser cladding. It is possible to predict the microstructure of stainless steel

after accounting for the dilution associated with the process.
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2.8.1 Shaeffler Diagram

The Shaeffler diagram is the basis for other diagrams such as the DelLong and the
WRC-1992 diagrams and it was the first used to predict the final microstructure of
stainless steels after the welding of dissimilar materials, by considering the chromium
equivalent and the nickel equivalent of the stainless steels. Figure 2.37 shows a version

of the Shaeffler diagram.
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Figure 2.37 Shaeffler diagrams as of 1949 [98].

2.8.2 DeLong Diagram

This diagram incorporated some improvements to the Sheaffler diagram in order to
predict the microstructure with improved accuracy. One of the improvements was the
inclusion of nitrogen to the equation for the nickel equivalent (austenite promoting
element). On the other hand, the range of compositions that were considered is smaller

than for the Shaeffler diagram. Figure 2.38 shows a version of the DeLL.ong diagram.
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Figure 2.38 DeLong diagrams as of 1973 [98].

2.8.3 Welding Research Council-1992 diagram (WRC-1992)

The WRC-1992 diagram was introduced to address the limitations of the Shaeffler and

DeLong diagrams. The four solidification modes have been included in this diagram

and it has a ferrite number (FN) scale. It is possible to predict the microstructure

developed by welding using dissimilar materials after considering dilution. In order to

know the final microstructure, the chromium and nickel equivalent values are calculated

for the two materials, i.e. the base material and filler or coating material; and then the

two points are plotted on the diagram and a tie line is constructed. Finally the lever rule

is used in order to predict the position of the weld metal on the diagram after

considering the dilution. Figure 2.39 shows an example of the WRC-1992 diagram.
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Figure 2.39 Welding Research Council-1992 (WRC-1992) diagrams [98].

2.8.4 Effects of laser shock peening on microstructure

Laser shock peening of metallic materials leads to changes in their microstructure owing
to the high dislocation densities that are developed. This change is associated with a
decrease in the size grains [100-106]. Figure 2.40 shows an example of the
microstructure developed after laser shock peening of AZ31B Mg alloy where it is

possible to observe a change in the grain size.

As mentioned before, finer microstructures generally lead to an improvement in
corrosion resistance, fatigue life and hardness, and this corresponds to a material with

better mechanical properties.
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Figure 2.40 Microstructure developed of AZ31B Mg alloy (a) before laser shock
peening, (b) after one impact, (c) after two impacts, and (d) after four impacts. It
can be observed that finer microstructure is developed after various impacts [101].

2.9 Hardness

Hardness is considered to be the resistance of materials to indentation or being
scratched by other materials. Once a material has been deformed plastically by external
forces, a change in hardness is produced. Therefore hardness tests cannot be repeated in
the same position. The hardness of a material is also related to the microstructure,
whereby fine grained materials are harder and stronger than corresponding coarse
grained materials. The yield strength of a material is related to the grain size and this

relationship is described by the empirical Hall-Petch equation: [107]

-1/2
o,=0,+K d 2.12)

where o;is the yield stress of the material, o, is a material constant corresponding to
initial stress that is required for dislocation movement, K is a (constant) strengthening

coefficient, and « is the average grain size. Since the yield strength is directly related to
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the hardness [108], the Hall-Petch empirical equation can be rewritten to express the

hardness as a function of grain size: [109]

H=H,+Kd" (2.13)

where H is the hardness and H, and K are constants independent of the grain size.

Laser cladding is a surfacing process that develops finer microstructures after
solidification owing to high associated cooling rates, and since different materials can
be used as coatings, different chemical compositions and phase microstructures can be
produced which lead to increases or reductions in hardness. It should also be mentioned
that decreases in hardness can result after laser cladding under some circumstances.
Mazumder et al [49] investigated the effects on hardness of a H13 steel tool coating.
They found a reduction in hardness in subsequent deposited layers and this was
attributed to annealing effect. The same effect can be found in other materials. Baufeld
et al [110] used a Ti-6Al-4V wire as a coating material and noticed that no changes in
hardness were produced using different process parameters. Furthermore, hardness was
similar along the length of the clad surface. In contrast, changes in hardness were

produced with different laser powers according to Ref. [111].

Dutta [112] built a vertical wall depositing several tracks of 316L stainless steel on to
mild steel. An assessment of the hardness revealed a greater hardness close to the
interface and this was attributed to the effect of quenching rate. The chemical
composition of the metals also has an effect in hardness [113]. Syed et al [114]
investigated the effects of chemical composition on hardness in the combined
deposition of copper powder and nickel wire on to a H13 tool steel base material. They
found that an increase in nickel content produced a higher hardness. On the contrary,

when the copper concentration was increased a decrease in hardness was observed.

The hardness can change if hard phases are introduced in laser cladding. Alemohammad
et al [115] produced a cladding using pre-placed Co-Ti alloy over a mild steel base
material. An assessment of microstructure and phase composition revealed the presence
of TiCoj; elements in the cladding, which were considered the cause of greater hardness.

The same effect was found in Ref. [116] when NiCrBSi alloy powder was deposited on
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titanium base material. An increase in hardness occur and it was attributed to the

generation of hard phases such as Cr;Nis, [Fe, Ni]3 Cys.

The hardness can also be enhanced by mechanical surface treatments such as laser
shock peening (LSP). This novel process irradiates the surface of the sample using high
power densities in order to produce a work hardened layer [117-118]. The effect of LSP
as a function of depth depends on the process parameters. It has been found that LSP
can increase the hardness of the samples to depths of up to several millimetres. Nalla et
al [119] investigated the effect of LSP on Ti-6Al-4V material. The results showed an
increase in hardness. Owing to the advantages of LSP, it is considered to be a practical

surface treatment for increasing the hardness of metals.

2.10 Residual stresses

2.10.1Introduction

Residual stresses are present in most metals. They can be generated by mechanical or
thermal processes such as welding, cutting, and forming. The main reason is generally
an unbalanced strain or misfit strain that has been generated between different regions
within a material, or between phases or parts within the same body [120-121]. Residual
stresses normally have a negative influence on the performance of metals because they
reduce the fatigue life or wear resistance. Therefore, it is necessary to have knowledge

of residual stresses and some control over them.

Laser process treatments, where heating is involved, may generate residual stresses in
the fusion zone after solidification, as well as in the heat affected zone, and in the far
field order to balance stresses generated in the vicinity of the treated zone. In laser
cladding, the fusion zone is exposed to high thermal gradients, which generate thermal
strains that lead to the generation of residual stresses; usually harmful tensile residual
stresses. Sometimes non-uniform or localised plastic deformation also has an influence
in the initiation of residual stresses. These effects can also lead to a change in the

strength of the materials and produce distortion [5, 13, 64, 76, 122-123].
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2.10.2Thermal stresses

Thermal stresses are generated when the processes has been exposed to highly transient

thermal gradients. These stresses can be associated with the following situations [62].

e A localised volumetric change, either shrinkage or expansion, such as may be
associated with a change of phase,

e A difference in the coefficient of thermal expansion between the base and the
coating material, i.e. a coefficient of thermal expansion mismatch,

e Temperature gradients can produce differential rates of contraction (on cooling)

or expansion (on heating).

Whether or not the thermal stresses produce distortion in the material (macroscopically),
they can produce internal cracks in the material (microscopically) or simply reside
within the material. This is the reason they are called residual stresses. However, if a
metal is heated uniformly without any restriction, this will expand uniformly and no
thermal residual stresses will develop. This situation is not normally applicable to laser
cladding. In general, thermal stresses are always present in laser clad surfaces and
several detrimental effects such as the generation of cracks and low performance in

corrosion environments can result.

2.10.3Measurement techniques

Owing to the importance of the residual stress distributions that are generated in metals
after manufacturing or surface treatment processes, different measurement techniques
have been developed in order to quantify residual stresses. These techniques can be
classified as non-destructive, semi-destructive and destructive [124]. The contour
method, X-ray and Neutron diffraction, and hole drilling techniques have commonly
been applied to measure residual stresses in welded joints, and in many cases to laser
clad surfaces. However, some limitations have been observed among these techniques,
depending on the condition of the specimen to be measured. The main characteristics of
these techniques are presented in Table 2.4. In order to select an appropriate technique,

three factors could be considered, the condition of the specimen, the area to be

83



Chapter 2. Literature review

measured and the orientation of the stresses. If the specimen surface has been work
hardened, for instance, X-ray diffraction might not be a good option because x-rays may
not penetrate far below the material surface [5]. Indeed, laboratory x-rays are capable of
penetrating to depths of up to 50um below the surface; which means only residual
stresses close to the surface will be measured. However, neutron diffraction can
measure the residual stresses up to a depth of 4 mm in titanium, to a depth of
approximately 25 mm in iron based alloys and to depths of up to 200 mm in aluminium
specimens, in three different directions. Even though neutron diffraction has several
advantages over X-ray diffraction, access to neutron diffraction facilities is generally

limited.

Since shallow hole drilling techniques have been used satisfactorily for processes such
as welding and laser cladding and, more recently the contour method, these techniques

are now discussed.

Table 2.4 Residual stress measurement technique [124].

Restrictions Penetration Spatial
Technique Accuracy Comments
on materials depth resolution
Combined often with
X-ray Sum (Ti) 20um depth,
Crystalline +20MPa layer removal for
diffraction S50um (Al) 1mm Lateral
greater depth.
4mm (T1i) p Triaxial, low data
Neutron +50x 107
Crystalline 25mm (Fe) 500um acquisition rates,
diffraction strain o
200mm (Al) access difficulties.
Expensive, requires
Surface the use of FEM*, well
Conductive
contour suited well to welds,
destructive.
Hole ~1.2 x hole Flat surface required,
50pm depth +50MPa
drilling diameter semi-destructive

*FEM Finite Element Method
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2.10.4Shallow hole drilling method

Shallow hole drilling is a semi-destructive method that is used in order to measure
residual stresses. It is also considered to be a stress relaxation technique. It consists of
drilling a hole in the region of the sample surface that is of interest. Once the hole is
drilled, the material surrounding it undergoes stress relaxation. The strains produced due
to this stress relaxation can be measured using either a rosette of strain gauges; laser
interferometry; or moire interferometry [5, 121]. The residual stresses, which were
associated with the strains that were measured, can then be calculated using Hooke’s
Law. Figure 2.41 provides a schematic illustration of the shallow hole drilling

technique.

It is possible to measure residual stresses to depths up to the diameter of the hole.
Several studies have revealed some inconsistencies in the results when the residual
stresses exceed approximately 50% of the yield stress. This has been attributed to
localised yielding, since the method assumes that relaxation of stress is purely elastic.
Furthermore, it has also been found that some problems arise when this technique is
used to assess the residual stresses in coatings within thin layers, less than

approximately 100 pum in thickness [121].

Strain gages

Figure 2.41 Schematic representation of the shallow hole drilling
method [5].
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2.10.5 Contour method

This method is considered to be destructive because the sample under consideration will
be cut along a straight line in two separate pieces. A planar cut is performed on the
plane that is normal to the component of stress under investigation. This method is also
based on the principle of stress relaxation, whereby the deformation that occurs when a
material is cut can be subsequently used to estimate the stress that was acting in the
direction normal to the plane of the cut, prior to the cut being made. The contour
method is based on Bueckner’s superposition principle [125-127]. Figure 2.42 provides

a schematic illustration of the superposition principle.

%

y < GX(y)
X + is tension
_|_

- is compression

A Original residual stress distribution.

=B

Part cut in half,
stresses relieved
on face of cut.

+C

Force cut surface
back to original state.
All stresses back to
original values (A).

Figure 2.42 Application of superposition principle to calculate
residual stresses using the contour method [125].

The cutting process is carried out using an EDM (electric discharge machining) process
because this process does not introduce significant cold work or plastic strain to the cut
surface. Once the deformations have been measured on both cut surfaces, the data is
pre-processed so that it can be used in a finite element model in order to obtain the

stresses that were originally present in the test piece.

One of the limitations of this method is that just one single stress component can be

examined. The method also assumes that all deformation is due to the elastic relaxation
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of stress. Errors associated with plasticity during cutting could appear. Since this
method is based on the deformations produced after cutting, the sample should be well
restrained on both sides of the cutting plane in order to not to introduce further

deformation at the moment the sample is being cut.

2.10.6 Residual stresses in laser cladding

Residual stresses develop during laser cladding because the material tends to expand or
contract non-uniformly due to the localised heating that takes place. The process
involves heating and cooling every time a track is deposited. Figure 2.43 provides a
schematic illustration of the development of residual stresses in a fusion welding
process. However, it can also used to represent the development of residual stresses in

laser cladding operations owing to both processes being similar in principle.

A region ahead of the molten pool is represented section A-A, and across this section
the temperature is uniform and the stresses are zero. Section B-B corresponds to a
section through the molten pool. In the vicinity of the molten pool, the temperature
increases considerably, so the material tries to expand, but it is constrained by the
surrounding cold material. Low levels of compressive stress are produced in the vicinity
of the molten pool in section B-B and further afield tensile stresses are developed to
balance the compressive stresses near the pool. There are no stresses in the molten pool

itself since molten metal cannot sustain significant stresses.

In section C-C, the weld bead temperature is decreasing, so the hot material tries to
shrink but it is constrained by the surrounding material. Tensile residual stresses are
developed, and compressive stresses are developed further from the weld pool to
balance the tensile stresses. Finally in section D-D, the temperature is lower and the
tensile stresses are higher. This sequence of events can be taken as an example of the

generation of residual stresses in a laser cladding process.
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Figure 2.43 Development of residual stresses in a fusion welding
process [5].

Since laser cladding can be applied to the repair of aircraft, automobile or nuclear
components, different deposition configurations can be used. This means the way in
which laser cladding will be performed will depend heavily on the application. Single
tracks can be deposited on top of one another in order to build up walls, single
overlapping tracks can be deposited in order to cover larger areas of a surface, or
various layers can be deposited in order to produce different mechanical properties. For
every laser cladding configuration, different residual stresses and orientations will be
developed. Therefore, several investigations have been carried out in order to

understand the development of residual stresses under certain conditions.

De Olivera [13] investigated the distribution of residual stresses that are developed
during the deposition of Stellite 20 powder on to a flat material and then compared these
results with those for the deposition of Eutroloy 16012 on a round steel substrate. The
deposition of overlapping tracks of Stellite 20 indicated that the largest tensile residual
stresses were produced in a direction at an angle of 40° to the cladding direction. This
was expected because the solidification front changes direction when part of the
previous track is remelted. A crack was developed in the deposition of Eutroloy 16012
on a round steel substrate parallel to the solidification front. Owing to the importance of
residual stresses to laser cladding, different investigations involving FEM and analytical

modelling have been performed [76, 128].
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Given that residual stresses are difficult to predict, different residual stress measurement
techniques (such as those described above) have been explored. Table 2.5 provides a
summary of different laser cladding configurations and the associated residual stress
investigations. The residual stresses developed in the experiments presented in Table
2.5 reveals the generation of tensile stresses in most of the cases with some compressive
stresses further from the deposited layer, which balance the tensile stresses. The

magnitude of the stresses was in the order of 300-400 MP with the tensile stresses being

higher than the compressive stresses.

Table 2.5 Summary of laser cladding residual stress measurements.

Measurement
Base material Powder Configuration Reference
Technique
Three layers were
AISI P20 tool steel P20 tool steel Neutron diffraction [122]
deposited
Eutrolloy 16012, Single track and 9
C45 low-alloyed X-ray diffraction [13]
Stellite 20 overlapped tracks
Single tracks and
AISI 304 SS Stellite 6B Synchrotron [128]
overlapping tracks (34%)
X10Cr13 steel Stellite SF6 Not mentioned Double layers coating [78]
C45 carbon steel Eutrolloy 16012 x-ray diffraction Two overlapped tracks [129]
One, two and five layer; 30
AISI 304 SS Stellite 6 Blind Hole [130]
% overlap
Neutron diffraction, 20 layers of 6 overlapped
Inconel 718 Waspaloy [131]
contour method tracks
Fe90 self-fluxing Single track with 30 %
A3 mild steel nanoidentation [132]

alloy

overlap
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2.10.7 Residual stresses generated by laser shock peening process

As was described in Section 2.7, the plasma generated by the incident laser energy
generates pressure at the interface (refers to Figure 2.28). The pressure produces
uniaxial compression over the irradiated surface in the direction of the shock waves.
However, tensile stresses are also generated owing to material dilation. At the moment
the laser stops, the surrounding material prevents the expansion of the irradiated area
and compressive stresses are developed (Figure 2.44). Once compressive stresses are
generated corrosion resistance and mechanical properties of materials such as the

fatigue life, and hardness considerably improve [14-15].

(a) (b)

Figure 2.44 Compressive residual stresses generated by LSP during laser interaction
(a) Stretching of the irradiated area, (b) surrounding material is recovered after the
laser is switched off [15].

The optimization of the laser parameters is crucial in order to generate enough pressure
at the interface zone. If the pressure generated is small, it is not possible to achieve

plastic deformation or compressive residual stresses over the material surface.

There are other process parameters such as the pulse density, which can increase the
magnitude of the compressive residual stresses. Figure 2.45 and Figure 2.46 show the
effect of pulse density in the development of stresses in different aluminium alloys. It is
possible to observe that deeper compressive stresses are achieved with higher pulse

densities.
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Figure 2.45 Compressive residual stresses generated with pulse
density of 2500 pulse/cm’. S1 and S2 are the main principal stresses
[133].
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Figure 2.46 Compressive residual stresses generated with pulse
density of 5000 pulse/cm’. S1 and S2 are the main principal stresses
[133].

In order to investigate the ability of laser shock peening to generate compressive
residual stresses in different materials, several investigations have been carried out.
Table 2.6 provides a summary of the assessment of residual stresses generated in
different materials after treatment with laser shock peening. In general, compressive
stresses were generated after laser shock peening although different process parameters

were used due to the properties of each base material.
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Table 2.6 Summary of laser shock peening residual stress measurements.

Base Material Sample Dimensions (mm) Measurement technique Reference
SUS 304 SS 20 x 20 x-ray diffraction [134]
T1-6A1-4V 45x45x 7.7 Neutron and synchrotron diffraction [135]
6061-T6 and 2024 [133]

15x 15 Hole drilling

aluminium alloy

2205 duplex SS 20x 20 Contour method [136]
2024-T351 [137]

50.8 x76.2 x-ray diffraction

aluminium alloy

T1-6A1-4V 50x30x 15 Synchrotron diffraction [138]
T1-2.5Cu 20x20x5 x-ray diffraction [117]
00Cr12 alloy 6.5 diameter x-ray diffraction [139]

2.11 Post weld heat treatment

Post weld heat treatment is another process that can be used in order to improve the
mechanical properties of metals such as hardness and ductility, and in some cases the

corrosion resistance, wear resistance and fatigue life.

This process has been used on laser cladding samples in order to improve the properties
of the new coating layer. The changes produced by heat treatments on metals are related
to phase transformation in microstructure; in some cases the ductility of the metal is
enhanced [140-145]. However, the hardness of some materials cannot be altered by post
weld heat treatment such as, for example austenitic stainless steels. This is because no

important changes in phases or microstructure are expected.

Figure 2.47 shows the changes in micro hardness produced by heat treatments on a Ni-
alloy layer. The increase of micro hardness can be attributed to the metal borides

precipitating from the austenite phase [145].
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Figure 2.47 Micro hardness distributions through the depth for cross-
sections though a laser-clad Ni alloy layer before and after heat
treatment (550 °C, 1.5h) [145].

Post weld heat treatment is also used in order to relieve residual stresses produced by
manufacturing processes. As mentioned before, the laser cladding process develops
residual stresses, generally tensile stresses, due to the shrinkage of the metal after
solidification begins. Although heat treatments can be beneficial to the performance of
metals, detrimental effects can be also produced when inappropriate parameters are
selected, specifically with respect to temperature and exposure time, because some
materials can undergo sensitization after exposure to high temperatures for significant
periods of time. Stress corrosion cracking can occur if sensitization or carbide

precipitation is generated after heat treatment [99].

2.12 Corrosion performance

2.12.1Introduction

Corrosion is defined as the normal process of metals returning to their most stable
thermodynamic state. It can also be defined as the behaviour of metals with their
environments. It is caused by reactive gases, solids or liquids that directly affect the

material structures [146].
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Physically, corrosion is indicated by a loss of mass of the material or by the
development of a thin non-metallic layer on the surface of metals by process such as
oxidation. In corrosion resistant metals such as stainless steel, it is common that an
oxide layer is formed when the metal is exposed to corrosive environments. The oxide

layer, often called the passive film, acts as a barrier in order to prevent oxidation.

Once the passive film has vanished, corrosion takes place on the surface of metals. The
onset of corrosion is mainly focused at surface discontinuities such as cracks or porous
regions. Discontinuities may be generated during the alloy casting process, although
residual stresses and mechanical fatigue, deformation or damage also have influence on

the surface behaviour.

The laser cladding process has been used to produce corrosion resistant clad layers on to
material surfaces [147] owing to the generation of surfaces with finer microstructures
and that are free from discontinuities. It has been demonstrated that finer microstructure

shows better corrosion resistance [148-149].

Corrosion can be initiated by different mechanisms such as intergranular corrosion,
pitting corrosion, crevice corrosion, galvanic corrosion and stress corrosion cracking.
However, the surfaces developed by laser cladding are mainly affected by intergranular
corrosion, pitting corrosion and stress corrosion cracking mechanisms. Therefore, a

brief description of these mechanisms will be discussed in the next section.

2.12.2Mechanisms of corrosion

2.12.2.1 Pitting corrosion

It can be considered either as corrosion mechanism or form of corrosion. Pitting is
associated with the development of pits on the surface of metals exposed to corrosive
environments. It occurs with the breakdown of the passive layer on the metal surface.
The development of pits can produce weakness in some localized areas of the metals

and this can produce failures in equipments [146].

The development of pits can be considered as sites of stress concentration on the surface

of the metals; hence it can promote failures in equipment components because of fatigue
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or stress corrosion cracking. Figure 2.48 shows different shapes of pits that can be

developed by this mechanism.
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Figure 2.48 Different cross-sectional shape of pits: ASTM Practice
G-46 [150].

2.12.2.2 Intergranular corrosion

Intergranular corrosion is associated with the presence of corrosion in the grain
boundaries of the metals. The main factors that promote intergranular corrosion are the
segregation, enrichment or depletion of some alloying elements or compounds and these

are due to thermal exposure of metals [146].

In stainless steel, intergranular corrosion is developed because of sensitization. This
means that chromium carbides are precipitated at the grain boundaries because of the
metals has been exposed to a certain temperatures for high periods of time [150]. This
can be a problem in nuclear components. An example of intergranular corrosion is

presented in Figure 2.49.
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Figure 2.49 Cracks on the grain boundaries caused by sensitization in
austenitic alloy generated by the exposure of boiling sulphuric acid-
ferritic solution [150].

2.12.2.3 Stress corrosion cracking

Stress corrosion cracking is produced when cracks propagate in metals that contain
tensile residual stresses and are exposed to certain corrosive environments. The
magnitude of the tensile residual stresses required for cracking is often much less than
the ultimate tensile strength, and in some systems, the magnitude is just ten percent of

the yield tensile strength.

Cracks can propagate through the metal in different ways, either across the grains or
following the grain boundaries. Cracks crossing the grains are called “transgranular”
and those that manifest through the grain boundaries are called “intergranular”. Figure

2.50 shows an example of transgranular and intergranular cracks.
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Figure 2.50(a) Transgranular cracks generated in austenitic stainless steel
exposed to chloride environments (100x); (b) intergranular cracks in a
ferritic stainless steel exposed to a high-temperature caustic environment
(50x) [150].

2.12.3Alloying elements

Stainless steels contain different alloying elements in order to improve their mechanical
properties and corrosion resistance. The main alloying elements in stainless steel are
chromium and nickel. However, some alloying additions could improve certain

mechanical properties but affect others.

Chromium is added to stainless steels in order to improve the corrosion resistance; this
is because chromium itself develops higher passive potential range [150]. An example
of alloying chromium with iron is depicted in Figure 2.51, where it is shown that
increasing the chromium percentage the current density required to reach the active-
passive transition is less. However, chromium also promotes the development of ferrite.
Furthermore, nickel tends to promote an austenitic phase and a decrease in stress
corrosion cracking resistance is also developed. Another element added to stainless steel
is molybdenum and its function is to improve corrosion resistance, specifically pitting
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and crevice corrosion. In general, all the alloying elements play an important role in the

performance of stainless steel.
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Figure 2.51 Polarization behaviour of Fe-Ni-Cr alloys with different
chromium contents exposed to 2N H,SO, solution at 90°C [150].

2.12.4Corrosion resistance developed by laser cladding

Laser cladding process has been widely used in order to generate higher corrosion
resistance coatings on different base materials. Owing to low dilution is generated with

this process; the new coating material can preserve their corrosion resistance properties.

Numerous corrosion resistance coating materials have been used in order to protect the
base metals under different environments and different mechanism of corrosion.
However, special care should be considered selecting the coating material since some of
these can be crack-sensitive materials and this can affect the corrosion resistance.
Furthermore, thermo-mechanical properties such as the thermal conductivity, the
coefficient of thermal expansion and even the melting point should be similar between
the base and the coating material in order to avoid the generation of discontinuities after
solidification. Discontinuities affect directly the corrosion performance of the metals

[112, 151-156].
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The stresses produced by fatigue, and the residual stresses (normally tensile residual
stresses) developed by the heat generated in laser processes produce sometimes the
generation of cracks. This is another factor that influences the initiation of corrosion.
Therefore, it is necessary to have control of residual stresses in order to avoid problems

such as stress corrosion cracking.

Table 2.7 shows a summary of different investigations about the corrosion resistance
developed by laser cladding using different base and coating materials under different
mechanisms of corrosion. In all the cases, the corrosion resistance developed after laser

cladding was improved.

Table 2.7 Summary of corrosion investigation into materials developed by laser cladding.

Mechanism
Substrate Coating material Industry Reference
of corrosion
316L SS Ni-Cr METCO 443 Pitting Not mentioned [151]
Mild steel UNS S4470 super ferritic SS Pitting Not mentioned [152]
Mild steel UNS S31254 super austenitic SS Pitting Marine [153]
Mild steel Inconel 617 machining swarf Pitting Not mentioned [154]
316L SS Inconel 690 SCC Nuclear
Inconel 600 Inconel 690 SCC Nuclear [155]
Mild steel 316L SS Pitting Oil and gas [112]
MRI 153M
Al and AL,O; Galvanic Automobile [156]
Mg alloy

2.12.5Corrosion resistance developed by laser shock peening

Compressive residual stresses and changes in microstructure generated after laser shock
peening over metallic materials are found to generate improvements in corrosion

resistance. If compressive residual stresses are developed on the metal surfaces, the
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onset of discontinuities such as cracks will be avoided or retarded. This means an
enhancement in resistance to stress corrosion cracking or even in pitting corrosion. This

is also related to the finer microstructure developed after shock peening.

Laser peening has been applied on different materials in order to investigate the effect
generated in corrosion resistance [157-160]. Satisfactory results have been reported
[134, 157-159, 161-162]. According to Ref. [160], corrosion cracking has been avoided
after laser peening in materials such as SUS 304, alloy 600 and alloy 182. The process
was carried out using confined medium (water layer) but without ablative layer. Table
2.8 shows a summary of different investigations of the corrosion resistance developed
by laser shock peening for different mechanisms of corrosion. In all the cases, corrosion

resistance developed after laser shock peening was improved.

Table 2.8 Summary of corrosion investigation developed by LSP.

Mechanism of

Substrate . Industry Reference
corrosion
Stainless Steel Pitting Desalination Plants [161]
316L SS Pitting Power plants [158]
SUS 304 SS SCcC Nuclear [134]
AZ31B Mg Alloy SCC Automobile [162]
316L SS Pitting Not mentioned [157]
2050-T8 Al alloy Galvanic Not mentioned [159]

2.13 Motivation for current work

Laser cladding is considered to be a practical process for improving the mechanical
properties, the corrosion resistance and the fatigue life of metals. It can be used to repair
or restore different components for the aircraft, automotive, mining, food processing

and oil and gas industries. Although laser cladding has advantages over other laser
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surfacing processes, some aspects of the process could restrict its use on specific

applications.

Owing to the relevance of the process, laser cladding has been under investigation for
many years. Some aspects have been studied and understood. However; laser cladding

is a complex process due to all the variables involved.

As mentioned in the previous sections, laser cladding generates residual stresses after
solidification and this can have a detrimental effect on the performance of metals. The
principal issue due to residual stresses is a reduction in the corrosion resistance and the
fatigue life. This means laser cladding might not be an option where a highly corrosion
resistant surface is required. However, there are some processes capable of mitigate the

detrimental residual stresses that may develop in different laser surfacing processes.

To date, different studies have been carried out that explore the option of applying a
residual stress mitigation technique to laser clad samples in order to enhance the fatigue
performance of the cladding. Laser shock peening and heat treatment have been used for
the most part. According to Refs. [163-166], the fatigue resistance and hardness were
improved on clad surfaces treated with laser shock peening. Furthermore, fatigue
resistance was also improved on laser-clad surfaces treated with post weld heat
treatment [140-145]. There are also other studies that investigate the corrosion
performance of laser-clad deposits [112, 154]. However, none of these studies examine
the effects of residual stress on corrosion performance, nor do they investigate the

potential benefits associated with residual stress mitigation.

The primary aim of this work is to investigate the effects of laser shock peening and
post weld heat treatment on the corrosion performance of 316L laser clad samples. In
doing so, this study will be the first to systematically investigate the role that residual
stresses play in affecting the corrosion performance of laser-clad deposits. Through
adopting a holistic approach, which simultaneously considers both residual stress and
corrosion, it is expected that this work will provide new insights to the factors that
govern the corrosion performance of laser-clad deposits, and how the corrosion

performance of such alloys can be enhanced most effectively.
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Chapter 3

Laser Cladding Trials

3.1 Introduction

This chapter describes the properties of the materials selected for the experimental
work, applications, advantages and drawbacks. It is also described the equipment
employed in the laser cladding process and the relevance in the generation of different
cladding profiles. Furthermore, the methodology that was employed in order to choose
the appropriate sample dimensions and the laser cladding process parameters which

develop an acceptable overlay is also discussed.

In addition, some of the main issues involved in a melting process such as porosity,
cracks and lack of fusion are also described. Finally, the effects of the process

parameters in dilution and cladding heights were assessed.

3.2 Materials

Laser cladding can be used to repair or restore worn components, which means the
cladding material can be similar or dissimilar to the base material. Two different base
materials were used in this work; AISI 316L stainless steel and S275 steel. Their

chemical composition is presented in Table 3.1.

AISI 316L stainless steel is classified as austenitic stainless steel [99]. This material is
resistant to intergranular corrosion because of the low carbon concentration (0.03 wt.
%). It also exhibits good corrosion resistance in oxidising environments because of its
high chromium content, which is usually between 16 and 18 wt. %. Nickel is also
present in concentrations between 10 and 14 wt. % and it serves as an austenite

stabiliser. The melting point ranges between 1375 to 1400°C and its density is 8.0 gcm™
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[99]. Austenitic stainless steels have good ductility, formability and toughness and
weldability. These materials are often used in construction, and food processing and oil

applications. [99, 167]

Table 3.1 Elemental composition of AISI grade 316L stainless steel and S275 steel. [99]

Composition (wt. %)
Material

Mn Si p S Cr Ni Mo
Grade 316L  0.03 2.0 1.0 0.045 0.03 16-18 10-14  2-3
S275 steel 0.25 1.6 0.05 0.04 0.05 -

All compositions are balance with Fe

BS EN 10025 S275 (British Standard) mild steel, or in abbreviated form S275 steel, is
considered to be a structural material. It is used in many engineering and structural
applications. Its advantages include that it can be easily machined and welded. Typical
yield strengths for this material are in the vicinity of 275 MPa [168-169]. However a

limitation of this material is its poor corrosion resistance.

The powder material used in the cladding process was AISI 316L stainless steel. Its
properties have been already described above and its chemical composition described in
Table 3.1. The particle size ranges between 53 and 150 um and the shape is almost

spherical.

3.3 Experimental Equipment

3.3.1 Diode laser: Laserline LDL 160-1500

The laser system used in this work is a class four, 1500W LDL 160-1500 diode laser.
According to the European standard EN60825-1:2001 and the American standard ANSI
7. 163.12000, lasers are classified considering their hazard [1]. The output wavelength is
in the range between 808 to 940 nm. It can be operated in continuous wave and pulse

mode. The beam parameter product (BBP) is 120 mm mradian.
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High power diode lasers (HPDL) typically have poor a beam quality; this means that
small laser beam size, in the order of micrometres, cannot be achieved. However, small
beam sizes are normally used in process such as laser cutting typically using CO, and
Fibre laser. HPDL has a non-Gaussian beam profile; it is of a uniform energy intensity
distribution and is known as a flat top energy distribution. Therefore, stable cladding

can be developed due to a uniform surface heating [3, 5].

The laser system consists of a control unit, a laser head and a fibre delivery system. The
laser spot is converted from a rectangular cross-section to a circular shape by the arrays
of optics located above the coaxial nozzle. In this work, the laser was always used in
continuous mode. The distance between the nozzle exit and the base material was set to

7mm; and this resulted in a laser spot size on the surface of the base material of 1.7mm.

Some proportion of laser power is always lost due to the delivery system, due to losses
between the diode bars and some inefficiency of lenses located in the laser head.
Therefore, in order to know the real laser power delivered to the work piece, the laser
power has to be measured. This was achieved by using a Gentec UP55N-300F-H9
power meter at the exit of the coaxial nozzle. This was done for different laser power
settings, as set by the control unit. The laser power that was measured at the location of
the work piece is plotted against the nominal laser power setting on the control unit in
Figure 3.1. Some of the values in Figure 3.1, represented by a straight line, are
extrapolated owing to limitations on the maximum power that could be received by the
power meter. It can be observed that the laser power delivered on the work piece
represents approximately seventy percent of the nominal laser power set on the unit

control.
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Figure 3.1 Measured versus nominal laser power for the 1500 W LDL 160-1500 diode laser
used in the current work. Straight line represents a linear relationship between nominal and
measured power.

3.3.2 Coaxial nozzle

An illustration of the coaxial nozzle used in this work is given in Figure 3.2. The nozzle
comprised an upper housing, two oblique nozzles and a cooling compartment. On the
upper housing, the fibre delivery system was connected to the optics that change the
shape of the laser spot. The powder was fed in to one of the oblique nozzles and, finally,
cooling water was delivered through the cooling compartment. The coaxial nozzle

material was aluminium and the material for the tips was copper.

The powder mass stream produced by the coaxial nozzle was measured in order to find
the location of the highest powder concentration. This experiment was done using a
high intensity lamp, a high speed camera and a ruler. Different powder mass flows were
assessed and no significant changes were found in the zone of highest powder
concentration which was found to be approximately 5 to 8 mm below the nozzle exit.

The zone of the highest powder concentration is illustrated in Figure 3.3.
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As mentioned in the previous section, the focal position was set to be 7 mm from the
end of the nozzle; hence the focal position coincided with the zone of the highest

powder concentration. This was intended to ensure that powder wastage was minimised.

Figure 3.2 Coaxial nozzle: (a) assembled. (b) Individual components
[170].

Nozzle

S5mm

concentration zone 3mm

Highest powder { I

Figure 3.3 Illustration of the location of highest powder
concentration with respect to the coaxial nozzle.
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3.3.3 Powder feeder

The powder material was conveyed towards the coaxial nozzle using a powder feeder
SIMATIC OP3 FST-PF manufactured by Flame Spray Technologies. The powder
feeder consisted of two hoppers each with a capacity of 1.5 litres which store the
powder. Each hopper had a grooved wheel that rotated at a specific rotational speed
(rpm) in order to control the mass flow rate. The powder was conveyed from the
grooved wheel to the coaxial nozzle by a flow of argon gas through a plastic tube. The

argon gas flow rate was controlled by a flow meter.

The powder mass flow rate was measured with the feed wheel at different rotational
speeds in order to determine the grams per minute of powder delivered at the exit of the
coaxial nozzle. The experiments consisted of collecting the powder at the nozzle exit in
a special container for an established period of time and then weighing it. The results
are depicted in Figure 3.4. It can be observed that a liner relationship could be

established.
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Figure 3.4 AISI 316L powder mass flow rate as function of the rotational speed of the grooved
wheel in the hopper for a powder size ranging from 53 to 150 pm.
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3.3.4 Auxiliary equipment

Various items of auxiliary equipment were used in preparation for and in the assessment
of the laser cladding experiments. A sandblaster Guyson machine was used to sandblast
the sample surfaces before laser deposition. A Struers Accutom-5 machine was used in
order to make transverse cuts through the laser cladding samples. This machine is
operated with a cooling system that avoids overheating the samples during the cutting
operation. A presi Mecatec-334 machine was used to grind and polish the sectioned
samples. This machine is also operated with a cooling system in order to avoid any
damage due to the grinding process. A digital Keyence VHX-500 microscope was used

in order to assess the cladding dimensions, microstructure and dilution.

3.4 Design of specimens

In order to select appropriate dimensions for the base material, several laser cladding
experiments were performed. Firstly, it was necessary to know the quasi-stationary state
conditions for laser cladding. This refers to the state of the process when it has
stabilised or is independent of time. In the laser cladding process these conditions can
be considered to arise when the cladding height, width and dilution do not change after
a period of time or from one pass to the next. In these experiments, the single track

height and overlapped single tracks were assessed.

Base material coupons with dimensions of 50 x 50 x 9.5 mm were proposed. The
original dimensions of the coupons were 50 x 50 x 10 mm, however one face was
machined in order to get a completely flat surface. Single tracks 45 mm in length were
deposited using different settings for laser power, powder mass flow and traverse speed.
After different single tracks were deposited, the bead heights were assessed and the
results showed height stabilization 10-15 mm from the start of the weld bead. Single
tracks were deposited in both S275 steel and grade 316L stainless steel and the results
were similar. Figure 3.5 shows the variation in bead height as a function of distance
from the start of the bead for a typical single track, where several measurements were
taken from several cladding samples. The height measurements in all the samples were

carried out following the same procedure at similar distances along the single bead
108



Chapter 3. Laser cladding trials

track. The results were consistent in all the samples. Quasi-stationary conditions were
found in the centre of the samples due to small variations of the height. The height

stabilization can be attributed to the temperature distribution within the base material.

In addition, a total of ten single parallel tracks, each 45 mm in length, with a bead
overlap of 40 percent, were deposited on to base material coupons of the same size.
These experiments were considered to be important since clad surfaces usually
comprise many overlapping tracks. Figure 3.6 shows the results for a typical overlapped
sample. These values were also obtained by measuring samples several times using the
same procedure. Consistence in all the measurements was found. The height starts to
increase after the second track; this is because part of the new track is deposited on to
the previous track. However, this effect diminishes after the fifth track, and the height
stabilises. Therefore, it can be considered that quasi-stationary state conditions are
developed after the fifth overlapped track deposit. This effect also contributes to
determining the temperature distribution within the base material. The precursors to
achieving quasi-stationary state conditions were found to be similar to those in other

investigations [48, 79, 171].

Given that it was feasible to achieve quasi-stationary state conditions using the base
material dimensions proposed above, a decision was taken to use 50 x 50 x 9.5 mm
coupons for all of the experimental work. It was also decided to use a total of 20 single
tracks with a length of 40 mm and with a bead overlap of 40 percent in order to build

the clad layers.

As mentioned above, conditions approaching quasi-stationary state conditions were
achieved toward the centre of the base material coupons. It is in this location that the
temperature distribution could be considered to be stable. However, if the cladding is
placed close to an edge of the base material the temperature distribution will change
because the edge of the specimen will not provide the same heat sink. This means the
temperature distribution will be different close to the edges of the coupons. Therefore it
is necessary to place the cladding away from the edges of the base material in order to

avoid any undesired changes in temperature [46].
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3.5 Parameters trials

The main parameters that need to be selected in order to carry out laser cladding are the
laser power, the traverse speed and powder mass flow rate. Therefore, a parametric
study was proposed, which covered different combinations of these parameters, in order
to understand the effects of these process parameters on properties such as corrosion
resistance and hardness. Furthermore, if samples were manufactured with different
combinations of parameters, the effects of process parameters on microstructure and
residual stress could also be assessed. The general approach of generating combinations

of parameters for investigation is illustrated in Figure 3.7.

Once the parameters of interest had been identified, initial values for laser power,
traverse speed and powder feed rate (also described as powder mass flow rate) were
proposed. The optimum process parameter values were taken to be those that produced
a clad layer with acceptable quality, meaning a clad layer free of discontinuities such as

cracks, lack of fusion or porosity.

High speed

q

High Mass Flow
Low Laser Power
Centre Point High Laser Power
Low Mass Flow

[

Low speed

Figure 3.7 Schematic illustration of the approach used to generate
combinations of parameters for the laser cladding experiments.
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3.5.1 Sample preparation

As mentioned in Section 3.4, the dimensions of the base material coupons were 50 x 50
x 9.5 mm. The first trials were carried out using S275 steel as the base material. This
decision was taken based on the assumption that, if problems were to arise, it was most
likely that they would occur when S275 steel was clad with grade 316L stainless steel
powder material, due to the differences in thermo-mechanical properties such as thermal
conductivity and the coefficient of thermal expansion. Before deposition, the machined
surface of each coupon was sandblasted in order to increase the roughness, and to
increase the catchment of laser energy, and then the surface was cleaned with methanol.
The surface needed to be free of any contamination in order to avoid the generation of

porosity.

In order to get a uniform powder size and eliminate any impurities, the powder was
strained with a 150 pm mesh sieve. Finally, the pressures for the shielding gas and the

carrier gas were set at 5 bars, with gas flow rates of 4 and 5 1/min respectively.

3.5.2 Beads profiles

In the early trials involving the deposition of single tracks, the first point to consider
was to identify values for each process parameter that would generate a single track
bead profile where the cladding angle a (see Section 2.4.3) was close to 120°. If this
condition was achieved, the possibility of lack of fusion between overlapping tracks was
deemed to be low. However, this condition did not assure good bonding with the base
material. The first attempts were made using laser powers of 700, 850 and 1000 W;
traverse speeds of 420, 540 and 660 mm.min’l, and powder feed rates of 8.6, 12.6, 16.4
g.min”. Similar process parameters have been used in previous cladding experiments
with different powder materials [131, 154, 171-172]; therefore, it was generally

expected that acceptable bead profiles could be generated.

The single tracks were sectioned in a direction that was transverse to the welding
direction in order to measure the cladding angle and the height and width of the

deposited bead. The results showed that a cladding angle of less than 90° occurred when
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using a high mass flow rate and a low traverse speed. Furthermore, the presence of
cracks was observed in some single tracks. Given that the results were not satisfactory,
these parameters were discarded. Further experiments were performed, changing only
the traverse speed and then the powder feed rate. A relationship between specific energy
(Equation 2.1), the powder density and single track profiles was established in order to
understand the effects of the process parameters. The single track profiles were

consistent with those showed in Figure 2.10 and Figure 2.11.

The experiments with different powder feed rates and traverse speeds achieved
acceptable single track profiles; so samples with overlapping single tracks were then
manufactured. These samples were cut on a plane that was transverse to the welding
direction in order to assess the suitability of the cladding conditions and to check for the
presence of porosity and cracks. In the initial trials, porosity and cracks were found to

be present.

As mentioned in Section 2.6, porosity can result from any kind of contamination;
however contamination was prevented before deposition. Sources could include any
contamination in the powder such as, for instance, humidity. If moisture were present,
oxygen and hydrogen could be released in the melting process and porosity could be
generated. For these reason, the powder was baked at 100°C for 30 minutes prior to
being used in laser cladding experiments. After this action, new experiments were

carried out and the results showed no porosity, but cracks remained in the cladding.

Further changes in process parameters were considered in order to mitigate the cracks.
Regarding the combination of parameters established in Figure 3.7, further sets of
parameters that showed good single track profiles were found at laser power 700, 850,
1000W; traverse speed 240, 360, 480mm.min"' and with powder feed rates of 4.56, 8.58
and 12.6g.min”". Figure 3.8 shows the cladding profiles for the centre point, high speed

and high feed rate operating conditions.
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Figure 3.8 Optical micrographs showing the cross-sections of clad layers made with different
process parameters: (a) Centre point (LP 850W, TS 360mm.min”', PFR 8.58g.min'1), (b) High
speed (LP 850W, TS 480mm.min™', PFR 8.58g.min™"), (c) High feed rate (LP 850W, TS
360mm.min”', PFR 12.6g.min™). Cracks were developed in all the operating conditions and
lack of fusion was also developed in the high feed rate condition.

The presence of cracks can clearly be observed in all the combinations of parameters
represented in Figure 3.8. In addition, the high feed rate set of parameters (Figure 3.8c)

shows lack of fusion between the cladding and base material.
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Further experiments using different traverse speeds and powder feed rate values were
performed in order to eliminate the cracks and the lack of fusion. However, cracks were
still present in the new experiments. An investigation in to the causes of cracking in
laser cladding was carried out and it was concluded that cracks can be generated by the
high cooling rates developed in the cladding process. Consequently, preheating of the
base material was explored in order reduce the cooling rates and to eliminate the cracks.

[79-80]

New single track profile experiments were performed using different sets of process
parameters. The base material was preheated to 200°C. This was the maximum
temperature that could be achieved for the heater plate. Care was taken in these
experiments in order to maintain the preheat/interpass temperature at all times. These
experiments were carried out with laser powers of 700, 850, 1000 W; traverse speeds of
240, 360 and 480 mm.min'; and powder feed rates of 2.28, 6.3 and 10.32 g.min".
Figure 3.9 shows transverse cross-sections of the specimens made with different

parameters.

. 50.00 um|

Figure 3.9 Optical micrographs showing the cross-sections of single tracks made with different
process parameters: (a) Low laser power (LP 700W, TS 360mm.min”', PFR 6.3 g.min'l). (b)
Centre point (LP 850, TS 360mm.min”’, PFR 6.3 g.min'l). (c) High laser power (LP 1000W,

TS 360mm.min”', PFR 6.3g.min™"). (d) Low speed (LP 850W, TS 240mm.min"', PFR
6.3g.min"). The base material was preheated at 200°C in order to reduce the cooling rates,
however the presence of cracks was still found except in the high laser power sample.
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The presence of cracks in some of the specimen can be appreciated. In this case,
substrate preheating did not make any difference. It is possible that a higher substrate
preheat temperature was necessary. Further single track experiments with different
process parameters were carried out but it was not possible to eliminate the cracks.

Therefore, the option of changing the powder was considered.

A new set of experiments was defined where a new powder from a Hogands Belgium
supplier was used and no preheating or baking of the powder was employed. The
revised process parameters included laser powers of 700, 850 and 1000W; traverse
speeds of 240, 360 and 480mm.min'1; and powder feed rates of 4.56, 6.3 and 8.58g.min
! Satisfactory results were obtained with the new conditions. The results showed clad
layers free discontinuities with the different parameters; i.e. no cracking and no
porosity. Furthermore, no lack of fusion occurred between overlapping single tracks and

the base material.

Figure 3.10 shows the cross sections of the single track and clad layer manufactured
with the process parameters of 850 and 1000W, traverse speed of 240 and 360 mm.min’
! and powder feed rate of 6.3 g.min™. It can be observed that good bonding between the
overlap tracks and the base material was achieved while avoiding the lack of fusion.
Furthermore, no cracks or porosity was found. The cladding angle developed by the
single tracks corresponding to these parameters was higher than 90° which indicate that

good bonding between overlap tracks and base material can be achieved.

These process parameters can be used in industrial cladding processes due to clad layers
being produced without discontinuities. Furthermore, different clad heights with
different dilution were also developed. This means, one or more layers can be produced
as required in order to satisfy the industrial application. However, if a change of the
values of the laser power, traverse speed and powder feed rate is considered, a new

analysis should be carried out due the chance that a lack of fusion can be produced.
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Figure 3.10 Optical micrographs showing the cross-section of the single track and clad layer
manufactured with S275 steel as base material and cladding parameters of: (a) and (b) laser
power of 1000W, traverse speed of 360mm.min"' and powder feed rate of 6.3g.min™'; (c) and (d)
laser power of 850W, traverse speed of 240mm.min"' and powder feed rate of 6.3g.min™". No
cracks, porosity and lack of fusion were found on the clad layers. Furthermore, cladding angles
higher than 90° were developed in the corresponding single tracks which promoted the good
bonding between the overlap tracks and the base material.

Given that good results were achieved with S275 steel as the base material with grade
316L powder, a new set of experiments was carried out with the same parameters using
grade 316L stainless steel as the base material. Figure 3.11 shows the cross sections of
the single track and clad layer manufactured with the process parameters of 850 and
1000 W, traverse speed of 240 and 360 mm.min"" and powder feed rate of 6.3 g.min™". It
can be observed that clad layers without discontinuities were also achieved. This means,
the values of the process parameters selected on the samples where S275 steel was used

as base material also generated clad layers without lack of fusion, cracks and porosity.
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Figure 3.11 Optical micrographs showing the cross-section of the single track and clad layer
manufactured with AISI grade 316L stainless steel as base material and cladding parameters of:
(a) and (b) laser power of 1000W, traverse speed of 360mm.min” and powder feed rate of
6.3g.min"; (c) and (d) laser power of 850W, traverse speed of 240mm.min” and powder feed
rate of 6.3g.min". No cracks, porosity and lack of fusion were found on the clad layers.
Furthermore, cladding angles higher than 90° were developed in the corresponding single tracks
which promoted the good bonding between the overlap tracks and the base material.

In order to understand the effect of the powders, their chemical composition was
examined using energy disperse x-ray fluorescence spectrometry. The results are

showed in Table 3.2.

Table 3.2 Chemical composition of AISI grade 316L powders used in the laser cladding trials.

wt. % of alloying element

Powder
Cr Fe Ni Mo Nb
LPW Technology 12.6 45.7 8.3 1.3 0.17
Hoganids Belgium 18.2 66.9 11.7 2.99 -
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The LPW Technology powder refers to the powder that was used in the first
experiments where cracks were evident. The LPW Technology powder does not satisfy
the standard chemical composition for AISI grade 316L stainless steel. This can explain
the problems associated with the experimental work in which cracking was the main
problem. With reference to the Shaeffler constitution diagram for stainless steels, the
lower concentrations of chromium and nickel in the LPW Technology powder would
have promoted the generation of martensite in the microstructure, thereby generating a
brittle material upon cooling after solidification. Therefore, it is plausible that the

cracking that occurred with the old powder was cold cracking (or hydrogen cracking).

Finally, the optimum values for the process parameters have been identified. These
parameters were used throughout the laser cladding experimental work in which
microstructure, corrosion resistance, hardness and residual stresses will be assessed. The
final optimised parameters are summarised in Table 3.3. These parameters represent the

multidimensional parametric study showed in Figure 3.7.

Table 3.3 Laser cladding process parameters.

Laser Power Traverse Speed Powder feed rate

Parameter (W) (mm.min™) (g.min™)
Low laser power 700 360 6.3
Centre point 850 360 6.3
High laser power 1000 360 6.3
Low speed 850 240 6.3
High speed 850 480 6.3
Low mass flow 850 360 4.56
High mass flow 850 360 8.58

It was essential for all of the work to be carried out in order to find the conditions that
produced cladding without discontinuities such as porosity, cracks or lack of fusion, as

these can have a detrimental effect on the performance of the clad layers. This mean, the
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corrosion resistance or the fatigue life of the clad layer can be considerably affected if
cracks are present. Therefore, an extensive study was carried out in order to eliminate

discontinuities between clad layers.

3.6 Discussion

Laser cladding is a complicated process because several variables are involved. Two

aspects should be considered in the selection of the process parameters.

1. The process parameters should provide good fusion between the overlapping
single tracks and the base material

2. Discontinuities in the cladding such as porosity and cracks should be avoided
The lack of fusion between overlapping tracks and base material can be attributed to the
process parameters. This means laser power, traverse speed and powder feed rate play
an important role in the generation of good bonding between the base material and the
overlapping single tracks deposited. Furthermore, the selection of the appropriate
process parameters depends of the material to be treated and the final conditions

required such as the cladding height or dilution.

The parameters chosen for the remainder of the cladding experiments resulted in a
cladding angle (o) of approximately of 120°, therefore no lack of fusion between
overlapping tracks and the base material was generated. The cladding angle is an
important factor to consider in the selection of the process parameters, especially if
overlapping tracks are used in order to cover larger areas. However, if laser cladding is
used in order to build up walls, for instance as in 3D printing, the cladding angle can

vary due to others issues which can become of greater concern than lack of fusion.

While process parameters may also have an effect on the likelihood of forming other
discontinuities in the cladding, such as porosity and cracks, there are other potential
contributing factors to the formation of these defects. For instance, if the cladding
process is not performed in an isolated environment, contamination with air can produce
flaws in the overlay. Furthermore, if there is contamination on the sample surface or if

the powder is contaminated, discontinuities can also be generated after solidification.
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In this work, it was found that the likelihood of cracking correlated with the chemical
composition of the powder material that was used in the deposition of the single tracks.
With the LPW Technology powder, which had lower levels of chromium and nickel, the
formation of martensite would be expected according to the Schaeffler diagram. The
formation of a brittle microstructure would make the overlay more susceptible to
cracking through mechanisms such as, for example, cold cracking. This observation
highlights the importance of the chemical composition of the materials involved in the

generation of discontinuities.
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Chapter 4

Metallurgical assessment of laser cladding deposits

4.1 Introduction

This chapter describes the experimental procedures used to reveal the microstructures
developed in the laser cladding experiments. Furthermore, the changes in microstructure
due to changes in process parameters and different base materials are examined. In
addition, the phase microstructure is estimated in some samples with the help of the
WRC-1992 diagram and the dilution. Owing to the importance of the material hardness,
this is also examined and related to the changes in process parameters. A relationship
between the hardness and dilution can be established in order to understand the effect of

process parameters.

4.2 Experimental procedures

4.2.1 Sample preparation

Two sets of laser cladding samples were produced using the process parameters
described in Table 3.3. The first set used grade 316L austenitic stainless steel as the
powder material and S275 steel as the base material. The second set used grade 316L
austenitic stainless steel as both the powder and the base material. In addition another
sample, with centre point parameters was prepared depositing two layers of cladding for

each combination of materials.

A total of 16 samples were examined and each sample was sectioned on the plane that
was oriented transversely to the cladding direction at the mid-length position because at
this location quasi-stationary state conditions will have been achieved. The samples

were prepared using metallographic standard procedures [173]. Grinding was carried
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out using 320 grit paper, followed by 600 grit paper, and finally with 1200 grit grinding
paper. After grinding, the samples were manually polished using 6 um, 3 um and 1 pum

slurry solutions.

4.2.2 Sample analysis

In order to reveal the microstructures, the samples were electrolytically etched in 10%
oxalic acid. The samples were exposed to the solution for a period of 2 minutes, using a
voltage of 7 V, and were then rinsed with plenty of water in order to stop the chemical
reaction. The microstructures were examined using a Keyence VHX-500P optical
microscope at different positions in order to visualize the microstructure along the

length of the cladding.

The hardness of the samples was measured using a Buehler Micromet Vickers Hardness
Tester following the Standard Test Method for Vickers Hardness of Metallic Materials
(ASTM E 92-82). The hardness was measured in three different positions in the clad
layer, corresponding to the positions of the 6™, 10™ and 15™ cladding tracks to be
deposited. These tracks represent an area where the dilution stabilised and it can be
considered that quasi-stationary conditions were developed. The first indentation was
applied close to the top of the ground clad surface and consecutive measurements were
taken along the cladding until the base material was reached. The distance between
indentations was three times the length of the diagonal for the indentations. An average

of all measurements was taken to be as the hardness.

4.3 Results

4.3.1 Microstructures developed with Grade 316L austenitic stainless

steel powder and S275 steel base material

Figure 4.1 and Figure 4.2 contain micrographs corresponding to the low laser power and

low mass flow samples, respectively (Table 3.3). In general, the overall features of the
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microstructures developed with laser cladding were similar for all of the combinations

of process parameters that were tested.

Figure 4.1 Optical micrographs showing the clad layer microstructure generated with a laser

power of 700W, a powder feed rate of 6.3g.min”, and a traverse speed of 360 mm.min™. In

some locations, evidence of columnar microstructures can be observed. A narrow layer was
developed parallel to the interface zone and some un-mixed ferrite is also observed.

Coarser columnar microstructures were observed near the fusion boundary for each clad
pass, whereas in the centre of each clad bead and towards the top surface finer columnar
dendrites were observed, with multiple grain orientations that were not necessarily
aligned with the direction of heat flow. A transition from columnar dendritic to
equiaxed dendritic microstructures was not produced, as is evident in the higher
magnification images presented in Figure 4.3 and Figure 4.4. Equiaxed dendritic
microstructures are developed with low thermal gradients and higher solidification
rates, a combination which is not likely to arise for the deposition conditions in this

study.
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Figure 4.2 Optical micrographs showing the clad layer microstructure developed with a laser
power of 850 W, a traverse speed of 360mm.min™', and a powder mass flow rate of 4.56 g.min".
Columnar morphology microstructures are observed. A narrow layer was developed parallel to
the interface zone and some un-mixed ferrite is also observed.

o s

" : 105m

Figure 4.3 Optical micrographs showing the clad layer microstructure developed with
a laser power of 850W, a traverse speed of 240 mm.min"', and a powder mass flow
rate of 6.3 g.min”". Finer columnar microstructures are observed in the centre of the

clad bead. No evidence of the generation of equiaxed microstructures.
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New orientations of columnar dendrites were observed on the top of the cladding in
some samples. This could be attributed to the effect of additional convective cooling
[174]. The same effect was found in Ref. [175], where finer columnar dendrites were
observed on the top of the cladding parallel to the scanning direction. Columnar
dendritic microstructures were also observed in the zone of overlapping single tracks.

The orientation of the new grains followed the grain orientation of the previous tracks.

Figure 4.4 Optical micrographs showing the clad layer microstructure developed with
a laser power of 850W, a traverse speed of 240 mm.min™', and a powder mass flow
rate of 6.3 g.min"'. Finer columnar microstructures are observed in the top surface of
the clad bead. No evidence of the generation of equiaxed microstructures.

As mentioned in Section 2.8, the primary parameters for determining the
microstructural morphologies are the thermal gradients and the solidification rates. If
the temperature gradient is denoted by G and the solidification rate as R, the ratio G/R
defines the solidification microstructure morphology and the product G.R defines the
scale of the solidified microstructure [68, 95]. The product G.R is defined as the cooling
rate (Equation 2.9). In general, fine microstructures are developed in laser process
treatments; however the cooling rates define the exact scale of the solidification

structure.

Owing to the high cooling rates developed by laser cladding, macrosegregation can
occur. This means that non-uniform distribution phase can be produced during

solidification [68, 176-178]. Macrosegregation can be caused by changes in growth
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velocity during solidification, changes in convection patterns in the molten pool, or
changes in the flow of solute enriched liquid, and it normally manifest as banding [68].
This effect was observed in most of the samples and can be related to un-mixed ferrite

(Figure 4.1).

The deposition of two layers using the centre-point process parameters (Table 3.3) was
also assessed where columnar microstructures were found. However, coarser dendrites
could be promoted with the deposition of several overlapping tracks, owing to the
accumulation of heat [175, 179]. This can reduce the thermal gradients, but the cooling

rates will also change.

No epitaxially grown grains were developed perpendicular to the interface zone as
would be expected. This was attributed to the generation of a narrow layer parallel to
the fusion boundary (Figure 4.2). This layer formed parallel to the fusion boundary was
observed in all the cladding samples. According to Refs. [180-182], when the base
metal has a higher carbon content (ferritic steel) than the cladding material (austenite
steel) some carbon from the heat affected zone will migrate to the fusion boundary
generating a narrow martensitic layer parallel to the interface zone which will produce
high hardness in that particular region. The generation of this layer can produce cracks
due to hydrogen cracking at the fusion boundary and the performance of the material

will be considerably affected.

In order to identify if a martensitic layer was formed parallel to the fusion boundary,
hardness measurements were carried out on the high-laser-power and low-speed
samples (Table 3.3). The dilution generated on the high-laser-power and low-speed
samples was 30 and 10%, respectively. Figure 4.5 shows the hardness measurement on
the high-laser-power sample where it can be seen that a considerable increment of
hardness (approximately 60%) is found along the narrow layer parallel to the fusion
boundary, and this starts to decrease towards to the centre of the cladding. Similarly, a
considerable increment of hardness (approximately 50%) was also found along the
narrow layer parallel to the fusion interface in the low-speed sample (Figure 4.6).
Therefore, it would seem plausible that a martensitic layer was developed due to carbon

migration from the heat affected zone to the fusion zone.
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Figure 4.5 Optical micrographs showing the hardness measurements (HV0.3) on the high-laser
power sample. An increment in hardness is developed near to the fusion boundary before the
hardness starts to decrease towards the centre of the clad bead. (30% dilution)

.
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Figure 4.6 Optical micrographs showing the hardness measurements (HV0.3) on the low-speed
sample. An increment in hardness is developed near to the fusion boundary. (10% dilution)
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It is worth noting that dissimilar materials are normally used in laser cladding, which
means that changes in phase or microstructure within the cladding material could be
generated owing to dilution. In this case, since grade 316L stainless steel is deposited on
to S275 steel, the generation of some ferrite [175] or martensite can occur during
solidification. The Shaeffler diagram and the WRC-1992 diagram can be used to
estimate the phases present in the microstructure of the clad metal. Therefore, the phase
microstructure developed in some cladding samples were estimated using the WRC-
1992 constitution diagram for stainless steel. The dilution was measured in all of the
samples as was described in Section 2.4.4. Table 4.1 summarises the dilution that
occurred with the different combinations of process parameters and Table 4.2
summarises the chemical composition for the low-speed, centre-point and low-mass-

flow cladding parameters.

Based on the chemical compositions shown in Table 4.2, the microstructural phases
developed for different values of dilution can be estimated using the WRC-1992
diagram (Figure 4.7).

Table 4.1 Dilution produced with different combinations of process parameters (%).

Parameter Laser Power  Traverse Speed  Powder feed Dilution
W) (mm.min™) rate (g.min") (%)
Low laser power 700 360 6.3 17
Centre point 850 360 6.3 25
High laser power 1000 360 6.3 30
Low speed 850 240 6.3 10
High speed 850 480 6.3 35
Low mass flow 850 360 4.56 47
High mass flow 850 360 8.58 10
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Table 4.2 Estimated chemical compositions for the low-speed (10%), centre-point (25%) and
low-mass-flow (47%) cladding parameters (wt. %).

S275 mild  AISI 316L 10% 25 % 47 %
Material
steel SS dilution dilution dilution

C 0.29 0.03 0.056 0.095 0.152
Mn 1 p 1.9 1.75 1.53
Si 0.2 1 0.92 0.8 0.624
P 0.04 0.045 0.045 0.0438 0.043
S 0.05 0.03 0.032 0.035 0.039
L 17 15.3 12.75 9.01
N 12 10.8 9 6.36
Mo .. 2.5 2.25 1.88 1.33
Cu 0.2 .. 0.02 0.05 0.094
Creq 0 19.5 17.55 14.63 10.34
Nieq 10.2 13.05 12.77 12.34 11.71
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Figure 4.7 WRC-1992 diagram [183] overlayed with a mixing line between the compositions of
the mild steel substrate (S275) and the stainless steel powder (316L). Estimated compositions
for ~10% dilution, ~25% dilution and ~47% dilution are highlighted. Compositions on the left

side of the 1% Mn boundary will tend to develop martensite.
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It can be seen that y-austenite with a small quantity of 6-ferrite would be expected to
develop in the low speed sample (10% dilution). For the centre-point parameters (25%
dilution), the phases in the microstructure would be expected to comprise y-austenite
with a small fraction of martensite. Finally, y-austenite with some martensite would be
expected to develop with the low-mass-flow parameters (47% dilution). Austenitic
stainless steels do not normally develop martensite during cooling after solidification,
unless severe cold work is applied or unless cryogenic temperatures are approached.
Thus, the formation of martensite is normally unlikely, and it can be challenging to
observe martensite based only on the morphologies that appear in the microstructure
(Figure 4.8). However, as mentioned above, an increase in the hardness can indicate the

presence of martensite within the overlay.

Figure 4.8 Optical micrographs showing the clad layer microstructure developed with a laser
power of 850W, a traverse speed of 360 mm.min™', and a powder mass flow rate of 4.56 g.min™".
The appearance of y-austenite phase microstructure is observed in clad bead with no evidence of

martensite.

There are other factors that can have an influence on the phases that are present in the
microstructure at room temperature. As explained by Kou [96], if higher cooling rates
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are present in the process (i.e. at welding speeds in the order of 120000 mm.min™), a
change in phase can be generated. For instance, a material that normally solidifies as
primary ferrite with a low cooling rate could solidify as primary austenite solidification
under higher cooling rates. In this work, low traverse speeds were used (between 240 to
360 mm.min); therefore a phase transformation due to higher cooling rates is not

expected.

It can be observed that dilution plays an important role in the development of phases in
the microstructure. Therefore, it can be appreciated that dilution will also influence the
residual stresses that develop in the overlay through affecting the coefficients of thermal
expansion, and through the effects that transformation strains have on the development
of residual stress [184]. For example, the dilatational strain associated with a
transformation from austenite to martensite is known to reduce the tensile nature of
residual stresses, since the decrease in density that occurs during the transformation
counteracts the development of thermal contraction strains upon cooling to room

temperature [184].

4.3.1.1 Hardness

As was mentioned in Section 2.9, material hardness is an important mechanical property
for metals, because it provides crucial information that is considered in the selection of
materials. Hardness is directly related to the grain size, the chemical composition and
the phase composition of the metal, and also to some external work hardening
processes. Therefore, laser surfacing processes in which finer microstructures are
developed could manifest high values of hardness. Furthermore, changes in the phases

present in a microstructure can also lead to changes in hardness.

Figure 4.9 shows the hardnesses that were produced with different laser powers at a
constant traverse speed and at a constant powder feed rate. The lowest hardness was
produced with a laser power of 700 W and the highest with a power of 1000 W.
According to the above discussion on microstructure, similar microstructures were
developed in all of the samples; this suggests that variation in microstructure was not
the cause of a significant variation in hardness. However, a high dilution was observed

with the sample manufactured using a high laser power sample (Table 4.1), and the
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cladding thickness was also higher. The first of these facts can explain the high hardness

produced at high laser power, since the inclusion of some elements from the base

material in the cladding may have promoted a change of phase in the microstructure.
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Figure 4.9 Hardnesses developed in laser cladding samples with grade 316L stainless steel as
the powder, and S275 steel as the base material, at different laser powers, and with a constant

traverse speed of 360 mm.min"' and a constant powder feed rate of 6.3 g.min™".

Figure 4.10 depicts the hardness developed with different traverse speeds at a constant

laser power and a constant powder feed rate. The highest value of hardness was

produced with the highest traverse speed. In this case, the dilution with the high traverse

speed was higher than for the condition with a high laser power. Therefore it can be

assumed that a higher proportion of base material elements were distributed in the

cladding and that this promoted high values of hardness, through the formation of

martensite. Furthermore, the high speed led to a smaller cladding thickness than for the

low speed because less powder was fed to the melt pool.
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Figure 4.10 Hardnesses developed in laser cladding samples with grade 316L stainless steel as
the powder and S275 steel as the base material, at different traverse speeds and with a constant
laser power of 850 W and constant powder feed rate of 6.3 g.min".

Figure 4.11 show the effect of powder feed rate on hardness. In this case the highest
hardness was found with the lowest powder feed rate, in contrast to the results for the
laser power and the traverse speed, where the highest values of each parameter
developed the highest hardness. The results generated for the powder feed rate are in
accordance with previous studies [111], because the low powder feed rate produced the

highest dilution according to the information provided in Table 4.1.

The hardnesses obtained with different combinations of process parameters such as
laser power, traverse speed and powder feed rate were in the range of 170 to 320
HVO0.3. It can be observed that a high dilution promoted high hardness, with the low
powder feed rate condition generating the highest value of hardness. As it was seen in
Table 4.2, the chemical composition of the cladding can change considerably due to the
inclusion of base material elements, thereby promoting the development of different
phases in the microstructure. Therefore, it can be assumed that the phases estimated
with the WRC-1992 diagram were consistent with the assertion that the parameters that

produced higher dilution levels also showed higher values of hardness.
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Figure 4.11 Hardnesses developed in laser cladding samples with grade 316L stainless steel as
the powder and S275 steel as the base material at different powder feed rates, and at a constant
laser power (850 W) and with a constant traverse speed (360 mm.min™).

4.3.2 Microstructures developed with Grade 316L austenitic stainless

steel as both powder and base material

The microstructures developed using grade 316L stainless steel as both the powder and
the base material were similar to those for the case described above. Figure 4.12 shows
the microstructure developed with a laser power of 850 W, a traverse speed of 240
mm.min”', and a powder feed rate of 6.3 mm.min™. In general, epitaxial microstructures
were found to develop in the direction perpendicular to the interface zone and in the
opposite direction to the heat flow, with the presence of columnar dendritic
morphologies. Equiaxed dendritic microstructures were also observed toward the top of
the cladding due to the high cooling rates that would be expected to develop in this zone

(Figure 4.13). Furthermore, primary and secondary dendrites arms were also present.

Macrosegregation manifested as banding was also found in all of the samples. As
mentioned above, this is related to non-equilibrium solidification which is occurs in

some rapid solidification processes.
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Figure 4.12 Optical micrographs showing the clad layer microstructures developed with the
laser cladding process using grade 316L stainless steel as both the powder and the base material,
with a laser power of 850 W a traverse speed of 240 mm.min™'; and a powder feed rate of
6.3g.min"". Epitaxial columnar microstructure was developed perpendicular to the interface zone
and along the clad layer in multiple directions.

Since AISI grade 316L stainless steel was used as both the cladding and base material,
the effects of dilution can be ignored. According to the WRC-1992 diagram (Figure
4.7), a predominatly y-austenite microstructure with a small portion of d-ferrite would
be expected to form. However, the quantity of ferrite present in the clad layer is very

small, so the micostructure appears to be fully austenitic in the figure.

No further phase transformations would be expected during cooling, as was discussed
above, because the traverse speed that was used in the manufacture of these samples
was not high enough to generate cooling rates that would produce such a

transformation.
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Figure 4.13 Optical micrographs showing the clad layer microstructures developed with the
laser cladding process using grade 316L stainless steel as both the powder and the base material,
with a laser power of 850 W a traverse speed of 240 mm.min™'; and a powder feed rate of
6.3g.min"". Equiaxed dendrites were developed at the top of the cladding. Furthermore, primary
dendrites were also observed.

4.3.2.1 Hardness

The hardness values in laser cladding samples for which grade 316L stainless steel was
used as the powder, and S275 steel was used as base material, were assessed. The
changes have been related to the process parameters that were used for each sample.

Hardness measurements were performed following the same procedure explained in

Section 4.2.2.

The hardnesses generated as a function of laser power, traverse speed and powder feed

rate are presented in Figure 4.14, Figure 4.15 and Figure 4.16, respectively.
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Figure 4.14 Hardnesses developed in laser cladding samples with grade 316L stainless steel as
the powder and also as the base material at different laser powers, with a constant traverse speed
(360 mm.min™") and a constant powder feed rate (6.3 g.min'l).
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Figure 4.15 Hardnesses developed in laser cladding samples with grade 316L stainless steel as
the powder and also as the base material at different traverse speeds, with a constant laser power
(850 W) and a constant powder feed rate (6.3 g.min’l).
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Figure 4.16 Hardnesses developed in laser cladding with grade 316L stainless steel as the
powder and also as the base material at different powder feed rates, with a constant laser power
(850 W) and a constant traverse speed (360 mm.min™).

It was noticed that only small variations in hardness occurred with all sets of
parameters. These results were to be expected because the effects of dilution can be
ignored, owing to the chemical composition of the powder matching that for the base
material. This, in turn, means changes of phase in the microstructure would not be
expected. Therefore, variations in hardness can be attributed to differences in the
microstructures resulting from small variations in the cooling rate. For instance, the
highest hardness was produced with the high traverse speed condition, for which fine
microstructures were expected because high cooling rates will have manifested.
Furthermore, small variations in hardness were developed between each area that was
measured. However, the variations in hardness between all the samples were small, in
the range between 177 and 192 HVO0.3. These values are lower when compared with the

hardnesses that arose when S275 steel was used as the base material.
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4.4 Discussion

Laser power, the traverse speed and the powder feed rate are the main parameters that
determine the cladding profiles, and also that affect the different microstructures and
morphologies that develop. The high cooling rates that are produced in laser cladding
are directly related to the process parameters, and these cooling rates promote the
generation of finer microstructures, such as cellular and columnar dendrites, after
solidification. Even though equiaxed dendrites have also been generated in laser
cladding, the conditions that are required to form such a microstructure are complex,
and the values of the process parameters that were chosen in this study did not produce

this type of structure in the majority of the cases.

Process parameters also have a direct effect on the dilution generated in laser cladding.
Under the conditions proposed in this study, the lowest powder feed rate produced the
highest dilution and this was equalled by the condition using the lowest traverse speed.

This is because the powder density is affected by these parameters.

A narrow layer was developed parallel to the fusion boundary in all of the clad overlays
where S275 steel was uses as the base material. This was attributed to the migration of
some carbon from the heat affected zone to the fusion zone. It was found that an
increment of hardness was generated in this region which suggested that martensite

could have been formed.

The hardnesses generated in laser cladding can be related to the phase composition and
the microstructural morphologies. In this study, the microstructures developed in the
different samples were similar, but the effects of dilution in dissimilar materials played
an important role in determining the hardness. A high dilution contributed to the
generation of austenite and martensite phases in the cladding, as shown in the WRC-
1992 constitutional diagram for stainless steels, owing to the inclusion of base material
elements, thereby generating high values of hardness. Although, a high dilution leads to
a high percentage of the base material elements being incorporated into the clad layer,
the possibility of some powder material not melting could also promote an imbalance in
the chemical composition of the cladding. In addition, it was difficult to identify
martensite in the clad overlays microstructure owing to the fact that martensite does not

normally develop in austenitic stainless steels during cooling after solidification.
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However, the values of hardness agreed with the phase microstructure estimated with

the WRC-1992 diagram.

A coating layer of grade 316L stainless steel was deposited over S275 steel substrates
and the hardness that is developed can contribute to enhancing the wear resistance.
However, the corrosion resistance could be adversely affected in the samples that
showed high dilution. Therefore, it is necessary to clearly define the objectives when

establishing the most appropriate conditions for treating the sample.

141



Chapter 5. Residual stress measurements

Chapter 5

Residual stress measurements

5.1 Introduction

The development of residual stresses in laser cladding can affect the performance of the
final coating. Tensile and compressive residual stresses can develop due to the
constrained expansion of material prior to melting, and constrained shrinkage after
solidification. Since laser cladding is used either to restore worn components or to
produce coatings with superior mechanical properties in comparison to the base

material, dissimilar materials are often used.

In the event where dissimilar materials are used, thermal properties such as the
coefficient of thermal expansion, the thermal conductivity and the melting point play an
important role in the development of the nature and magnitude of the residual stresses.
Furthermore, laser cladding process parameters such as laser power, traverse speed and
powder feed rate directly affect the magnitude and nature of residual stresses because
different cladding morphologies and phases that are generated with different
combinations of process parameters. However, the study and analysis of residual

stresses generated in laser cladding is complex due to all the variables that are involved.

It is crucial to have an understanding of the residual stresses generated in laser cladding
because these stresses can be a major contributing factor to failures [185]. The most
common failures produced by residual stresses are related with the generation of cracks
which directly affect the fatigue resistance of the metals. Furthermore, if the materials
are exposed to corrosive environments, residual stresses can affect the corrosion
resistance, promoting failure modes such as intergranular corrosion or stress corrosion

cracking.

Owing to the importance of residual stresses, this chapter describes the methodology
that was used in the measurement of residual stresses that are developed during laser

cladding with different values for process parameters such as the laser power, traverse
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speed and powder feed rate. Two techniques were used in their assessment, the shallow
hole drilling technique and the contour method. As mentioned in section 2.10, these
techniques have been widely used in the assessment of residual stresses generated by

laser cladding.

5.2 Experimental procedures

5.2.1 Sample preparation

In order to quantify the residual stresses that are developed in laser cladding, and the
influence of process parameters, laser cladding samples were prepared with the centre-
point process parameters and the high-laser-power conditions (Table 3.3). AISI grade
316L stainless steel powder material was deposited onto both S275 steel and AISI grade
316L stainless steel coupons. Given that two or more layers are often deposited in laser
cladding in order to achieve a specific cladding thickness and an acceptable level of
dilution, the centre-point conditions were also used to prepare samples with two layers

of cladding.

As mentioned in Section 3.5, twenty single tracks were deposited with 40% overlap.
After completion, the clad surface was gently ground and manually polished in order to
get a flat surface. This procedure could modify the original residual stress state.
However laser cladding normally is followed by a post-processing operation such as
milling or turning in order to achieve the final dimensions. Therefore, it was considered
necessary to assess the residual stresses in coupons that were prepared in a way that is

representative of industrial practice.

5.2.2 Samples analysis

5.2.2.1 Contour method

As mentioned in Section 2.10.5, the contour method is based on the principle of stress

relaxation as applied to a cut surface. Therefore, an appropriate cutting method should
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be selected. In this study, the samples were cut using electric discharge machining
(EDM), where an electric discharge is generated between a copper wire and the work

piece in order to provide the thermal energy to cut the material.

The centre-point sample, for which laser cladding process parameters have been defined
in Table 3.3, was selected to be assessed with the contour method. Two samples were
prepared, one using S275 steel and the other grade 316L stainless steel as the base
material. In each case, two layers of cladding were deposited. Furthermore, the base
materials were also assessed prior to cladding in order to know the initial residual stress

state.

The uncertainty in the estimated stresses generated with the contour method is directly
affected by the cutting process and there are several factors with the potential to affect
the uncertainties. For example, in order to produce smooth surfaces after cutting, low
speeds and low voltages were used. Therefore, the same cutting conditions were used in

all the cladding configurations.

If some discontinuities such as porosity or lack of fusion are produced in the cladding,
several problems can arise, such as wire breakage, and then the smoothness of the cut
surface can be affected, producing errors in the displacements generated by the stress

relief.

Another important aspect to consider before the cutting step is the way in which the
sample is clamped, because an inappropriate clamping configuration can generate
dissimilar contours on the two opposing cut surfaces. [126]. This normally occurs when
only one half of the sample is clamped. Accordingly, special jaws were manufactured in
order to provide effective clamping for the samples. Figure 5.1 shows an example of the
way in which the samples were held. It can be observed that the samples were held at
four different locations in order to avoid any movements in each half of the sample.

Any unexpected movement between the parts could introduce anti-symmetric errors.
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Figure 5.1 Jaws manufactured to grip samples for contour method measurements. The samples
were held at four points in order to avoid any movement of either half of the sample being cut

The contour method only measures stresses that act in a direction that is normal to the
cut surface, so it is important to identify the component of stress that is of greatest
interest. Several studies have been made in order to understand the stress distribution in
laser clad test pieces with varying configurations, with common variables including the
selected process parameters, the choice of overlay and base materials, whether single
layers or multiple layers are used and whether they comprise several overlapping tracks

[13, 122, 128, 131].

In general, the results have shown that high tensile stresses have been produced in the
cladding direction. On this basis, the centre-point samples were cut on a plane that was
orientated transversely to the cladding direction. The cutting was carried out at the mid-
length position of the overlay, and perpendicular to the cladding or longitudinal
direction. Thus, the residual stresses acting in the longitudinal direction were measured.

Figure 5.2 provides a schematic representation of the EDM cutting set-up.
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Figure 5.2 EDM cutting direction.

Once a sample had been cut, the displacements that were produced on both halves due
to the relaxation of stresses were measured with the help of a Laser scanner (NanoFocus
AG model D-46047 Oberhausen), where the measurements were made with a resolution
of 30 um. Figure 5.3 shows the laser scanner that was used in the measurements. The
data obtained after laser scanning were processed using Matlab scripts and, with the
help of a finite element package, the stresses related to the displacements produced after
the cutting can be obtained. In this case, ABAQUS was used in order to calculate the

stresses developed.

Figure 5.3 NanoFocus laser scanner used to measure the surface displacements for the contour
method measurements.
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5.2.2.2 Shallow hole drilling technique

The residual stresses generated using the centre-point conditions were assessed with the
shallow hole drilling technique, for the samples that comprised a single layer and two
deposited layers, respectively. Two such centre point samples were manufactured using
an S275 steel substrate, while another two were manufactured using AISI grade 316L
stainless steel as the base material. Furthermore, in order to assess the effects of process
parameters such as laser power on the generation of residual stresses, the high-laser-
power sample (see Table 3.3) was also assessed with each base material. A total of 6
samples were measured. The sample surfaces were also gently ground and manually
polished. The shallow hole drilling technique is a standardised test, so these
measurements were carried out by an external company according to instructions that

were provided by the author.

The gauge position for these measurements was offset longitudinally by 10 mm from
the mid-length position of the cladding. It was considered that, in the event of a gauge
or drill failure, a replacement gauge could be installed and drilled without significant
interference from the previously drilled hole. Furthermore, quasi-stationary conditions
were considered to be developed in this region due to stabilised dilution. Figure 5.4
shows the way in which the gauge was installed on one of the laser cladding samples.
The gauge type selected for the assessment of residual stresses was a Vishay Precision
Group type EA-06-125RE-120 gauge which provided residual stress data to a depth of
2.05 mm.

Orbital drilling was carried out starting with four depth increments 64 pm, followed by
four depth increments of 128 um, followed by eight depth increments of 256 um, which
resulted in a final hole depth of 2.82 mm and provided residual stress data to a depth of
2.05 mm. Some stress uncertainties can be produced due to material properties, the
drilling process, strain gauge and strain indicator. Therefore, it has been established a

range stress uncertainties in the longitudinal and traverse stresses in depth such as:

e Depth 224 um; +84 MPa
e Depth 1024 um; +31 MPa
e Depth 2048 pm; +51 MPa
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Figure 5.4 A strain gauge rosette installed for residual stress measurements using
the shallow hole drilling method. The longitudinal or cladding direction is
denoted by o3 and the transverse direction is denoted by o,

5.3 Results

5.3.1 Contour method

Some uncertainties in the results assessed with the contour method can arise near to the
cut edges because of changes in the cut width [126]. It has been suggested that data
obtained from near to the cut edges, i.e. within approximately 0.2 up to 2 mm of the
edge, should not be considered. On this basis, the results obtained at locations within 1
mm in the top of the cutting have been omitted. It has been decided, however, to show

the complete surface in all the samples assessed with the contour method.

As was mentioned in Chapter 3, the original dimensions of the base material coupons
were 50 x 50 x 10 mm. However, in order to reduce any contamination and to provide a
flat surface for the deposition of the overlays, the base material coupons were milled on
one surface, resulting in a final thickness of 9.5 mm. Furthermore, prior to the
deposition, the flat surface was sand blasted. These manufacturing operations will have
influenced the residual stresses within the base material. Considering the importance of
the initial stress state in the assessment of residual stresses, the S275 mild steel and the
grade 316L base material coupons were assessed with the contour method, prior to the

deposition of any cladding.
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Figure 5.5 shows the stresses that were measured in the S275 mild steel substrate. It can
be observed that tensile stresses are located near to the top surface and these gradually
turn to compressive stresses towards the bottom of the coupon, producing a balanced

stress distribution overall.

For comparison, the initial residual stress state of the AISI grade 316L stainless steel
coupons is shown in Figure 5.6. It can be observed that tensile stresses are developed
near to the top surface and this turn compressive with increasing depth. Compressive
stresses are found at the bottom of the coupon; these can be attributed to the cold rolling

process.
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Figure 5.5 Residual stress distributions measured using the contour method in an S275 steel
base material coupon. Tensile stresses are observed near to the top surface and these are
balanced by compressive stresses towards the bottom of the coupon. Stresses are in MPa.
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Figure 5.6 Residual stresses measured in AISI grade 316L stainless steel base material using the
contour method. Contours show tensile stresses toward the top surface of the coupon and these
are balanced by compressive and tensile stresses near to the bottom of the coupon. Stresses are

in MPa.

The longitudinal stresses developed in the centre-point sample, with two layers of
cladding deposited on the S275 steel base material are shown in Figure 5.7. The
cladding thickness was approximately 1.60 mm. The deposition started on the left side.
Discarding the residual stresses near to the edges along the top surface in a depth of
approximately 1 mm, it can be observed that tensile stresses were generated increasing
in magnitude in an area that can be considered close to the HAZ. The residual stresses
in the remaining surface did not suffer considerably changes in comparison with the

residual stresses developed in the S275 base material (see Figure 5.5).
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Figure 5.7 Residual stresses measured with the contour method for an S275 steel coupon that
has been coated with two layers of cladding. Tensile stresses were developed in the cladding
area, showing high magnitudes in an area that can be considered to be close to the HAZ.
Stresses are in MPa.

The stresses corresponding to the same (centre-point) deposition conditions, but using
an AISI grade 316L stainless steel base material coupon, are presented in Figure 5.8.
The cladding thickness was approximately 1.7 mm. The deposition sequence was from
left to right. Considering the same criteria used in the sample with S275 steel as the base
material, it can be observed that tensile stresses were generated increasing in magnitude
in an area that can be considered to be close to the HAZ. No considerable changes were
observed in the remaining surface of the sample in comparison with the residual stresses

generated in the grade 316L stainless steel base material (see Figure 5.6).
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Figure 5.8 Residual stresses measured using the contour method for the AISI 316L stainless
steel coupon that was coated with two layers of cladding using the centres point conditions.
Tensile stresses were developed in the cladding area, showing high magnitudes in an area that
can be considered to be close to the HAZ. Stresses are in MPa.

As it was expected, tensile stresses were generated in the longitudinal direction in the
vicinity of the deposited overlay, when using the centre-point conditions. This can be
attributed to the constrained expansion and shrinkage of the molten material during the
solidification process. Furthermore, compressive residual stresses were generated in the
substrate material, which balance the tensile residual stresses in the overlay region.
Comparing the residual stresses generated with different base materials, it can be seen
that higher tensile stresses were developed in the sample for which mild steel was used
as the base material. The higher tensile stresses in the sample with an S275 mild steel
coupon can be attributed to the fact that high thermal stresses will have developed
owing to the differences in the thermal expansion coefficients for the cladding and the

base materials.

5.3.2 Shallow hole drilling technique

The residual stresses generated in the centre-point samples, for both one and two layers
of cladding, together with the high-laser-power condition (Table 3.3) were assessed
with the shallow hole drilling technique. Measurements were made on the samples with

an S275 steel substrate as well as on the samples with AISI grade 316L stainless steel
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substrates. As mentioned previously, these measurements were carried out by an

external company.

5.3.2.1 Residual stresses developed using S275 steel as the base

material

The residual stresses developed in the centre-point sample, for both one and two clad
deposits, and in the high laser power sample, using S275 steel as the substrate, are
shown in the longitudinal and transverse directions in Figure 5.9 and Figure 5.10
respectively. Tensile stresses were developed in the longitudinal and transversal
directions due to thermal expansion and contraction of the molten material that occurred
during the solidification-cooling cycle. In all the samples, the first measurement was
recorded at a depth of 32 pum beneath the ground surface. From Figure 5.9 and Figure

5.10, the following observations can be addressed:

e The cladding thickness of the centre-point sample with one-layer deposit was
approximately 650 pm. A longitudinal stress of 224 MPa was developed at a
depth of 570 um while a transverse stress of 282 MPa was developed at the
same depth.

e The cladding thickness of the centre-point sample with two-layer deposits was
approximately 1.5 mm. The interface between the second layer and the first
layer was approximately at a depth of 1000 pum. Higher tensile stresses in the
longitudinal and transverse directions were developed in the second layer rather
than the one-layer deposit sample. This may be attributed to the generation of
martensite, during the deposition of the first layer (see Figure 4.7). This means
that, it would be expected to obtain higher values of hardness in the first clad
layer deposit. Assessing the hardness developed in the centre-point sample with
two layers of cladding (Figure 5.11), it can be observed that hardness
approximately of 200HV0.3 was developed in the first layer, and 180HVO0.3 in
the second layer. This may validate the assumption that martensite was
generated. It has been reported in Ref. [184], that the generation of austenite and
martensite tend to decrease the tensile residual stresses, since the thermal
contraction is affected by the strains associated with the martensite
transformation. Therefore, it was expected to find lower residual stresses in the
first layer. On the contrary, austenite and a small quantity of d-ferrite may have
been formed in the second layer at relatively high temperatures, and their
formation would not have the same effect reducing the generation of tensile
stresses.
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e The cladding thickness of the high-laser-power sample was approximately 800
pm. A longitudinal stress of 200 MPa was developed at a depth of 220 um while
a transverse stress of 432 MPa was developed at the same depth. Residual
stresses were higher than centre-point sample with one-layer deposit due to high
power density was used. Interestingly, residual stresses tended to decrease until
a depth of 800 um. This depth can be considered close to the interface zone.
This can be related to the generation of martensite near to the interface zone

(Figure 4.5).
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Figure 5.9 Longitudinal stresses measured with shallow hole drilling in the high laser power
sample, and centre point samples with one and two layer deposits, with S275 steel base
material.
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Figure 5.10 Transverse stresses measured with shallow hole drilling in the high laser power
sample, and centre point samples with one and two layer deposits, with S275 steel base
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Figure 5.11Hardness measured from the ground surface in the centre-point sample with two-
layer overlays for the S275 mild steel and the grade 316L stainless steel substrates. Transition
from the second layer to the first layer is highlighted on the plot. The plotted values correspond
to an average of three measurements. High values of hardness are developed in the first-layer

deposit for the S275 mild steel substrate.
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Higher transversal residual stresses were developed in all of the assessed samples. The
same behaviour was also observed in Ref. [13].This can be attributed to the way
residual stresses evolve during the deposition of several beads. Tensile stresses would
be expected during the deposition of a single pass in both longitudinal and transverse
directions, with highest magnitude in the longitudinal stresses. However, as subsequent
overlapping beads are deposited, the thermal contraction that occurs in the longitudinal
direction in the vicinity of the most recent clad pass will act to introduce longitudinal
compression at different locations such as previous deposited beads and the substrate.
Even though, clad passes might sustain highly tensile longitudinal residual stresses
immediately after they are deposited, the deposition of later passes may act to reduce
the tensile nature of the longitudinal residual stresses in large parts of the overlay. In
contrast, the development of transverse stresses in the last pass to be deposited does not
act to reduce the transverse stresses in earlier passes in the same way, so large

transverse stresses can be realised in a multi-pass overlay.

It can be seen that tensile residual stresses were generated in laser cladding after
solidification in both, longitudinal and transverse directions. Furthermore, the stresses
fluctuated because they were subjected to minor changes of the process parameters or
cladding configuration such as the deposition of two or more overlays. This can be
attributed to natural fluctuation of processing, or minor changes by the operator. This
should be considered in the application of laser cladding, owing to any change in the
variables that define the process can develop different residual stresses state. That could
affect the performance of the clad layers having a detrimental effect, for instance, in the

corrosion resistance.

5.3.2.2 Residual stresses developed using AISI grade 316L stainless

steel as the base material

Longitudinal and transverse stresses developed in the high-laser-power sample, and
using the centre point conditions both with one and two deposited layers, and using
AISI 316L stainless steel as the base material are shown in Figure 5.12 and Figure 5.13

respectively. The cladding thickness for the high-laser-power sample was approximately
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740 pm, whereas it was 650 pm in the one layer deposition and 1.5 mm for the two

layer deposition sample.
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Figure 5.12 Longitudinal stresses measured with shallow hole drilling in the high laser power
sample, and centre point samples with one and two layer deposits, with AISI 316L stainless
steel base material.

Tensile residual stresses were developed in both directions, with higher stresses in the
transverse direction. The residual stresses in each sample were similar. However, the
magnitude of the residual stresses was lower than the stresses developed using S275
mild steel as the base material. This can be attributed to the fact that the same material
was used as the powder and the base material. That is to say, the potential effect of any
differences in the coefficient of thermal expansion on the generation of thermal stresses
has been eliminated. Furthermore, unexpected phases are not present owing to the same

material being used for cladding.
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Figure 5.13 Transverse stresses measured with shallow hole drilling in the high laser power
sample, and centre point samples with one and two layer deposits, with AISI 316L stainless
steel base material.

5.3.3 Comparison between shallow hole drilling and contour method

results

Comparing the results obtained from the contour method and the shallow hole drilling
technique for the longitudinal stresses, using both S275 steel and AISI grade 316L
stainless steel substrates, these showed acceptable results. Figure 5.14 shows the
residual stresses assessed with the contour method and the shallow hole drilling
technique for the two-layer deposit using grade 316L stainless steel as the base material.
The contour method values correspond to the stresses measured from the ground surface
towards the base material at three different positions (black lines on the traverse section

in Figure 5.14).

The stresses close to the edges of the ground surface (from 0 to 1000 pm), measured
with the contour method, were discarded due to high uncertainties with the data. Higher
tensile residual stresses, in the order of 550 MPa, were measured with the contour
method between 1000 to 2000 um depths. On the contrary, stresses in the order of 250
MPa, were assessed with the shallow hole drilling at the same depths. Even though,
higher residual stresses were measured with the contour method, these tend to be similar
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than the shallow hole drilling after 2 mm depth. In this study, however, the contour
method enabled the identification of general trends, with less accuracy at the surface.
This was in agreement with the shallow hole drilling results. In general, the contour

method is more reliable at greater depths.
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Figure 5.14 Comparison between the residual stresses assessed with the contour method and the
shallow hole drilling for the two-layer deposit using grade 316L stainless steel as the base
material. The contour method plotted points correspond to an average of three measurements.
Higher tensile stresses were assessed with the contour method between 1000 and 2000 pm
depths.

159



Chapter 5. Residual stress measurements

5.4 Discussion

Residual stresses are an important aspect to consider in the manufacturing process
because they can have either a detrimental or beneficial effect on the performance of
metals. In laser cladding, the residual stresses are mainly generated by thermal stresses
where constrained expansion and shrinkage of the molten material take place. The
magnitude and nature of the residual stresses is defined by some aspects such as
temperature gradients, changes in phase, and differences in the coefficients of thermal
expansion for the base material and the cladding material. Although different techniques
and methods have been developed in order to assess the residual stresses, each
technique has its limitations, and the nature of the specimens to be measured can place
limitations on the techniques that are available. This fact emphasises the complexity

associated with the determination of the residual stresses.

Tensile residual stresses were developed in the laser cladding samples assessed in this
study because during and after the solidification process, the molten material begins to
shrink but it is constrained from doing so by the surrounding material. These results
agree broadly with other studies that have been carried out on the development of
residual stresses in laser cladding. In the case where S275 mild steel was used as the
substrate material, the thermal expansion coefficient of the substrate (~ 12 X 10° °C
[186] was lower than the corresponding value for the overlay (~ 20 x 10 °C™H[99].
This would lead to the overlay undergoing thermal contraction to a greater extent on
cooling after welding and, as such, it would lead to higher tensile residual stresses in the

overlay. This is indeed what was observed.

The development of different phases in the microstructure tends to affect the magnitude
of the residual stresses, especially when two or more layers are deposited. In this study,
the generation of martensite in the centre point sample with a two-layer deposit slightly
reduced the residual stresses in the first-layer since the strains associated with the
formation of the martensite phase can, to some degree, offset the thermal contraction

that occurs on cooling after cladding.

Higher stresses were present in the transverse direction. It is difficult to identify the
factors that produced higher transverse stresses than longitudinal stresses, but some

thought is given to this observation here. The thermal contraction that occurs in the
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longitudinal direction in the deposition of a clad bead, may introduce longitudinal
compression at different locations, such as previous deposited clad beads and the
substrate. This means, the deposition of consecutive clad beads could reduce the tensile
residual stresses in large parts of the cladding. From the measurements that have been
presented in this work, it would appear that the deposition of overlapping weld passes

does not act to reduce the transverse stresses in earlier passes in the same way.

The magnitude of the stresses obtained by the contour method and the shallow hole
drilling technique indicates that the yield stress was reached in all of the samples. This
is expected for processes such as welding and laser cladding, where plastic stains are
developed owing to the steep temperature gradients. This means that some uncertainties
in the results for the shallow hole drilling technique and the contour method will arise
because the calculation of the stresses is obtained considering only the elastic relaxation
of stress. However, Nobre et al.[187] has showed that, reliable results can still be
obtained with the shallow hole drilling technique even if the material yield strength has

been exceed.
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Chapter 6

Residual stress mitigation

6.1 Introduction

The performance of metals is considerably affected by the residual stresses developed
after manufacturing processes such as arc welding or laser cladding. These residual
stresses are normally tensile, which can have a detrimental effect on the fatigue
performance, wear resistance, and in some cases on the corrosion resistance when
metals are exposed to corrosive environments. Therefore, some post-manufacturing
processes have been developed over the years in order to diminish the effect of tensile

residual stresses.

Laser shock peening (LSP) is a novel process that has been used in order to mitigate
tensile residual stresses, generally by introducing compressive stresses. The effects of
introducing compressive stresses can improve the performance of metals, as was
discussed in Section 2.7. This means, LSP could be applied to laser clad surfaces in
order to enhance the performance of clad materials. Some researchers [163-166] have
investigated the effects of LSP on laser clad surfaces, reporting the mitigation of tensile
residual stresses and the generation of compressive stresses at the clad surfaces, and the
enhancement of fatigue life. Furthermore, increases in the material hardness were also
reported. However, good results have just been reported for treating small clad areas
with a single or multiple shots and there is no evidence of the benefits of LSP treating
large clad areas. Therefore, in this work a large clad area have been laser shock peened
and examined. Furthermore, stress corrosion cracking tests were performed in order to
assess the effects of laser shock peening in the corrosion resistance of the clad layers.

This is discussed in Chapter 7.

Post weld heat treatment (PWHT) has been implemented in order to relieve the residual
stresses generated after welding processes. However, owing to the fact that this

generally involves exposing metals to high temperatures, special consideration should
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be given to the maximum temperature to be used, the exposure time and the cooling rate
in order to satisfy the stress relieve. Some studies have been carried out in order to
assess the effects of PWHT on materials that have been laser clad, as was mentioned in

Section 2.11 [140-142].

Given that tensile residual stresses were developed in the laser cladding samples in the
current work, this chapter describes the effects of laser shock peening and post weld
heat treatment on the samples manufactured with the centre-point conditions. The
methodology followed during the PWHT is explained in detail below. The residual
stresses have been assessed using the contour method and the shallow hole drilling
technique. As with previous measurements, the shallow hole drilling technique was
performed by an external company. In addition, the Vickers hardness and the

microstructure developed after LSP have also been assessed.

6.2 Experimental procedure

6.2.1 Sample preparation

In order to assess the effects of applying laser shock peening and post weld heat
treatment to laser clad coupons, centre-point samples (Table 3.3) with one layer and two
layers of cladding, using both S275 steel and AISI grade 316L stainless steel substrates
were prepared. The same conditions and surface preparation procedures as those used in

the assessment of residual stresses (Chapter 5) were applied in these experiments.

6.2.2 Sample analysis

6.2.2.1 Laser shock peening

The laser shock peening process was performed by Metal Improvement Company. The
samples were treated using confined ablation in order to avoid any considerable damage
to the sample surfaces. A power density of 10 GW.cm™, and a pulse length of 18

nanoseconds were used. As explained in Section 2.7, the values for these parameters
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will govern the generation of compressive stresses on the treated surfaces. An area of 36
x 15 mm” was laser peened; this means that an area close to the cladding edges in both
the longitudinal and transverse directions remained unpeened. The residual stresses
generated after LSP were assessed using the contour method and the shallow hole

drilling technique. The procedures have been explained in detail in Chapter 5.

The microstructures generated after laser shock peening were examined on a transverse
section of the cladding following standard metallographic procedures. The samples
were electrolytically etched in 10% oxalic acid for a period of 2 minutes with a voltage
of 7 V and then rinsed with alcohol and water. Finally, the microstructure was examined

using a Keyence VHX-500P optical microscope.

The hardness of the samples was measured using a Buehler Micromet Vickers Hardness
Tester following the Standard Test Method for Vickers Hardness of Metallic Materials
(ASTM E 92-82). The first indentation was taken at a distance from the edge of the
ground surface equal to three times the length of the diagonal of the indentation. In
similar way, the hardness was measured in three different positions in the clad layer,
corresponding to the positions of the 6™, 10™ and 15" cladding tracks to be deposited.
These tracks represent an area where the dilution stabilised and it can be considered that

quasi-stationary conditions were developed

6.2.2.2 Post weld heat treatment

The post weld heat treatment was carried out in a furnace (model Carbolite CWF 1300).
An inert gas, argon, was supplied to the furnace chamber in order to reduce the levels of
oxygen contained in the sample environment and to avoid oxidation of the samples
surfaces at high temperatures. Since S275 steel and AISI grade 316L stainless steel
were used as the base materials for the laser cladding samples, two different soak

temperatures were proposed for the post weld heat treatments.

For the S275 steel coupons, the heat treatment temperature was set at 650°C and this
temperature was maintained for 30 minutes in order for the temperature to stabilise

through the sample thickness, and finally the coupons were slowly cooled in air. The
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same procedure was applied to the AISI grade 316L stainless steel coupons, but with a

soak temperature of 900°C.

The soak temperatures were selected in order to avoid a phase transformation (S275
steel) or sensitization (316L stainless steel) of the material. In the case of the S275 steel,
a phase transformation to austenite would expected to commence at temperatures above
700°C, whereas stainless steels can sensitise due to carbide precipitation if held at
temperatures in the range between 425 and 870 °C for long periods of time [99]. This is
illustrated in Figure 6.1. It can be seen that sensitization starts to manifest when
stainless steels with a carbon concentration of 0.03 wt. % (AISI 316L) are exposed for 9

hours to temperatures in the range between approximately 425 and 680°C.
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Figure 6.1 Time-temperature-sensitization curves showing the times and temperatures required
to develop carbide precipitation in steels with various carbon contents. Sensitization starts to
manifest on the right hand side of the curves. [99]

The control of temperature in the post weld heat treatment operation is crucial, therefore
the temperature was monitored by type K thermocouples attached near to the clad
surface, and the readings were compared with those from a digital thermometer attached

to the furnace. The thermocouple arrangement is showed in Figure 6.2.

165



Chapter 6. Residual stress mitigation

Figure 6.2 Thermocouple arrangement for the post-weld heat treatment of test coupons.

6.3 Results
6.3.1 Laser shock peening

6.3.1.1 Residual stresses

As was mentioned in Chapter 5, the samples were cut transversely in order to assess the
longitudinal stresses (refer to Figure 5.2). It has been advised that some uncertainties in
the stresses developed near to the cut edges can be generated. Therefore, the results
generated in the region close to the ground surface were discarded (approximately 1 mm
depth). However, it was decided to show the complete surface in all the samples

assessed with the contour method.

The contour method was used to assess the residual stresses developed in the
longitudinal direction for the centre-point samples with one layer and two layers of
cladding, and using S275 steel as the base material. The results are shown in Figure 6.3
and Figure 6.4 respectively. The thicknesses of the cladding for the one layer and two

layer overlays were 700 and 1500 pum respectively.
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Figure 6.3. Stress map obtained using the contour method for the centre point sample with one

layer deposited on to an S275 steel coupon. The transverse section of the cladding is shown at

the top of the map and the corresponding base material beneath it. Compressive stresses in the

longitudinal direction were developed in the cladding area and these were balanced by tensile
stresses in the base material Stresses are in MPa.
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Figure 6.4. Stress map obtained using the contour method for the centre point sample with two
layers deposited on to an S275 steel substrate. The transverse section of the cladding is shown at
the top and the corresponding base material beneath it. Compressive stresses were developed in

the longitudinal direction in the overlay, with tensile stresses toward the bottom of the overly
near to the base material. Stresses are in MPa.

It can be observed that compressive stresses were generated in the overlay in both cases
by the laser shock peening process, and that tensile stresses were also developed away

from the overlay in order to balance the compressive stresses. The conditions for the
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LSP were capable of introduce compressive stresses to a depth up to 1000 pum; this
means that tensile stresses were found in the cladding region in the two-layer sample.
The compressive stresses generated were approximately 300 MPa and 275 MPa for the

two layer and one layer deposition samples respectively.

The corresponding residual stresses developed in the longitudinal direction for the
samples with one and two layers of cladding when AISI grade 316L stainless steel was
used as the base material are shown in Figure 6.5 and Figure 6.6 respectively. The
cladding thickness for the one layer sample was approximately 800 wm; whereas it was

1600 pm for the two layers.

8, 833
(Avg: 75%0)

0 25 50 mm

Figure 6.5. Stress map obtained using the contour method for the centre point sample with one
layer deposited on to an AISI grade 316L stainless steel substrate. The transverse section of the
cladding is shown at the top and the corresponding base material beneath it. Compressive
stresses were developed in the longitudinal direction within the overlay to a depth of ~1200 pm,
balanced by tensile stresses in the substrate Stresses are in MPa.

It can be seen that compressive stresses were developed through the cladding owing to
the effects of laser shock peening. The compressive stress developed in the one layer
sample was approximately 300 MPa, while it was 275 MPa in the two layer sample. In
the same way, for the two layer sample, a few hundreds of micrometres of the clad layer

remained under tensile stress.
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Figure 6.6 Stress map obtained using the contour method for the centre point sample with two
layers deposited on to an AISI grade 316L stainless steel substrate. The transverse section of the
cladding is shown at the top and the corresponding base material beneath it. Compressive
stresses were developed in the longitudinal direction within across the cladding to a depth of
~1200 um, balanced by tensile stresses at greater depths. Stresses are in MPa.

The contour method is most frequently used in medium and larger parts, for instance
with thicknesses of 10 mm or greater. This is partly due to the fact that uncertainties can
be generated in small parts, since a greater proportion of the sample is close to the
surface, where errors are more likely. Nevertheless, the stress maps obtained in the laser
clad samples provide a general idea of the stresses and the way that they are likely to be

distributed in the peened samples, in spite of these uncertainties.

The stresses developed in the centre-point samples with one and two layer deposit were
also assessed with the shallow hole drilling technique. As mentioned in Chapter 5, some
stress uncertainties can be produced due to material properties, the drilling process,
strain gauge and strain indicator. Therefore, it has been established a range stress

uncertainties in the longitudinal and traverse stresses in depth such as:

e Depth 224 um; +84 MPa
e Depth 1024 pm; +31 MPa
e Depth 2048 pm; +51 MPa

The longitudinal and transversal stresses generated in the samples with S275 steel as the
base material are shown in Figure 6.7 and Figure 6.8 respectively. The cladding
thickness for the one layer sample was approximately 700 um, while it was 1500 pum for

the two layer sample.
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Figure 6.7 Longitudinal residual stresses measured with the shallow hole drilling technique for
centre point samples with one layer and two layers deposited on to S275 steel substrates, after
treatment with LSP. Similar compressive stresses were developed in both one and two layer
overlays, with stresses tending to become more tensile stresses at depths greater than 2000 pm.
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Figure 6.8 Transversal stresses assessed with the shallow hole drilling technique for the centre
point samples with one layer and two layers deposited on to S275 steel substrates, after
treatment with LSP. Higher compressive stresses were developed for the two layer deposition in
the first 400 pm. It can be assumed that the interface between the first and second layer occurred
at a depth of 500 um.
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The first stress measurement was recorded at a depth of 32 um. The longitudinal and
transverse stresses were slightly higher for the two layer sample in the first 400 pm in
depth, but at greater depths the stresses tended to be similar. Although compressive
stresses were developed through the cladding thickness, the magnitude of these stresses

tended to decrease moving in to the base material.

The longitudinal and traverse stresses generated in the centre-point sample with an AISI
grade 316L stainless steel substrate were also assessed with the shallow hole drilling
technique. The longitudinal stresses developed in the centre-point samples with one-
layer and two-layer deposit are shown in Figure 6.9. The cladding thickness was

approximately 800 um for the one layer deposit and 1600 pum for the two layer deposit.

200 ‘ ‘
—+— Centre point,one layer, LSP
100| —*  Centre point, two layer, LSP J

100+ 1

-200

Longitudinal stress [MPa]

-300

-400 | | | |
0 500 1000 1500 2000

Depth penetration [um]

Figure 6.9 Longitudinal residual stresses assessed after LSP with the shallow hole drilling
technique. The samples were clad using the centre point conditions, with one layer and two
layer deposits respectivively, with AISI grade 316L stainless steel as the substrate.

Compressive stresses were generated in the longitudinal direction. The longitudinal
stress remained almost constant to a depth of 800 um in the one layer deposit and to
1300 um in the two layer deposit. This distance corresponds approximately with the

cladding thickness in each case.
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The transverse stresses developed in the centre-point samples with one and two layer
deposits are shown in Figure 6.10. It can be observed that similar compressive stresses
were developed in traverse direction in both cases and that, below 600 pm depth, the

stresses showed a clear trend to become more tensile.
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Figure 6.10 Transversal residual stresses assessed after LSP with the shallow hole drilling
technique. The samples were clad using the centre point conditions, with one layer and two
layer deposits respectively, with AISI grade 316L stainless steel as the substrate.

In general, laser shock peening was able to introduce compressive residual stresses in
both directions for the different cladding configurations. This can be attributed to the

strain hardening developed on the cladding surfaces due to the laser impacts.

The results obtained with the contour method are not consistent with the results
obtained with the shallow hole drilling. Shallow hole drilling assessed compressive
stresses in all the cladding configurations until 2 mm depth. However, discarding the
stresses generated at 1 mm near to the ground surface, the contour method assessed
slightly tensile stresses in the two-layer deposit samples. As mentioned before, some
uncertainties can be generated near to the cut edges since plastic deformation is

generated due to the cutting process.
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6.3.1.2 Microstructure

The microstructure developed by the centre-point sample with two layer clad deposit
using AISI 316L stainless steel as base material, before and after laser shock peening is
shown in Figure 6.11 and Figure 6.12 respectively. It can be observed that finer
microstructures were developed in some areas near to the ground surface and below
after laser shock peening. As explained in Section 2.8.4, high dislocations densities can

be developed after being treated by LSP. This can be related to an increase in hardness.

Figure 6.11 Optical micrographs showing the microstructures of the centre-point sample using
AISI 316L stainless steel as base material before LSP.
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AR

Figure 6.12 Optical micrographs showing the microstructures of the centre-point sample using
AISI 316L stainless steel as base material after LSP. Finer microstructures are shown in some
areas.

6.3.1.3 Hardness

Several investigations [117, 188] have found that samples treated with laser shock
peening have shown an increase in hardness. This has been attributed to the
development of high dislocation densities at the metal surfaces, owing to plastic
deformation. Therefore, it can be assumed that laser shock peening can be used to
enhance the clad layer hardness. The hardnesses developed as a function of depth after
laser shock peening on the centre-point samples with one layer and two layer deposits,
and with S275 steel as the base material, are shown in Figure 6.13and Figure 6.14,

respectively.

From Figure 6.13 it can be seen that an increase in hardness has occurred in the laser
shock peened sample. However, variability in the values of hardness was observed
through the cladding thickness. This can be attributed to the development of different

phases within the cladding because of dilution.
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Figure 6.13 Hardness developed as a function of depth from the ground surface for laser clad
centre-point samples, with one layer deposits and S275 steel as the base material, before and
after laser shock peening. The plotted values correspond to an average of three measurements.
An increase in hardness was observed after laser shock peening.
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Figure 6.14 Hardness developed as a function of depth from the top surface for laser clad centre
point samples with two layer deposits, using S275 steel as the base material, before and after
being laser shock peening. The plotted values correspond to an average of three measurements.
An increase in hardness is observed after laser shock peening.
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From Figure 6.14, the two layer samples showed similar behaviour, with higher
hardnesses for the LSP sample. The average Vickers hardness in the one layer samples
was 196 in the unpeened condition and 270 for the LSP condition; this is an increase of
approximately 30%. For the two layer deposits an increase of 30% was also found, with

average Vickers hardnesses of 182 and 244, before and after LSP, respectively.

The hardnesses for the centre-point samples with one and two layer deposits, using AISI
grade 316L stainless steel as the base material, are shown in Figure 6.15 and Figure
6.16, respectively. The Vickers hardness developed after laser shock peening in the one
layer deposit (Figure 6.15) was higher, with an average value of 243, than before LSP,
where the average value was 188. In the case of the two layer samples (Figure 6.16),
average Vickers hardnesses of 185 and 234 were measured before and after LSP
respectively. It can also be seen that, for both one layer and two layer samples, more
uniform hardness was developed through the clad layers. This can be attributed to the
same material being used for the powder and the base material, so no unexpected

changes of phase or microstructure were likely to occur.
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Figure 6.15 Hardness developed as a function of depth from the top surface for laser clad
samples with one layer deposit using AISI grade 316L stainless steel as the base material,
before and after laser shock peening. The plotted values correspond to an average of three
measurements. An increase in hardness occurs in the laser clad sample after laser shock
peening.
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Figure 6.16 Hardness developed as a function of depth from the top surface for laser clad
samples with two layer deposit using AISI grade 316L stainless steel as the base material,
before and after laser shock peening. The plotted values correspond to an average of three
measurements. An increase in hardness occurs in the laser clad sample after laser shock
peening.

The hardness results show that laser shock peening can be used to post-process laser
clad surfaces in order to improve the cladding hardness, which can contribute to an
increase in the wear resistance of metals. Furthermore, the plastic deformation that
occurs at the surface due to the laser peening contributes to the refining of the grains in
the microstructure [162]. The refinement of microstructure was observed in the entire

laser cladding samples after laser shock peening process.

6.3.2 Post weld heat treatment

Post weld heat treatment has been used in order to restore toughness and to relieve
residual stresses that are generated after welding and cladding process [142, 144]. It has
also been used in order to reduce the hardness of some metals. In this study, the centre-
point samples with two layer deposits, using both S275 steel and AISI grade 316L

stainless steel as base materials, were post weld heat treated in order to relieve the
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tensile stresses generated after laser cladding, and the resulting residual stresses were

assessed with the shallow hole drilling technique.

The stresses measured in the longitudinal direction after PWHT for the centre-point
samples with two layer deposits on S275 steel and AISI grade 316L stainless steel base
materials are shown in Figure 6.17. The stresses measured in the longitudinal direction
in the sample with an S275 substrate were tensile, with a slight increase over those
measured in the same samples without PWHT (Figure 5.9) across the cladding
thickness. In this case, the PWHT produced a detrimental effect, increasing the
magnitude of the tensile residual stresses. However, the AISI grade 316L stainless steel
sample developed compressive stresses across the cladding thickness in the longitudinal
direction. This suggests that the tensile stresses developed in the longitudinal direction

before PWHT (Figure 5.12) were mitigated.
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Figure 6.17 Residual stresses measured in the longitudinal direction in the centre-point laser
clad samples after post weld heat treatment. The assessment was carried out with the shallow
hole drilling technique. The sample with the S275 steel base material was held at 650°C for 30
minutes. The sample with the AISI grade 316L stainless steel base material was held at 900°C
for 30 minutes.

The effects of PWHT on the stresses in the transverse direction in the two layer deposit
centre point samples are shown in Figure 6.18. It can be seen that tensile stresses are

still present in the S275 steel sample. Similar residual stresses were found in the centre-
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point two layer deposit before PWHT (Figure 5.10) and after PWHT along the cladding
thickness. The results indicate that no substantial changes were produced by the PWHT
procedure that was applied to these samples. However, the transverse stresses found in
the AISI grade 316L stainless steel samples after PWHT showed that slightly
compressive stresses were generated along the cladding. In this case, the tensile stresses
developed in the transverse direction in sample (Figure 5.13) were relieved and in fact
became slightly compressive instead. This can be attributed to some contraction

between the clad layer and the base material in the cooling process.
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Figure 6.18 Residual stresses measured in the transversal direction in the centre-point laser clad
samples after post weld heat treatment. The assessment was carried out with the shallow hole
drilling technique. The sample with the S275 steel base material was held at 650°C for 30
minutes. The sample with the AISI grade 316L stainless steel base material was held at 900°C
for 30 minutes.

In general, the PWHT procedures applied in this study generated beneficial results for
the samples when AISI grade 316L stainless steel was used as base material. In contrast,
there were not beneficial changes in the samples when S275 mild steel was used as the

base material.
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6.4 Discussion

Laser cladding has traditionally been used in order to repair or restore worn metallic
components and to produce corrosion resistant coatings. However, the nature of the
process develops residual stresses, in general tensile stresses, owing to the constrained
expansion and contraction of the heated material, and these tensile stresses can have a
detrimental effect on the performance of metals. Therefore, the addition of a second

treatment to the laser clad samples in order to mitigate the tensile stresses was studied.

The tensile residual stresses developed in the laser clad samples assessed in this study
were satisfactorily mitigated by laser shock peening, because compressive stresses were
generated in the clad layers to depths of up to 1000 um. Compressive stresses can
enhance of fatigue resistance of metals because these tend to delay the initiation of

cracks on the metal surface.

Furthermore, the hardness of the clad samples was also enhanced because plastic
deformation almost certainly took place during LSP. This work hardening effect can
contribute to an improvement in the wear resistance. In addition, the use of LSP in the
confined ablation mode was beneficial because no damage was generated on the sample
surfaces. In general, laser shock peening produced compressive stresses in the laser clad
samples regardless of whether S275 steel or AISI grade 316L stainless steel was used as

base material.

Post weld heat treatment can also be applied in order to mitigate tensile residual
stresses. However, the conditions established in the process, such as soak temperature
and exposure time, need to be chosen carefully as they depend heavily on the metals to
be treated, and if they are not suitable a detrimental effect can be produced. In the case
where AISI grade 316L stainless steel was used both for the overlay and the substrate,
PWHT was found to be effective in mitigating residual stresses. However, it was
observed that for the samples where S275 steel was used as the base material, the tensile
stresses increased slightly in both directions after PWHT. This can be attributed to the
differences in the thermal expansion coefficients for the overlay and base material.
Although the residual stresses might be relieved at high temperature, the AISI grade
316L stainless steel has a higher thermal expansion coefficient than S275 steel.

Therefore, during the cooling down of the material after the soak stage of the PWHT,
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the stainless steel tends to contract more than S275 steel, leading to the regeneration of

highly tensile residual stresses in the overlay.

Small compressive stresses were generated through the cladding in the transverse and
longitudinal directions in the samples with AISI grade 316L stainless steel as the base
material. In this case, clad and base materials were similar and the thermal expansion
coefficient did not have influence during the solidification process. Therefore, the soak

temperature proposed satisfactorily relieved the tensile residual stresses.

Finally, it can be assumed that laser shock peening has some advantages over the post

weld heat treatment such as introducing compressive stresses in different materials.

181



Chapter 7. Corrosion testing

Chapter 7

Corrosion testing

7.1 Introduction

The improvement of the corrosion resistance of metals that are exposed to certain
corrosion environments has been the aim of several investigations. Therefore, the
development of either metals with higher corrosive resistance or processes capable to
enhance the corrosion resistance has been developed. There are various metals alloys
with high corrosion resistance, such as Inconel, that has been used in the nuclear
industry [155] ,and grade 316L austenitic stainless steels that has been also used in the
nuclear industry and gas and oil refineries [112]. However, manufacturing operations
can affect the resistance of corrosion of metals promoting the initiation of pits or cracks

on the metal surfaces under certain corrosive environments. [ 189-192]

Laser cladding is a process that has been used in order to develop a corrosion resistant
coating layer, and this involves in the deposition of a clad layer with higher corrosion
resistance than the base material. This has been achieved because of the versatility of
the process that allows using several cladding materials with good resistance to
corrosion. However, the variables that controls the process, such as the laser power, the
traverse speed and the powder feed rate, have an important relationship with the final
corrosion resistance of the clad layer. Stress corrosion cracking can be produced
because of the residual stresses developed in the clad layers. Furthermore, when
dissimilar materials are used as the cladding and the base material, the dilution

generated because of the process parameters can also affect the corrosion resistance.

This chapter describes the corrosion resistance developed in the deposition of grade
316L stainless steel clad layer on S275 steel and grade 316L stainless steel base
materials. In order to investigate the corrosion protection afforded by the clad layer
developed under different laser cladding process parameters, such as the laser power,

the traverse speed and the powder feed rate, the corrosion rate was assessed. In addition
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the chemical composition of some samples was examined via Energy Dispersive
Spectroscopy (EDS) and related with the corrosion results. Furthermore, stress
corrosion cracking was assessed in order to study the effects of the residual stresses
developed in the cladding. Finally, stress corrosion cracking was also examined in the

samples that were laser shock peened and post weld heat treated.

7.2 Experimental procedures

7.2.1 Sample preparation

Laser cladding samples were prepared with the process parameters established in Table
3.3 with S275 steel and grade 316L stainless steel as the base materials. The cladding
procedure has been explained in Chapter 3. In addition, the centre-point sample with
two layers deposition was also prepared with both base materials. The entire cladding
configuration samples were assessed on one occasion. The cladding surfaces were
gently grinded and manually polished in order to produce a flat surface. An area of
approximately one centimetre square was considered to be tested. A copper wire was
spot welded on the opposite face of the cladding and then protected with a plastic pipe
and resin. Finally, the samples were covered with Lacomit peelable varnish excluding

the cladding area to be tested.

Various standard practice tests have been developed in order to assess the stress
corrosion cracking. The Bent-Beam practice consists in the bending of a metal specimen
in order to introduce stresses and then is exposed to an established corrosion
environment. This practice is referred as the ASTM G39. Another practice consists in
the preparation of samples to tensile test. The samples are subjected to an established
constant stress and exposed to certain corrosive environment. This practice is referred as
the ASTM G36. The aim of these practices consists in introducing stresses and tested
under corrosive environments in order to know whether a failure on the material

surface, such as cracks, is generated.

Laser cladding is a process were tensile residual stresses beyond the yield strength are
developed (refer to Chapter 5). These can cause the initiation of cracks when exposed to

corrosive environments. Therefore, stress corrosion cracking experiments were carried

183



Chapter 7. Corrosion testing

out in the centre-point samples with one and two layer deposition. S275 steel and grade
316L stainless steel were used as the base material. Additional centre-point sample with
one and two layers deposition using both base materials were prepared in order to assess
the effect of laser shock peening and post weld heat treatment. The cladding surface was
kindly grinded and manually polished in order to produce a flat surface. The PWHT
procedure has been explained in Chapter 6. The laser shock peening was carried out by

Metal Improvement Company.

7.2.2 Sample analysis

7.2.2.1 Corrosion rate

The corrosion rate of the laser cladding samples was assessed using the linear
polarisation resistance method [150]. A three electrode cell arrangement was used. In
order to measure the potential, a Saturated Calmonel Electrode (SCE) was used as a
reference electrode and a platinum electrode was used as a counter electrode. The
samples were immersed in a glass container with 3.5% NaCl solution. A potentiostat
was used in order to carry out Potentiodynamic Polarisations Scans in the range of -10
mV to 10 mV and then back vs open circuit polarization with a scan rate of 0.1667

mV.s ™. The corrosion rate was calculated by the following expression.

. | RMM
Corrosion Rate = Leon W (7.1)

nkF p

where i, is the corrosion current density (Acm'z), the RMM is the atomic weight

(gMol'l), n is the valance , F is the Faraday constant (CMol ") and p is the density of the

material (gcm'3). I, is obtained by the equation

B (7.2)

184



Chapter 7. Corrosion testing

where B is the Stern-Geary constant (mV) and R, is the polarisation resistance

(ohmem?) obtained by the average gradient of the current vs potential graph. The values

used for the calculation of the corrosion rate are showed in Table 7.1.

Table 7.1 Parameters for the corrosion rate calculation

Symbol Meaning Value
RMM Atomic weight 55.84 gMol™
n Valance 2
F Faraday constant 96485 CMol™!
p Material density 8 gem™
B Stern-Geary constant 0.026 V
R, Polarisation resistance* Ohmem?

*Polarisation resistance obtained by the average gradient of the

current vs potential graph

The chemical composition of the low feed rate sample and the centre point sample with
two layer deposition using S275 steel as the base material was examined via Energy

Dispersive Spectroscopy in a depth cladding of 300 pum from the top surface.

7.2.2.2 Stress corrosion cracking

The stress corrosion cracking experiments were carried using Magnesium Chloride
(MgCl,) as the corrosive species. Four magnesium chloride concentrations were
prepared and deposited as droplets on the cladding surfaces. In addition, two more
concentrations were prepared with the inclusion of sodium chloride (NaCl). Table 7.2

shows the magnesium chloride equivalence for each concentration.
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Table 7.2 Magnesium Chloride concentrations used for SCC tests.

MgCl, deposition

Concentration MgCl, (gl ) 5 NaCl (mgl™)
density (pgem™)
1 30.188 1000 -
2 15.09 500 -
3 7.54 250 -
4 3.0188 100 -
5 7.54 250 540
6 3.0188 100 210

Each droplet represented a volume of 5 pl of magnesium chloride deposited on the
sample surfaces. For simplicity, the laser cladding samples were separated in two sets;
one represented the S275 steel the base material and the other grade 316L stainless steel
as the base material sample. Each set was protected by a plastic box where two vessels
with salty water were included in order to control the humidity. The two plastic boxes
where put into an oven in order to generate a 60°C atmosphere. This temperature was
considered in order to accelerate the process. The samples were left in the oven for a
period of 5 weeks. The magnesium chloride concentrations and the conditions described
above have been previously used in Refs. [193-195] for the study of stress corrosion

cracking on grade 316L stainless steel.

7.3 Results

7.3.1 Corrosion rate

The corrosion protection afforded by the clad layer was assessed calculating the
corrosion rate and expressed in terms of mass loss (umyear'). The cladding samples
produced with S275 steel and grade 316L stainless steel as the base material were
assessed. In addition, the centre-point sample with two layers deposition was also
assessed in both cases. In order to calculate the corrosion current density (L, ), the

polarisation resistance for each sample was obtained measuring the average gradient of

the current vs potential polarisation curve. A schematic illustration of the linear
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polarisation curve of the centre-point sample using S275 steel as the base material is
showed in Figure 7.1. Two gradients of current density vs potential were calculated; this
is when an increase between potential and current started to manifest, and when a

decrease of potential and current density is produced.

3.0E-05 r
2.5E-05
2.0E-05 [
1.5E-05 |
1.0E-05 [
5.0E-06 [
0.0E+00 [
-5.0E-06 r
-1.0E-05 r

-1.5E-05 . ! ! ! . ,
-0.455 -0.45 -0.445 -0.44 -0.435 -0.43 -0.425

Potential vs SCE [V]

Current density [A/cm?]

Figure 7.1 Linear polarisation curve of centre point sample using S275 steel as the base

material. The gradient of the current and potential was obtained in order to calculate Lo .

Different polarisation resistance values were obtained for each cladding sample. This
can be related with the final chemical composition generated after cladding
solidification. The corrosion current density and the corrosion rate were calculated with
Equation 7.1 and Equation 7.2 respectively. The results obtained are shown in Table

7.3.
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Table 7.3 Corrosion rates for cladding samples using S275 steel as the base material.

Sample Dilution (%) i, (Acm?) Corrosion rate (umyear'l)

Low laser power 17 1.79 x 10” 203
Centre point 25 1.77 x 10” 201
High laser power 30 3.06 x 10” 348
Low speed 10 1.33x 107 151
High speed 35 1.27 x 10” 145
Low feed rate 47 2.98 x 107 339
High feed rate 10 1.86 x 107 211
Centre point (two P

layers deposition) > 803> 10 =
S275 steel - 7.28 x 107 846

In Table 7.3, a trend can be observed in which an increase in dilution leads to an
increase in corrosion rate. High dilution samples, such as those with a high laser power
or a low feed rate, developed the highest corrosion rates. On the contrary, low dilution
samples, such as those with a low speed or a high feed rate, manifested low corrosion
rates. These observations can be attributed to the chemical compositions produced at
different dilution levels. In the case where a high dilution was developed, more base
material elements were mixed to the final clad layer. Curiously, the high-speed sample
also resulted in a high dilution, but showed a low corrosion rate. Comparing the
corrosion rates of all samples (Figure 7.2), this sample does not appear to fit the general
trend. There may therefore be other factors, perhaps in the microstructure, that lead to

the corrosion rate for the high speed sample generating an atypical value.

The lowest corrosion rate was developed by the centre-point sample with two layers
deposition. This can be related to the fact that the chemical composition of the second
layer is less affected by the elements composition of the base material. Based on these
results, it can be observed that when two layers are deposited it has a greater influence
on the corrosion rate rather than the lowest dilution samples. This means that, corrosion

rate was more sensitive to the deposition of clad layers than dilution.

Owing to the highest dilution has been related to the highest corrosion rate on the low

feed rate sample, the clad chemical composition was examined. Furthermore, the clad
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chemical composition of the centre-point with two layer deposition was also examined.

Table 7.4 shows the clad chemical composition of both samples.

Table 7.4 Chemical composition at 300 um clad depth of low feed rate sample and centre point
with two layers deposition sample using S275 steel as the base material. (wt. %)

Element  Low feedrate  Centre point (two layers deposition)

Fe 79.04 64.59
Cr 8.61 15.85
Ni 5.78 10.59
Mn 2.54 2.31
Mo 1.5 3.31
C 0.96 0.7
Si 0.34 0.96
P 0.17 0.35
0 0

According to the values showed in Table 7.4, low levels of chromium and nickel are
present in the low feed rate sample. This can explain the high corrosion rates developed
in this sample. However, the chromium and nickel levels in the centre point sample

were close to the level of grade 316L stainless steel.

The polarisation resistance method was also used in order to assess the corrosion rate in
all the samples using grade 316L stainless steel as the base material. The corrosion rate
results are showed in Table 7.5. It can be seen that the corrosion rate was improved in
some laser cladding samples comparing with the base material. However, the samples
that showed higher dilution developed lower corrosion rate than the base material. In
this case, the base material and the clad material were the same, and the different

corrosion rates can be justified by the finer microstructures developed [196].
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Table 7.5 Corrosion rates for cladding samples using grade 316L stainless steel as the base

material.
Sample Dilution (%) i, ( Acm'z) Corrosion rate (p,myear'l)

Low laser power 29 3.83x 10° 0.437
Centre point 31 2.69 x 107 3.07
High laser power 34 7.19 x 107 8.2
Low speed 18 4.16 x 10”7 4.74
High speed 44 9.16 x 107 10.4
Low feed rate 51 3.29x 10° 37.6
High feed rate 19 1.76 x 10”7 2.01
Centre point (two ;

12 1.39 x 107 1.59
layers deposition)
Grade 316L SS - 4.65x 107 53

Comparing the corrosion rates developed in the 316L/S275 cladding samples (Table
7.3) and the corrosion rated developed in the both base materials; it can be observed that
corrosion rates tend to be affected by dilution. This can be observed in Figure 7.2 where
a straight line represents the corrosion rate of grade 316L stainless steel (0 % dilution)

and S275 steel (100% dilution).
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Figure 7.2 Corrosion rates of 316L/S275 cladding samples. The straight line indicates the
corrosion rate of the grade 316L stainless steel and S275 steel as the base materials.
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7.3.2 Stress corrosion cracking

The centre point-sample with one and two layers deposits using S275 steel as the base
material was exposed to MgCl, in order to investigate whether the residual stresses
developed by laser cladding process in a corrosive environment developed stress
corrosion cracks. Figure 7.3 shows the centre-point sample with one layer deposition
exposed to chloride environment for a period of time of five weeks. It can be observed
that pits were developed on the clad surface generating cracks in some cases. From
Figure 7.3 (b), it can be observed that the cracks tend to follow the grain boundaries.
This could indicate the presence of intergranular corrosion. In all the cases, a few
microns of the clad surface were corroded and then the generation of cracks was
developed. According to Figure 5.9 and Figure 5.10, the residual stresses in the
transversal and longitudinal directions increased in depth. The information about grade
316L stainless steel exposed to stress corrosion cracking tests is limited. However, Ref.
[197] examined the effects of grade 316L stainless steel under magnesium chloride in a
U-bend test finding that cracks were generated by the influence of tensile stresses and a

corrosive environment.
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Figure 7.3 SEM micrographs showing the evaluation of the centre-point sample with one layer
deposition using S275 steel as the base material exposed to MgCl, for Sweeks. (a) Pits were
observed on the clad surface; (b) the appereace of intregranular corrosion in some of the pits; (c)
another pit developed with the presence of cracks; (d) long pit with the presence of cracks with
different directions.

In the same way, the centre-point samples that where treated with laser shock peening in
order to introduce a compressive layer were exposed to the magnesium chloride. Figure
7.4 shows the effects of the magnesium chloride on the shock peened surfaces of the
centre-point sample with one and two layers deposition using S275 steel as the base
material. It can be seen that small pits were developed on the clad surface and no cracks
were generated. This can be attributed to the fact that compressive stresses were
produced by the laser shock peening process. Some investigations have been carried out
in order to know if the pitting corrosion is affected by the laser shock penning. It has
been reported by Ref. [157-158, 161] that an improvement on the pitting corrosion
resistance has been generated on stainless steel after laser shock peening process and it
has been related to the generation of compressive stresses and work-hardening on the

metal surfaces.
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Figure 7.4 SEM micrographs showing the laser shock peen centre-point sample with S275 steel
as base material. (a) and (b) Generation of pits without the prescsence of cracks on the laser
shock peen centre point sample with one layer deposition. (c) The presence of pits without the
generation of cracks on the centre point sample wih two layers deposition. (d) the onset of pits
sorrounding with some cracks on the centre point sample with two layers deposition.

The post weld heat treatment laser cladding samples were also exposed to magnesium
chloride. Figure 7.5 shows the effect of the magnesium chloride on the post weld heat
treatment centre-point sample with two layers deposition using S275 steel as the base
material. It can be observe that pits were produced on the surface with the presence of
cracks. As mentioned in Section 5, high tensile residual stresses were produced after
post weld heat treatment, and this can be the reason that crack were generated after the

pitting onset.
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Figure 7.5 SEM micrographs showing the post weld heat treatment centre-point sample with
two layer deposition using S275 as the base material exposed to MgCl,. (a) Pit with the
presence of cracks; (b) long pit with the presence of cracks.

The centre-point samples using grade 316L stainless steel as the base material were also
treated with magnesium chloride. The presence of cracks were also generated in the
centre-point sample with one layer deposition using grade 316L stainless steel as the
base material (Figure 7.6). This can be attributed to the presence of tensile residual
stresses in the transversal and longitudinal direction. This can be observed in Figure

5.12 and Figure 5.13 respectively.

Figure 7.6 SEM micrographs showing the centre-point sample with one layer deposition using
grade 316L stainless steel as the base material exposed to MgCl,. (a) and (b) Presence of cracks
after some corroded material.

The effects of laser shock peening were also assessed. Figure 7.7 shows the effects of
magnesium chloride on the shock peened surface of the centre-point sample with one
layer deposition. It can be observed that just general corrosion was produced and no

cracks were found. Similar results were observed by the centre-point with one layer
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deposition with S275 steel as the base material (Figure 7.4). In this case, compressive

residual stresses were also developed after laser shock peening process.

100um

Figure 7.7 SEM micrographs showing the laser shock peen centre-point sample with one layer
deposition using grade 316L stainless steel as base material exposed to MgCl,. (a) and (b)
general corrosion without the presence of cracks on the clad layer.

Finally, the samples that were post weld heat treatment using grade 316L stainless steel
as the base material were also exposed to the magnesium chloride. Figure 7.8 shows an
SEM picture of the post weld heat treatment centre point sample with one layer
deposition using grade 316L stainless steel as the base material. It can be observed that
just general corrosion without the presence of cracks was developed. This can be

attributed due to tensile residual stresses were mitigated after post weld heat treatment.

The samples with grade 316L stainless steel used as the base material with two layers
deposition showed slightly compressive stresses in the transversal and longitudinal
direction. It can be assumed that the post weld heat treatment mitigate the tensile
residual stresses on the one layer deposition sample because the same procedure was
used. This assumption is considered due to the residual stresses were just measured for

the two layer deposition centre point sample.
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Figure 7.8 SEM micrographs showing the post weld heat treatment centre-point sample with
one layer deposition using grade 316L stainless steel as the base material exposed to MgCl,. (a)
and (b) general corrosion without the presence of cracks on the layer cladding.

7.4 Discussion

Laser cladding is a process used to improve the corrosion resistance of metals.
However, the variables that control the process such as the laser power, the traverse
speed and the powder feed rate, have an important influence in the final condition of the

clad layer specially when dissimilar materials are used as the clad and base material.

The corrosion rates obtained on the cladding samples where grade 316L stainless steel
was used as the clad material and S275 steel as the base material showed the effects of
the process parameters. In this case, dilution was an important parameter to consider in
the assessing of the corrosion rate due to the inclusion of base material elements to the
cladding were crucial for the corrosion resistance of the clad. This was demonstrated by
the examination of the clad chemical composition of low feed rate sample where high

corrosion rates were developed owing to low wt% of chromium and nickel were found.

The laser cladding samples where grade 316L stainless steel was used as both the clad
and base material showed different corrosion rates. Even though, dilution should not
considerably affect the final corrosion resistance because of similar materials were used,
the different corrosion rates generated can be attributed to the fine microstructures

developed in some parameters.

The stress corrosion cracking experiments showed that cracks were developed on the
clad surfaces. However, the cracks were developed few microns beneath the surface.

According to the stress evaluation, the residual stresses in the transversal and

196



Chapter 7. Corrosion testing

longitudinal direction started to increase in depth. The same behaviour was observed for
both base materials. It was also observed that the cracks tended to follow the grain

boundaries; therefore it can be assumed that intergranular corrosion was manifested.

Pits without cracks were found on the clad surfaces that were treated by laser shock
peening. This can be attributed to the generation of compressive residual stresses and
the work-hardening layer developed after LSP. The same effect was found on the
samples where S275 steel and grade 316L stainless steel were used as base materials.
On the contrary, general corrosion without the presence of cracks was only found on
samples were grade 316L stainless steel was used as the base material after post weld

heat treatment.

It can be seen that laser shock peening retarded the initiation of crack in the samples
where S275 steel was used as the base material and in the samples where grade 316L
was used as the base material. This can be considered an advantage of LSP over post

weld heat treatment process.

Further investigation should be developed in the assessment of stress corrosion cracking
on laser cladding samples owing to little information can be found. However, the results
generated in this study can contribute to the acknowledgement of the development of

stress corrosion cracks on laser cladding.

197



Chapter 8. Conclusions and suggestions for future work

Chapter 8

Conclusions and Suggestions for Future Work

8.1 Conclusions

In the present work the principles of the laser cladding process were investigated,
assessing the hardness, the microstructure, the residual stresses and the corrosion
resistance as a function of process parameters such as laser power, traverse speed and
powder feed rate. AISI grade 316L stainless steel was used as the powder material and it
was deposited on to two different substrate materials, S275 steel and AISI grade 316L
stainless steel. Furthermore, the clad surfaces of some samples were treated after the
deposition process in order to examine the effects of introducing compressive residual
stresses on the cladding performance. The laser shock peening process was chosen as
one post-cladding treatment process. In addition, some of the clad surfaces were
subjected to post weld heat treatment in order to relieve the residual stresses and

examine the effects on cladding performance.

The dilution, microstructure and hardness resulting from the laser cladding operation
with different process parameters were investigated. The corrosion rate of the clad
surfaces was also evaluated by the linear polarisation resistance method and the results
were related to the process parameters. Furthermore, the residual stresses and the
hardness resulting from the laser cladding process were examined before and after laser
shock peening and after post weld heat treatment. Finally, the stress corrosion cracking
performance was evaluated on the laser clad samples before and after laser shock

peening and after post weld heat treatment.

To the author’s knowledge, this is the first detailed study that has attempted to link the
deposition parameters that are used in laser cladding operations to both the residual
stress distributions and the corrosion performance in stainless steel overlays. Of course,
the residual stresses can have a significant impact on the corrosion performance of a

material. The conclusions that can be drawn from this investigation are described here:
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1.

The Removal of Tensile Stresses through Post-Cladding Treatments
Retards the Development of Cracks. Pits and cracks were generated on the
clad surfaces exposed to magnesium chloride. The cracks tended to follow the
grain boundaries indicating that intergranular corrosion was occurring.
However, the cladding samples treated by laser shock peening only showed pits,
without cracking. This would indicate that the compressive stresses generated on
the clad surfaces retarded the onset of cracks. Interestingly, the same effect was
found on the cladding samples after post weld heat treatment where AISI grade
316L stainless steel was used as the base material. In this case, only corrosion
pits were observed on the clad surface without the presence of cracks. This can
be attributed to the fact that tensile residual stresses were mitigated by the post
weld heat treatment. However, it is likely that the stresses in the laser clad AISI
grade 316L coupons were close to zero after PWHT, whereas they were under
significant compressive stresses in the case of the samples subjected to LSP.
These preliminary results would suggest that, in order to retard cracking, it is
sufficient to remove the tensile stresses and it may not be necessary to introduce
compressive stresses. However, further work would be required to confirm this.
In contrast, when S275 steel was used as the base material, pits and cracks were
evident in those samples that underwent post weld heat treatment. However, for
these samples, tensile stresses were present after post weld heat treatment.

The number of clad layers deposited has a greater influence on the
corrosion rate than the choice of process parameters. The results generated
on the samples for which S275 steel was used as the base material, with all
combinations of process parameters, showed that corrosion rates were generally
affected by dilution. This can attributed to the fact that significant concentrations
of base material elements were dissolved within the clad layer thereby affecting
the corrosion resistance of the cladding material. However, the two layer sample
generated the lowest corrosion rate even in comparison with the lowest dilution
sample. This means that the deposition of two layers had a greater influence on
the corrosion rate than dilution. It can therefore be concluded that it is not worth
trying to identify low dilution parameters, since the corrosion resistance is more
sensitive to the number of layer deposited. Further work would be required to
confirm this.

Post weld heat treatment was only effective on cladding samples with

matching cladding and base materials. The residual stresses developed within
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the cladding samples where AISI grade 316L stainless steel was used both as the
powder and the base material were satisfactorily relieved by post weld heat
treatment. However, contrary effects were found in the cladding samples for
which S275 steel was used as the base material, due to higher tensile stresses
being present after post weld heat treatment. It can be concluded that PWHT is
effective for matching stainless steel overlay and substrate materials, but that it
might not be effective if the different thermal contraction coefficients in the
316L/S275 lead to tensile stresses in the overlay regenerating as the sample
cools after PWHT.

The residual stresses in the overlays were not sensitive to process
parameters or the number of layers that were deposited. The magnitude of
the residual stresses developed with the high laser power, centre point and two-
layer deposition centre point samples were similar in both the transverse and
longitudinal directions. This means that two or more layers can be deposited in
order to achieve better corrosion resistance in the clad layer without there being
any considerable changes to the residual stresses in the clad layer which may
affect, for example, the fatigue resistance of the component.

Residual stresses were higher in the transverse direction than in the
longitudinal direction. It was found that higher residual stresses were generated
in the transverse direction than in the longitudinal or welding direction. This
means that if cracks are generated these will be most likely to grow parallel to
the welding direction. This was observed in the stress corrosion cracking
samples whereby the cracks that were generated in the cladding tended to grow
parallel to the weld direction.

Laser shock peening was effective at mitigating tensile residual stresses in
laser cladding overlays. The laser shock peening process was capable of
mitigating the tensile stresses in the transverse and longitudinal directions,
introducing compressive stresses. This could lead to an improvement in the
fatigue and wear resistance of the cladding. This would require further

investigation.
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8.2 Future work

The following areas have been identified as being worthy of further investigation:

e The effects of laser shock peening on the laser cladding samples were only
assessed in terms of the effects on stress corrosion cracking. It would certainly
be worth investigating the effectiveness of laser shock peening on the fatigue
and wear resistance of laser clad surfaces.

e With S275 steel as the base material, the lowest corrosion rates were measured
on samples with two layer overlays. It would be worthwhile investigating the
performance of overlays comprising three or more layers in order to establish if
the corrosion rates continue to decrease, and to observe how the corrosion
performance compares with undiluted material.

e Pitting corrosion tests could be carried out on laser-shock-peened cladding
samples in order to establish whether the compressive stresses developed by
LSP influence the generation of pits.

e Pitting corrosion tests could be carried out on the post weld heat treated samples
and the results could be compared with those for laser shock peening in order to
establish whether pitting is retarded by the introduction of compressive stresses
in particular, or whether it is sufficient to remove the tensile stresses from the
overlay.

e Further work on laser-shock-peened cladding samples is necessary to establish
whether the work hardening that occurs due to LSP is beneficial or detrimental
in terms of the resulting corrosion rates.

e Post weld heat treatment could be carried out on cladding samples using
different soak temperatures to establish the temperatures at which such
treatments begin to have detrimental effects on the corrosion performance of the
overlays.

e Different cladding materials, such as AISI grade 304L stainless steel, could be
investigated in order to establish whether the findings arising from this work are

transferrable to other alloys.
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