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Abstract

Systematic laser cladding experiments were performed using a mixture of a Nickel
base alloy powder mixed with tungsten carbide powder (percentage contents of
tungsten carbide from 10% to 40%) on EN8 steel substrate with pre-placed powder
method. Laser cladding of the Nickel base alloy powder + 50% tungsten carbide
powder on EN9 steel substrate was performed with powder injection method as well.

A Finite Element Method for calculating the surface temperature distribution was
used to help prediction of temperature distribution laser cladding results. Composition
of cladding materials was designed; a sticking agent was chosen for the pre-placed
powder method. Clad coatings were obtained for different process parameters for
laser cladding, and a detailed study of the affects ofthese parameters has been carried
out.

The characteristic microstructure and properties of the clad layers and interface were
investigated by using an optical microscope, a micro hardness tester and a makeshift
wear test. A comprehensive review is presented on the dilution of the coating and the
typical problems experienced with the coatinglsubstrate interface.

The results show that microstructure ofclad layers comprise three zones: the cladding
layer, bonding zone and heat-affected zone. The results showed that tungsten carbide
particles increased the hardness and wear resistance as expected. Wear resistance of
laser cladding coating is 3.5 times than that of substrate.The micro hardness range of
the cladding layer is from RV 981.5 to RV 1187, which is 2-3 times than that of
substrate. The micro hardness varies from cladding coating to transition layer then to
heat affected zone and substrate along a gradient. The gradient distributions of
microhardness near bonding interface provides a matching between the coating and
substrate, which releases stress concentration, avoids the formation of cracks and
realizes better metallurgical bonding between the coating and substrate.

The crack formation mechanism was analyzed. The influences of the laser parameters,
the technological process parameters, the substrate state and the cladding material on
crack behavior were studied and investigated to try and predict cracking. Effective
control and preventive methods for cracks were found. It is pointed out that a
reasonable matching of the processing parameters can result in no crack, no gas
porosity and clad layer with the desired properties. Metallurgical bonding between the
cladding layer and substrate material was realized.

It indicated: The formation ofcracks in the clad layer is mainly caused by the thermal
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stress created by the high thermal gradient produced during the cooling stage. The
crack probability for a multi-pass clad, where several adjacent tracks of laser cladding
are applied, is higher than that ofsingle-track cladding.

The study and investigation on the solidification features and formation law of the
microstructure for laser cladding layer has been carried out.

It indicated: There are different solidification parameters for different position in the
cladding layer. The microstructure at the cladding layer bottom was the typical
extension growth on a plane basis. The microstructure at the top and middle was the
regular pine-tree eutectic crystal and small cell and column crystal respectively. And
the crystalline anisotropy was a main factor to influence the crystal growth form.

There are 48 Figures and 22 Tables in this thesis.
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1.1 Preface

Chapter 1

Introduction

Introduction 1

The invention of the laser was one of the most imponant scientific research
achievements in theI960's_ In fact, laser is just an abbreviation of "Light amplification
by stimulated emission of radiation"_A laser is a kind of device, which transmits an
extremely narrow and coherent beam of electromagnetic energy in the visible light
SpectruIIL Compared ",ith other ordinary heat sources, a laser has a number of special
features_ It can be used to do many kinds of surface heat-treating_

Laser heat treatment technology is a relatively new form of surface strengthening and
surface modification technology available only for decades_ The development
direction oflaser heat treatment mainly focuses on four aspects: laser hardening, laser
cladding, laser surface allo~ing and industrial applications oflaser heat treatment-

The new surface strengthening and surface modification technology dates back to the
mid 70's_ In 1976, DSGnanamuthu, who worked in an American company AVCO
Everett invented laser clatlding technology and gained a patent_ And by the 1980's,
laser cladding technology had already been a front line topic in surface engineering
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[Boas M, 1990, Abbas G; 1991].

Introduction 2

.The current development of laser-cladding technology is in the area of special alloys
for particular performance and use for Ceramic I Metal composite coatings, and even
for pure ceramic coatings.

In this new surface modification technology, the high-density energy oflaser is used to
clad alloy powder onto the surface of the substrate material. Metallurgical bonding
between the cladding layer and substrate material is realized. The cladding layer has
the same excellent performance as that of the alloy pow.der mateuals. Their
mechanical properties are enhance,!: Including~hardness, resistance against wear ~d
corrosion, fatigue properties etc. The purpose of surface modification and surface
repair is accordingly achieved. Thus, particular requirements for the material surface
were satisfied without using large quantities of expensive metals. This means that laser
cladding technology will have a very wide application.

It is known that to improve the surface properties of metallic mechanical parts, such as
the resistance against wear and corrosion, several other thermal surface treatments are
available; for instance, flame spraying, plasma spraying and arc welding are
established techniques. What characterizes all of these techniques is the application of
a surface layer with th~ required properties on top of a cheap material lacking the
desired properties.

In addition, other traditional surface modification technologies such as eleetro plating,
intermittent element infiltration, chemical vapor deposition (CVD) etc. are also
available established techniques, but due to their low equilibrium solubility, or due to
the limitations of low solid state diffusivity, or due to the weak bonding strength
between cladding layer and substrate they are not as good. The required surface
modification effect is not necessarily achieved.

Depending on the application technique, common problems are a combination of poor
bonding of the applied surface layer to the base material, the occurrence of porosiry,
the thermal distortion of the work piece, the mixing of the surface layer with the base

material and the inability to apply a very localized treatment.

One of the techniques that overcome these problems is laser cladding. Compared with

ordinary coating technology, laser-cladding technology has lots of advantages: Owing
to the high energy density laser beam, the heat source is more focused. Heating and
cooling rates are more rapid. Cladding layer has good remelting performance. Less
distortion happened on work pieces. The heat-affected zone is narrower. The surface is
more bright and clean (depending on the alloy used).

And after laser cladding treatment, or laser cladding repair on the surface of the main
parts of the work piece, their performance, working life, work reliability and value will
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be greatly increased. In addition, laser cladding technology is also highly adaptable,
has high precision, and controllable dilution rate, resulting in a fine microstructure
"and/or metastable phases, low porosity with metallurgical bonding via a compound
interface is, and the process is easy to automate. It is possible to economize on energy
and material with no pollution etc. So by adopting laser-cladding technology, people
will realize low input, high output resulting in increased economic value. This has lead
to laser cladding technology developing very quickly in recent years.

Current laser cladding research mostly focus on: (1) Opening up the applications and
developing techniques, (2) To investigate different cladding layer materials, (3) the
problem of rapid solidification microstructure in the melting area. (4) Bonding
interface state and performance test between base-material and clad layer. Because
laser-cladding technology is still a new surface modification technique, much research
is still required to perfect it in theory and practice.

At present, there are still a number of reasons preventing laser cladding from realizing
extensive industrial application. The variation in the quality of the cladding layer is the
most important reason. Defectives such as cracks, gas porosity and variation in
microstructure and chemical constituent uniformity tend to occur. This is especially
true for thicker layers and for large areas. These defectives are more common for some
special cladding materials and for large work pieces with complex shapes.

1.2 Laser cladding technology

1.2.1 Fundamental concept of laser cladding technology

Laser cladding has been defined as "A process which is used to fuse with a laser beam
another material which has different metallurgical properties on a substrate whereby
only a very thin layer of the substrate" has to be melted in order to achieve
metallurgical bonding with minimal dilution of added material and substrate in order
to maintain the original properties of the coating material" [Komvopoulos, 1990].

Laser cladding consists of two essential parts: supply of cladding material to the
substrate followed by melt pool formation and fusion by a moving laser beam. Under
the irradiation of a laser beam an alloy powder layer and a small part of the substrate
surface layer is melted. After a rapid cooling and solidification process, metallurgical
compounds appear in the bonding zone between the clad layer and substrate. The
dilution rate of the surface cladding layer is Iow compared to other processes. Thus the
properties desired of a cladding process such as a localized effect, hardness, wear
resistance, corrosion resistance and improvement of contact fatigue life \\ill be
produced. Laser cladding technology is especially suited for the rehabilitation of an
expensive work-piece.
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1.2.2 Laser cladding technology process

Introduction 4

.The goal of laser cladding is to achieve good quality clad layers. In this context, a
good quality clad layer means no cracks, no porosity, a good bonding to the substrate
and a low dilution of the coating material by the substrate.

An important part of the laser surface cladding process, is the supply of cladding
material to the substrate. At present, various methods are available, but the most
common method is the application of powder. We can distinguish two powder coating
methods: placement prior to the process: pre-placed powder, or during the process:
powder injection.

The different kinds of additional cladding material and placement methods not only
affect the amount of energy transferred and metallurgical reactions, but also affect the
quality of the laser cladding layer. The pre-placed powder laser cladding and powder
injection laser cladding are shown in Figure 3.1 and Figure 4.1.

The powder may be pre-placed by plasma spraying, flame spraying, electroplating and
electro deposition etc, or to directly use a sticking agent to a pre-conglutinate alloy
powder onto the substrate surface. A laser beam is then scanned over the clad layer to
cause the cladding materials and substrate to fuse and bond by the formation of
metallurgical compounds.

These pre-placed powder methods were widely adopted due to their relatively simple
technology and relatively convenient method of operation. But these methods also
have shortcomings as shown below: When cladding with pre-placed powder the melt
pool is formed on top of the cladding material and proceeds downwards to the
substrate. Only when the substrate has been melted can a clad layer be formed. So it is
difficult to control the depth of the melt pooL So, in general, the dilution is relatively
high. This will debase the quality and mechanical properties, ultimately affecting the
performance ofthe cladding layer.

Another method is to adopt the powder injection method. In the case of laser cladding
with powder injection, special powder feeding equipment has to be used. Powder
particles are transported by a gas stream and injected into the melt pooL Currently
Helium gas or Argon gas are used as the shielding gas. The powder injection method
starts v.ith the formation of a melt pool in the substrate in which cladding powder is
being fed.

But before alloy powder particles were fed into melt pool, the powder particles absorb
laser energy on their way through the laser beam. They were heated into a glowing and
flaming state by the laser beam, therefore; they are preheated on arrival in the melt
pooL In the melt pool, they exchange heat and mix with the elements already present.
The powder particles might also affect the laser power density. After laser beam
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scanning, it rapidly solidifies. Thus a clad layer is formed almost instantaneously.

In the process of laser cladding with powder injection, different metallurgical
compounds could be produced by regulating the velocity of powder flow, nozzle stand
off and other parameters. In addition to increasing the utilization rate of the laser
energy, it also ensures that the powder has already melted before it comes into melt
pool. Bonding through metallurgical compounds forming between the cladding layer
and substrate zone is realized while avoiding excessive melting of the substrate. The
main shortcoming of this method is the percentage utilization of the alloy powder,
which is low, while the powder feeder equipment is comparatively complex.

For big samples or work-pieces it is necessary to make several adjacent tracks to treat
the larger areas. Most laser cladding processes requires the use of a shielding gas to
avoid corrosion of the treated area.

1.3 Laser cladding technology characteristics and parameters

1.3.1 Advantages of laser cladding Technology

In general., the use of a laser beam in surface treatments offer several advantages over
conventional heat sources [Webber, 1987; Konig, 1989; Oberlander, 1992]: the energy
supply can be well controlled; a very local treatment is possible; the total heat input is
low, resulting in minimal distortion; the heating and cooling rates are high., resulting in
a fine microstructure and metastable phases; the treatment is a non-contact process.
There is no wearing of tools, nor any mechanical forces acting on the workpiece; the
process depth is well defined.

.-\tamert [1989], Cai [1990], Li [1994], Monson [1990] and Oberlander [1992]
describe some more advantages oflaser cladding over conventional coating techniques.
The combination of a controlled minimal dilution of the substrate by the coating
material and nevertheless a very strong fusion bond between them, is a unique feature
oflaser cladding. Porosity in the coating can be prevented entirely and a homogeneous
disrn"bution of elements can be achieved.

1.3.2 Technological parameters oflaser cladding

The most important technology parameters of laser cladding are as: laser power, laser
beam spot diameter, laser scanning speed or the speed of relative movement of the
work-piece, pre-placed powder layer thickness, powder feeding rate, nozzle angle and
stand off etc. In addition, the powder placement method as described in last section
can be considered as a parameter. In addition, the specific energy and dilution are two
irnponant parameters, which have to be controlled.



Chapter 1

Specific energy:

Introduction 6

Some scholars' research results [Blake, 1985; Chen, 1989; Engstrorn, 1988; Kar, 1988,
1989; Komvopoulos, 1990; Molian, 1988; Singh, 1985] relate laser cladding results to
the specific energy E:

E=PIDV (Ll)

Where P is the laser power, V is the feed rate of the workpiece, and D is the diameter
of the laser beam spot.

After introducing the concept of Specific energy, we have an overall assessment
method of how the leading technology parameters affect the quality of the
laser-cladding layer.

Dilution rate:

It is known that laser cladding requires the achievement of a strong fusion bond
between the cladding material and the substrate, which requires the formation ofa melt
pool in the substrate. So that the depth of this melt must be as small as possible in
order to obtain a pure surface layer, which is not diluted by the base material. The
dilution of the produced clad layer by elements of the substrate is used to characterize
the clad quality.

In order to reduce the influence ofthe substrate on the cladding alloy components, and
in order to achieve the metallurgical bonding between cladding layer and substrate, we
introduce a very important concept: dilution rate 7]. When a laser beam irradiates both
the cladding layer and substrate, elements of the substrate infuse the cladding layer,
and cause cladding component change. The degree of the change is the dilution rate 7].

Dilution rate 7] can be approximately calculated by two ways [Bruck, 1987]. One
method is based on the clad layer geometry, namely, measuring the cross sectional
area ofcladding layer. The dilution is then defined as the ratio of the cross section area
of substrate over the cross section area ofclad layer. The formula is as below:

Dilution rate (7]) = Ss / (Se + Ss) (1.2)

Where, Ss is cross section area of substrate, Se is cross section area of clad layer.

The scale of substrate melting layer depth and cladding layer total depth can also
approximately calculate dilution rate. Abbsa [Abbsa, 1991] found the simple dilution
rare calC'.llate method by experiments.

The geometrical dilution is then defined as the ratio of the clad depth (De) in the
substrate over the total clad height (Te) as shown in Figure 5.1. This geometrical
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approach assumes a homogeneous distribution of elements over the clad cross-section.
The formula is as below:

Geometrical dilution rate TJ = Dc I Tc (1.3)

This method is quite easy to used, and the absolute error is within 5%. Research results
show that dilution rate, on the one hand controlled by laser treatment parameters, and
on the other by cladding materials, such as the alloy powder's granularity, melting
point, chemical composition and the substrate's wettability, etc. Laser cladding
technology, is practicable when the dilution rate is between 5% and 10% or so. By this,
the expected designed cladding layer properties can be realized, as well as the
production of fine metallurgical compounds between the cladding layer and substrate.
Optimisation is based on producing both fine metallurgical compounds and the
appropriate dilution degree as far as possible.

1.3.3 Three kinds of external appearance of laser cladding layer

[Weerasinghe V M, Steen W.M., 1983] investigated the process of powder injection
laser cladding, pointed out that when the foreside of melt pool on substrate melts,
sprays alloy powder into melt pool immediately, could get metallurgical compounds.
When using the synchronous injection powder feeding method, the appearance of a
single-channel sequential scanning cladding layer were affected by many factors as
shown in Figure 1.1 showing the cross-section external appearance of single-track
sequential scanning cladding layer.

By adopting a relatively high powder feeding rate and a relatively low energy density,
the external appearance A as shown in Figure 1.1 is obtained. The characteristics are as
below: due to insufficient melting, binding strength decreases, contact angle () is less
than 90°, and the laser cladding coating could easily detach from the substrate; greatly
decreasing the operating life ofthe coating.

By adopting the appropriate technology parameters, the external appearance B as
shown in Figure 1.1 is obtained. The characteristics are: a very good liquid-solid Phase
combination. And the contact angle () is bigger, 'With better wettability.

By adopting relatively low powder feeding speed and relatively high energy density,
the external appearance C as shown in Figure 1.1. is obtained. This results in
undesirable compounds being formed within the clad layer, additional dilution and a
large heat affected zone. This will decrease the microhardness and wear resistance of
the cladding coating. Overheating also increases the distortion and residual stresses,
which may cause micro-cracking in the clad.
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Figure 1.1 Three kinds ofexternal appearance oflaser cladding layer
A: higher powder injection rates and lower energy density,

B: Appropriate technology parameters.
C: Low powder feeding speed and relatively big energy density

13.4 Laser cladding coatings materials

Since the new Laser cladding technology emerged, it was widely used by international
researchers to improve the material's surface properties, to enhance material surface
wear resistance and oxidation-resistance. The earliest used cladding materials are
Fe-based alloy, Co-base alloy, and nickel-based alloy that are widely use in plasma and
flame spraying technology. They are also suitable for use in laser cladding, because the
intended functional properties are the same. The reasons for adopting the
above-mentioned materials are due to the good wettability of these alloys to various
caroon steel, alloy metals, stainless steel and various nonferrous alloy metals.

Some of the current research being done is aimed at enhancing properties and usability
of the cladding process for some special work pieces. Researchers have even added
·.-arious granular ceramics with high-melting points to the alloy powder, using
:aser-cladding technology to synthesize Particle Reinforced Metal Substrate
Composites (abbreviation PRJ.V1MCS). At present, a lot of scientists make ceramic
~v= resistance cladding layers [Liu, 1994], erosion-resistant [Wang, 1993],
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oxidation-resistant coating, and heat barrier coatings via laser cladding technology [pei,
1995]. Some research and development concerning coating materials is presented in
the next section.

Alloy powder can be classified into three kinds:

The first kind is the nickel-base alloys. Nickel base alloys are suited to applications
with parts that are exposed to an aggressive atmosphere at elevated temperatures. They
have a good high temperature corrosion and oxidation resistance. Nickel based alloys
can also be used as a substitute for cobalt. This may be important in the future, because
cobalt is a relatively rare and expensive element, whereas nickel is widely available
and much cheaper.

Elements that are commonly mixed with nickel are chromium, boron, carbon, silicon
and aluminium. The formation of hard borides and silicon carbide improves the wear
resistance and hardness.

Aluminium can be added in nickel base alloys to further increase the hardness. The
hardness increase is due to the formation of intermetallic phases (KiAh and Ni2Ab)
[Grunenwald, 1996; Marsden, 1990] or an oxide layer (AhO}).

The second kind is the Cobalt base powders. Cobalt base superalloys (namely Stellites)
are very popular with regard to the improvement of the wear resistance of mechanical
parts, especially in hostile environments [de Hosson, 1996]. Those powders are
mixtures of cobalt and other elements like nickel, chromium, tungsten, carbon and
molybdenum. Chromium is added to form carbides and to provide strength to the
cobalt matrix as well as to enhance the resistance against corrosion and oxidation.
Tungsten and molybdenum have large atomic sizes and give, therefore, additional
strength to the matrix. They also form hard brittle carbides. Nickel is added to increase
the ductility.

The predominant carbide found in Stellites is of the chromium rich ~f;C3 (where M =
metal) type. These carbides (2200 HV) are responsible for the hardness of the clad
(550 HV) and for the wear resistance. In low-carbon alloys other carbides such as J\,1QC
and Mn C6 are abundant [de Hosson, 1996].

If the wear properties of a given cobalt-base powder mixture is not sufficient, then
hard particles, such as carbides, nitrides and borides, can be added directly to this
mixture [Gassmann, 1992; "Nowotny, 1994]. Those hard particles usually have a high
melting temperature. The flow in the melt pool must ensure that they are uniformly
mixed with the other elements and become embedded in the matri.~ provided by the
molten cobalt-base material.

Gassmann [1992J described the addition of tungsten carbide (WC/W2C) to a Stellite
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powder in order to enhance the abrasive wear resistance. Tungsten carbide is
distinguished by a minimal plastic deformation capacity, a low thermal expansion and
a high wettability by molten metals, especially cobalt. Due to the low free formation
enthalpy tungsten carbide is dissolved in the solid state by molten cobalt. The
dissolution increases with the temperature of the melt and the interaction time.
Depending on the carbon concentration in the melt, dissolved tungsten carbide
recrystallises either to WC, or with low carbon concentrations, to W2C or brittle
phases such as C0:3W3C and C06W6C. It is therefore important to keep the temperature
in the melt as low as possible. This not only results in low carbide dissolution, it also
ensures a dense coating with lower tensile stresses.

The third kind is the Iron base alloys: Although the selection of an iron base alloy for
improving surface properties of an iron base substrate may not be the most obvious
choice, some research has been done in this subject.

It has been reported that a mixture of iron, chromium, carbon and manganese or
tungsten has superior wear properties compared to SteIIite 6 [Choi, 1994; Eiholzer,
1985; KOffiVOpoulos, 1994]. The elements that are added to iron ensure the formation
of carbides, contribute to the oxidation and corrosion resistance and promote the solid
solution strengthening. The main carbide type found in this kind of clad layer is M,;C
instead ofthe M7C3type found in Stellite 6.

Others have reported on the application of austenitic corrosion resistant steel layers on
top of ordinary low carbon steels [Fouquet, 1994; Jasirn, 1989]. The corrosion
resistance of those layers can be further improved by increasing the molybdenum
content in it [Ruang, 1995].

1.4 Introduction to laser cladding ceramic materials

At present, there are two main kinds of laser cladding using powder. One kind, is metal
powder, such as chrome, nickel and cobalt-base, nickel-base and Fe-base alloy powder.
Another kind is ceramic powder, such as WC, SiC, TiC, AlZ03 and zrOz etc.

Because there is not too much of a difference of properties between metal alloy
powder and the substrate, it is relatively easy to realize laser cladding of metallic
powder onto a substrate. According to the different applications, people select different
metal powders to satisfy the requirements such as wear resistance, erosion-resistance
and oxidation-resistance. In contrast, properties of ceramics and metals are quite
different, so, it is relatively difficult to laser clad ceramic materials onto a metal
substrate.

Metal materials have high intensity, toughness and outstanding technology
performance. But ceramic materials have distinguishing properties that metals cannot
compare with, such as wear-resistance, heat resistance and erosion-resistance and



Chapter 1 Introduction 11

chemical stability. When a metal substrate is cladded with a ceramic layer the material
will possesses both the superior properties ofmetals and ceramics.

An essential aspect of laser cladding is the achievement of a strong fusion bond over
the entire interface between the substrate and the clad layer. Good wetting between the
coating material and the substrate is therefore required. But the heat conduction rate,
thermal expansion coefficient between metal and ceramic are quite different. And
because of the poor wettabiIity of ceramics to metals, it is very difficult to clad
ceramics on to a metal substrate [de Hosson, 1995].

But people have great interest in laser ceramic cladding technology all the same.
Commonly, when ceramic is clad on to metal some metal powder or alloy powder is
added in the coating layer. In this way it is easy to produce a good compound between
cladding layer and substrate, and the ceramic phase ",-ill be protected as well.

In 1979, D.S.Gnanamuthu [Ayers J.D., 1984] did a laser cladding experiment with a
powder mixture oflarge particles (0.5mm) of tungsten carbide (WC) and iron powder
(44flm), onto AISI 1018 mild steel substrate, with no sticking agent used. The
thickness of powder layer was Imm, width wasl9mm and tungsten carbide powder
was covered by iron powder to decrease decomposition during laser beam irradiation.
The laser's power was 12.5kW The laser beam size was 12x 12mm2 and the scanning
speed was 5.5mrn/s. The cladding process was shielded by helium gas. After laser
cladding, the average hardness of cladding layer was HVllOO, in contrast, peripheral
substrate hardness was HV870. Around every tungsten carbide particle, there was an
obviously different area considered to be as a result oflaser cladding action.

In 1981, Ayers J.D. [Ayers J.D., 1981] used the powder injection feeding method to
successfully clad titanium carbide (TiC) on to a 5052Al aluminum alloy substrate,
obtaining a fine surface quality cladding layer, v,1th no cracks occurring. This might
have been possible due to the lower levels of stress generated in the aluminium
substrate compared to steel.

A literature research is presented as appendix: 1. It shows laser cladding substrate and
cladding materials.

1.5 Summary of applications of rare-earth element in laser cladding

There is an 80 yearlong history ofResearch into applications for rare-earth elements in
the area of metals. Rare-earth elements have the functions of cleansing,
metamorphosing and surface alloying. They also improve metallurgic behaviour,
molten behaviour, heat machining performances, mechanical behaviour (tenacity,
toughness, lower temperature brittleness), surface performance, wear-resistance,
corrosion resistance, oxidation-resistance, welding performance and material's high
temperature performance. So rare-earth elements were named the penicillin of the
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ill the recent two decades, the United States of America, Japan and some European
countries engaged in research and development with an emphasis on the new
rare-earth element materials used in new and high technology. Now, rare-earth
elements are generally accepted as the strategic elements in the new-tech revolution,
the growing point ofhigh tech, the treasure house ofnew materials. [Du Tmg, 1997]

Cerium is widely used in the Chemical heat-treatment of steel, flame spraying, and
electro plating fields. Cerium is a kind. of surfactant; its function is to decrease the
surface tension, decrease the critical mass of nucleus to come into being. But cerium
was less used in laser surface modification technology. It had been reported [Wang
Kun-lin, 1998] by some scholars for the use in laser cladding powder.

Wang Kunlin [Wang Kun-lin, 1999] added different contents of lanthanum oxide
(La203) powder with nickel-based alloy powders, then laser cladded these powders
onto steel substrates. The results were compared with those of the coatings without
La203 addition. The comparison indicates that the addition of La203 can refine and
purify the microstmcture of the clad coating, reducing the dilution of clad material
from substrate, decrease the lattice constant of solid solution. Moreover, the friction
coefficient of the clad coating with the addition of La203 is reduced and the wear
resistance of the clad coating with La203 addition is enhanced.

1.6 Laser cladding technology application and prospects

1.6.1 Industry application oflaser cladding

Laser cladding can enhance surface properties by changing the material composition in
the surfaces. It is a technique used to produce hard wear resistant and/or corrosion
resistant surface layers in industry. The technique is used to produce high quality
surface layers on top of industry work piece. At present, of all laser heat treatment
technologies, laser cladding is one of the most promising surface modification
technologies.

Now, by using laser cladding technology, not only excellent performances such as
wear-resist and corrosion-resist materials are available, but also high
temperature-resistant, oxidation-resistant and good electrical conductivity
performances materials are available.

By using laser-cladding technologies, a high-performance and high quality-working
surface can be made on low-cost materials saving valuable and rare metals. So the
technology has been developing rapidly in a number of countries in recent years
[Ariely S, 1995, Hu. C, 1996]. Laser-cladding technology has been used for repair on
the surface of the work piece. This kind of application has caused people to pay more
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attention to laser cladding making it more prominent in engineering. At present, a large
number of laser cladding applications focus on realizing a partial wear-resistant
cladding layer on the surface of the work piece. In some countries, laser-cladding
technology has already realized a considerable area of application.

Considering the history of laser cladding industry applications we can see that laser
cladding has established itself using trial an error methods. Americans did a lot of
pioneering work on laser cladding industry applications [Ayers I.D., 1984]. They clad
silver on copper to be used as a contact electrode using less material causing extensive
interests worldwide. Another advantage of using the technology is that conventional
methods use poisonous chemical electro plating materials, which can be eliminated
with benefits for the environment. These advantages made the technology have a huge
economic value and greatly accelerated its commercial progress.

The high-quality surface layers that can be produced by laser cladding only, make it a
strategic technique. Laser cladding technology has already been put into use in
cladding relatively smaller work pieces obtaining obvious economic benefits. Other
well known applications include the improvement of the wear resistance of diesel
engine exhaust valves, the enhancement of the corrosion resistance of gas turbine
blades and the repair ofdies and inserts. Pratt & Whitney and Rolls Royce Corporation
began to use the technology for the surface strengthening of blades of gas turbines
from 1982, and a laser cladding station was established with an annual output of tens
of thousand ofwork pieces. [R.MMacintyire, 1983]

A literature survey is presented as Table 1-1 below. It shows laser-cladding materials
with applications.

Oadding Application Information Source
Materials

And Substrate
AI-bronze Extruder screw plastic [Wolf, 1995]

machinery (stee11.4541)
AlSI410 Valve seat [Erucic, 1988]
crC, Cr, Ni on cast Pans ofoff-shore drilling heads [Eboo]
Iron
Co-allov Valve parts (CrI8NiI2Mo2Ti) [Fu Geyan, 2000]
Co-Cr-W-C (14Cr:MoV69) [Fischer, 1996]

:Moulding die (45NiCr6)
Co-allov ~uclear Valve Parts [Zhang Chunliang]
Fe-C-Si-B on the cast iron substrate [Tan Wen, 2000]
FCo-05 alloy Chemical Industry Valve [Li Biwen, 2000]

(OCrI8Ni12M03Ti Austenitic
stainless steel)

LC2.3B (Ni-base) Extruder screw plastic [Schneider, 1995]
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machinery

Ni-Cr-Al-Y Extruder screw plastic [Gasser, 1996]
machinery

Ni-alloy +WC Parts ofPump [Li Guohua, 1999]

Ni-Cr alloy Compressor blade (Ti-6Al-4V) [Konig, 1992]

Ni 21 alloy Exhaust Valve ofautomobile [Li Chunhua, 2000]

on cast iron Cylinder and valve Fiat [Eboo, 1983]

Stellite, Triballoy Automotive parts GM [Eboo, 1983]
T-800

Stellite, CoImonoy Aerospace Rockwell [Eboo,
1983]

Stellite 6, Stellite Turbine blade Westinghouse [Eboo,
SF 1983]

Stellite 6 Turbine blade, plough blade [Erucic, 1987]

Stellite 6 Diesel engine valve [Lubbers, 1994]

Stellite SF6 Deep drawing tool (cast iron Dffaferkarnp, 1994]
GGG60)

Stellite 6 Drainage plough blade [Weerasinghe, 1987]

Stellite6 Leading edge steam turbine [Amende, 1990]

I blade

I Stellite 6 Aircraft engine turbine blade [Elake, 1985]
I Z-notch,
I Leading edge turbine blade in

I industrial

i Srellite 6 Deformation tool [VandeHaar, 1988]

: Srellite 6 Stainless steel seal runner [Erucic, 1988]

! Stellite; induction Stainless steel gate valve [Erucic, 1988]
! heating

i Stellite 6.F Leading edge steam turbine [Ritter, 1991]I •
blade!

: Stellite 21 Valve in combustion engine [Gasser, 1996]
i

(X45CrSi9)

i Stellite 6 (NiCr20AlTi - DIN 2.4952) [Lang, 1994]
, Stellite Blowing mould Pratt&Whitney

Extruder screw plastic [Duhamel, 1986]

i machinery
, Stellite 6, Jet engine turbine blade notch [EergmaJlIl, 1994]
CoImonoy 5 (pWAAlIoy 1455). Die for [Corchia, 1987]

production ofglass bottles
components of nuclear plants
(AlSI
304)

. Tnballoyon High pressure gas turbine blade Rolls Royce
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Nrrnonic shroud. [Macintyre, 1983]

Triballoy T-800 Valve in combustion engine [Kupper, 1990]
(X45CrSi9) [Blake, 1985]

Table 1-1 Laser cladding application

1.6.2 Present problems in laser cladding technology

Being a new applied technology, the development of laser cladding technology faces
some difficulties. The following aspects need to be researched [pei Yutao, et al. 1994],
(1): Development of high power lasers and dedicated optical systems suits for
roboticised manufacturing production. (2): Development of rapid solidification theory
and research ofthe structure of interface. (3): the stability and feedback control during
processing. (4): quality monitoring and defect control.

Many researchers [Zhang Guangjun, 2000] indicate that in the melt-solidification layer,
there exist tensile stresses. When the local tensile stress is more than the material's
limit then a crack will come into being. Cracks appear mostly at the interface of
dendrites, at gas porosity sites, at impurities and other areas ofweakness.

Another problem is due to the different coefficient of expansion between the cladding
layer alloy and substrate material. When the coefficient of expansion is too big, tensile
stress will come into being. When the tensile stress exceeds the utmost limit of tensile
resistance at that temperature, a crack will appear [Li Biwen, 2000].

In addition rapidl heating and cooling occurs in the laser cladding layer (104_106 K/s)
as the life of the weld pool is very short. This always means that oxides; sulfides and
other impurities have not enough time to be emitted. They are retained in the cladding
layer. They can become the crack fountainhead. In addition, after the laser beam moves
away, instantaneous solidification and crystallization occurs as the cladding layer is
formed, it is easy to cause a disturbance of the crystal interface, increasing the crystal
vacancy count. Also hot-shortness (red brittleness) increase, the ductility degree
(plasticity and Toughness degree) also decreases, crack susceptibility then as a result
increases. The thicker the cladding layer the more the above-mentioned situation
becomes observable.

1.7 Background and research subjects

1.7.1 Background

Energy resources and natural resources are limited in the world. The research is done
to open up the application and development of laser cladding technology, which will
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allow for the use of low-price materials while retaining outstanding service
performance. The adoption of laser cladding technology will provide the superior
quality and superior properties of the alloy coating. Even a pure ceramic material layer
can be deposited on a low-price base metal. Another benefit is the replacement of more
expensive metal alloys in service with low-price metals with localized changes in only
those areas subject to wear. This technology is especially suited to applications where
only a part of the work piece needs to be resistant to corrosion, wear and oxidation.

Alternatives to the application of the technology are the use of quality alloy materials
throughout. This method greatly increases the manufacturing cost in terms of
formability and cost ofmaterial.

Another method is to repair the surfaces in service with welding technology. The
dilution rate is relatively high using welding technology and the microstructure is
coarser and more prone to hot cracking. Sometimes, the repair-welding layer of the
repaired work pieces could very easily detach from the substrate greatly decreasing the
operating life of the coating.

The above problems could be avoided by adopting the laser cladding technology. On
the premise ofguaranteed service performance the consumption of the high-level alloy
materials would be greatly decreased. The production cost would decrease so laser
cladding technology offers very good economy benefits.

1.7.2 Research objectives and research contents of this thesis

The study mainly includes: the design of the composition of cladding materials, the
choice of sticking agent, and definition oflaser processing parameters. By means of an
optical microscope, micro-hardness tester and wear-resistance testing machine,
analysis of the shape of the cladding coating, microstructure, distribution of
micro-hardness, properties of wear-resistance and integration of interface between
cladding and substrate, dilution of alloying elements and an analysis of the crack
behaviour and prevention was undertaken. Solidification features and the formation of
the microstructure were studied in the cladding layer. Some features in the
solidification process ofpool under laser will also be analysed.

1.8 Research methods and research route

1.8.1 Research methods

1. Theoretical analysis: choosing benchmark problems, choosing cladding materials,
choosing cladding process parameters, choosing experimental equipment.

2. Experimental research: Laser cladding experiments. Machining samples.
3. J\ficrostructural analysis.
4. Analysis of the relationships between process parameters and bond strength,
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penetration, distortion, dilution, hardness, wear-resistance and cracking.

1.8.2 Research route

In this thesis, the author adopted theoretical analysis, and an experimental study of
microstructure, micro-hardness, wear-resistance, and crack analysis. The research
route the author used is listed in the Table below.

Choosing laser cladding alloy powder and
placement means

Use heat conduction
model to derive a model
to control laser-cladding
parameters.

1

Analyze reasons for the
cracking behaviour of

cladding layer to ensure
a high quality
cladding layer

Definition oflaser
Processing parameters

I
T

Laser cladding experiments

Macroscopic Micro- Micro Properties Integration
quality hardness structure Ofwear of
testing Testing analysis resistance interface

(Shape of And Testing between
cladding analysis And Cladding

coating) analysis and
substrate

Table 1-2 Research route
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Chapter 2

Analysis of the laser cladding heat transfer process and

mathematical model of laser heat flux

2. 1 Introduction

During the laser cladding process, it is important to control the laser energy
distribution and the resulting temperature distribution over the surface_ The
temperature distribution of the melt pool must be reasonably controlIed_ If the
temperature in the melting pool is too high, it will result in undesirable compounds
being formed within the clad layer, additional dilution and distortion of the substrate
and a large heat affected zone_ It will also result in the hard elements such as tungsten
carbide being transformed to a less desirable form, and the elements, within the
coating, will be deeply diluted by the substrate material_ This will decrease the
microhardness and wear resistance ofthe cladding coating_ Overheating also increases
the distortion and the residual stresses, which may cause microcracking in the c1ad_

In addition, very higher temperatures in the molten pool will also result in a higher
rate of burning damage of the chemical elements_ Critical grain sizes will be coarser
as well; therefore the advantages oflaser cladding will be 1051_

18
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In contrast, if the temperature in melts pool is too low; substrate will not melt
sUfficiently, or even no substrate melting is possible. Thus, the intermediate
metallurgical compounds which need to be formed between the substrate and laser
cladding coating will not come into being. This will obviously decrease the bond
strength between laser cladding coating and substrate; the laser cladding coating could
detach from the substrate greatly decreasing the operating life of the coating.

As we all know, during the laser cladding process, the temperature distribution of melt
pool greatly depends on laser parameters. Consequently, it is necessary to match the
technology parameters to the required structure. We need to calculate and predict the
temperature in the melt pool to be able to enhance the quality and properties of clad
layer. There is also a need to optimize the chemical components of laser cladding
alloy in terms of the mixture of metallurgical powders to achieve a given hardness,
which is not characterized by microcracking.

In this chapter an analysis of the heat transfer process oflaser cladding was performed.
(Including heat transfer characteristic of pre-placed powder laser cladding and heat
transfer characteristic of powder injection laser cladding). Some numerical solution
and analytical solutions for the distribution of temperature are introduced. A Finite
Element Method for calculating the surface temperature distribution was used to help
predict the temperarure distribution resulting from laser cladding.

2.2 Analysis of heat transfer process ofIaser cladding

Laser cladding technology is one of the laser surface treatments. The effects of laser
cladding are based on a change ofthe material composition of the surface layer due to
a thermal cycle, which is induced by a moving laser source.

The laser cladding treated area is heated by absorption of energy delivered by the
laser beam. The heat input due to a high power laser is a well-confined narrow and
very intense beam. Therefore, heating rates in the surface layer are high. The heated
layer is self-quenched after the passing of the laser beam by diffusion of heat to the
cold bulk. The high heating and cooling rates in the surface layer result in grain
refinement and in the formation ofmetastable phases and altered microstructures.

The process of laser cladding involves the formation of a melt pool to which material
is applied. A very distinguishing characteristic of laser cladding is the generation of a
surface layer that hardly contains elements of the substrate on top ofthe base material.
Enough mixing is allowed to achieve strong bonding so the material properties ofclad
layer entirely depend on the applied coating material.

19
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During the process of laser cladding with pre-placed powder, firstly, the laser beam
must melt the pre-placed layer, then a melt pool is formed on top of the cladding
material and proceeds downwards to the substrate. Only when the substrate has been
melted can a clad layer be formed. The following Figure 2.1 shows the heat transfer
process ofpre-placed powder laser cladding.
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Figure 2.1 Heat transfer process ofpre-placed powder laser cladding

2.2.2 Heat transfer characteristic of powder injection laser cladding:

For powder injection laser cladding the heat transfer process characteristics are quite
different from that of pre-placed powder laser cladding. The formation of a very
shallow melt pool in the substrate is the first stage in laser cladding with the powder
~ection process. At the same time, injected powder particles are transported from the
feeder to the process area by the powder feeder and trapped in this melt pool, and the
formation of a clad layer on the substrate surface starts.

The melt pool is formed due to absorption of laser power. During the powder
injection process, not all the laser energy can reach the surface due to attenuation by
the powder cloud. The attenuated energy is responsible for the heating of the particles
in the powder cloud. Depending on their temperature on arrival in the melt pooL they
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either extract or add energy to the melt pool.

The following Figure 2.2 shows the heat transfer process of powder injection laser

cladding.
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Figure 2.2 Heat transfer process ofpowder injection laser cladding

The formation of a melt pool in the substrate is not only affected by the total power
absorbed in the surface, but also affected by the intensity profile of the laser beam.

In a word, during the laser cladding process, the heating and the cooling process,
which follows all acts in a very thin layer and in a very short time. The heat input
must be well controlled to prevent deep melting of the substrate and which would
result in severe dilution on the one hand, and to achieve a strong fusion bond on the
other hand. But to measure this directly is very difficult and almost inlpossible.
Commonly, after certain simplified hypothesis, people can use mathematical
modeling to calculate the technology parameters.

In this chapter some methods are presented to calculate the temperature induced on
the surface of a semi-infinite solid by a laser source. In general, almost no exact
analytical solutions for this problem can be found. Therefore, the equations describing
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the surface of a semi-infinite solid by a laser source. In general, almost no exact
analytical solutions for this problem can be found. Therefore, the equations describing
this problem must be discretisised and solved numerically. However, people can still
use the analytical solution to help predict the temperature distribution resulting from
laser cladding.

2.3 Surface temperature distribution modeling

Whether adopting the pre-placed powder or powder injection laser cladding method,
the first stage of all laser cladding stars with the absorption of laser radiation in the
pre-placed layer or substrate material. Laser energy absorption occurs in a very thin
surface layer, where the optical laser energy is converted into heat.

The absorbed heat diffuses into the surrounding bulk material by conduction. The
diffusion equation for a linear heat flow in a homogeneous isotropic medium is:

22

aT
pCp-=kVTat (t>O)................................................. .............. (2.1)

The laser beam can be considered as a moving heat source with a certain power
density distribution that imposes a boundary condition on the substrate surface.

The classical approach to the modeling ofthe heat flow induced by a distributed heat
source moving over the surface of a semi-infinite solid, starts with the solution of the
heat diffusion equation for a point source [Carslaw, 1959; Elshof, 1994]. The
temperature field is connected to a Cartesian coordinate system moving with a
velocity v along the x-axis. For time t->oo a steady state solution is obtained for a
semi-infinite body, which is valid for a point source coming from - 00:

+To.•....................... (2.2)

Where K is the temperature independent thermal diffusivity, q (x, y) is the power in
the point source; z is the depth, y is the co-ordinate along the surface perpendicular to
the direction of movement and, To is the initial temperature. The solution of the heat
diffusion equation for the moving point source is integrated over the entire laser spot
to obtain a solution for an arbitrarily shaped source. The temperature, as a result of the
laser spot with boundaries xs, re; Ys, Ye; =s, Ze, is:
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-v ( ~(X-x')l+{Y-Y'i+zl-(x-z'»)

1 Z.Y.X. q(x' ,y')e 2"

T(X,y,Z)=-fff ~ dx'dy'dz' +Ta. (2.3)
. . 27l:k Z,Y,X, (X_X')2+(y_y')2+ Z2

The surface (z = 0) temperature of a semi-infinite body moving past an arbitrarily
shaped heat source is thus given by:

-{.J(x-x')'+{Y-Y)'-(N'l)

1 y,x'q(x',y')e 2e , ,

T(x,y,O)=-f f dx dy+I;, (2.4)
271:k M ~(x-x'y +(y- y'y

Analytical solutions of the type of integral in equation 2.4 are only known for some
special cases [Elshof, 1994]. In general, numerical methods are needed to solve this
type of integrals. The integral was solved numerically by [Bos, 1993]. First, it was
transformed to a series expansion on a grid with step size h. The temperature on a grid
point (x" Yj) = (xo + ih, yo + jh) can be written as:

1 n% ny

T(x"y)=-2k L L K,~~tqkl +To , (2.5)
if k=O 1=0

With

. {~(X_:r')l+(y_Y,)l _ (X-x'»)

K~t = J1 d(y- y')d(x-x') e 2"

y X~y~~(X-X,)2+(y- y')2
(2.6)

An analytical expression does not exist for this surface integral and numerical
calculation is very time consuming. Fortunately, [Bos, 1993] was able to apply an
exact reduction of this surface integral to a line integral, which, apart from
exponential integrals, consists of finite integrals only. Polynomial as well as rational
approximations exists for the exponential integral. This integral reduction results in
the following expression:
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K;:"' =Ym[EI(V(~Xm2+Ym2 -Xm))-El(V(~X/+Ym2 -Xp ))]

- y p [ El(V(~Xm2 +Y/ -Xm))-E,(V(~X/+Y/ -Xp ))] ... (2.7)

-1[ e_-V~~2 _ e~P-V~~2 ld~
y. ~~2 +xm

2(-Xm +~~2 +xm
2) ~~2 +x/(-Xp +~~2 +x/)j

Where Ei is an exponential integral ofthe form:

~ -,
El (X) = r

t
dt (X>O) (2.8)

r

Compared with a differential equation, an integral equation needs a great amount of
calculation time. Integration over the entire domain is required to calculate one single
point. [Brandt, 19841 [Lubrecht, 1989] and [Venner, 1991] developed an algorithm
(multi-level multi-integration) for fast evaluation of an integral. They showed that if
the kernel K has certain smoothing properties, the complexity of the evaluation of an
integral could be reduced without loss of accuracy. This algorithm was subsequently
applied to solve equation 2.5.

This is a numerical solution. Li Hengde [Li Hengde, Xiao Jimei, 1990] has a simple
analytical solution to help predict the temperature distribution laser cladding results.
The modeling of the laser cladding temperature field established with this hypotheses
is as follows:
1. Physical property ofmaterials does not change \vith temperature.
2. To neglect crystalline latent heat, to neglect phase change latent heat.
3. The cladding surface receives laser irradiation neglecting heat loss caused by

convection and radiation.
4. The initial temperature ofthe material is 293K (20°C)
5. To treat the base material as semi-infinite solid.
6. During the course of laser cladding, some heat loss is caused by convection and

radiation.

When the v.idth of the melt pool is obviously bigger than the depth of the melt pool,
the material can be considered as a l-dimensional semi-infinite solid. This is a
I-dimensional modeling after adopting the above-mentioned hypothesis. The heat
conduction equation, boundary conditions, and initial conditions are listed as follows:
[Li Hengde, Xiao Tunei, 1990].

oT(=,t)

er
c 2T(=,t) _ qo(= - 0)77(' - t) ")

a _ _ - (_ .9)
ez- c· p
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oT(z,t)
az 0, (z=O) (2.10)
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T(z,O)=To, 0 ~z<oo (2.11)

The solution of the above equations gives the temperature distribution of the melt
pool while heating:

T(z,t) = To + ~l~·exp[-(~J]-z.eif{ ~J) (2.12)

The temperature distribution ofthe melt pool while cooling:

T(z,t) =To + qo
k

f4Kt. exp[_(_ZJ2]- (4qexp[-( Z J2]V---;- ~4Kt V--;- ~4KY

-z[eifc(~J-eif{4;Y)]
.........(2.13)

In the above equations (from 2.9 to 2.13):

T (z, t) is temperature [K],
z is the distance from surface [mm],
t is time.
To is the initial temperature ofmaterial [K].
y= t-T, r=DIV,
ris the interaction time between laser and material[s],
D is the diameter oflaser beam mm.
Vis the laser sweep speed mm/s,

q is the theoretical laser beam power density [kW/mm2
].

qo is the effective power density used on heating [kw"mm2
],

qo = Aq=0.5q, A is the power absorptivity, here, we suppose A= 0.5,
k is thermal conductivity [Wm-1K1],

K, is thermal diffusivity [Wm-2
],

C is specific heat,
p is density [kgm-3].
5 (x): delta function.
rl..x): Heaviside function.
eifc(x): error function complement.

'Vhere, A is the absorptivity ofenergy. During the course of laser cladding, some heat
loss is caused by convection and radiation. In order to make the model to close to
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practical situation, can reduce the absorption coefficient of energy to O.5A or so.

The maximum temperature ofcladding layer surface can be obtained from the above
formula (2.12),

Trnax(t) = 1;, + ~ ~4;t '" (2.14)

During this project, we use the Finite Element Method (FEM) to do a numerical
experimental investigation to calculate and predict the temperature in the melt pool.
The finite element equations used to solve a transient nonlinear finite element analysis
[Bathe, 1982] are given below:

'Kc!lO(i) = (Lfv<mlBCm)T 'kCm)BCm)dvCm») AO(i) (2.15)
m

'KC!lOCi) =(L Is <ml 'hCm) H Scmf HSCm)ds(m») AeU) (2.16)
m 0

rKT!l0 (i) = (L Is <ml rK
Cm)HS(m)' HS(m)ds(m») AO(i) (2.17)

m '
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.......................... (2.18)

r-i-c!JocCi-1)=I Is <ml H-l!.thCmXi-l)H SCm)' [Hs(m) (H-M Oe _HMe(i-l»)]dS cm )
m 0

'" ., , '" """""" (2.19)

H~rQT(i-l) = Ifs <ml I-i-I!.t K(mXH)HS(m)' [Hscm)(H-M eT _HMeU-1»)]ds(m)
m '

..... , , '" '" , '" (2.20)

r.;.~rOk(i-l) = '\'I B(m)' [I-i-!!.!kCmXi-l)B Cm) H'!Je(i-l) ]dVcm)
- LJ v<ml (2.21)

m

Equations 2.15-2.18 are the L.H.S stiffuess matrix contributions for the conductivity,
convection, radiation and heat capacity respectively. Where k is the conductivity, his
the convection coefficient, K is the radiation coefficient. Equations 2.19-2.21 are the
RRS thermodynamic force type terms for convection, radiation and the iterative
corrections for the conductivity calculations respectively.

The complete system that is solved to give the temperature, e, at any time increment
15:



Chapter 2

The heat source model used in the FEM is presented below:

q. = ~T/Vl ev1-{xo -xYJex1-&0 - YYJex1 -(zo -z)' J (2.23)
21ru.uyu, "1. 21ru. ~ 21ruy ~ 27ru,

r ,= r. + v. t (2.24)
Y ,= y. + vy t... (2.25)
z,=z.+vzt (2.26)

Where:
P=VI is the laser power used.
OX (P, R) are empirical distribution parameters and are a function of the power
and laser spot sized used.
;, TT are parameters accounting for efficiency and surface absorptivity.
x,y,z are distances from the center of the heat source.
The center of the heat source (Ko, yo, 7,,) travels with a given velocity and is thus
a function of time.

The following Figures are some results obtained using this FEM method.

'-­Il&lsr I GOJ. C

Figure 2.3 FE Calculated Temperature 3kW, O.2mrn spot
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Figure 2.4 FE Calculated Temperature 3.5kW, 0.2mm spot
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Figure 2.5 FE Calculated Temperature 4kW, 0.2mm spot.
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Chapter 3

Laser cladding experiments with

Pre-placed powder method

3.1 Introduction

In this chapter, laser-cladding experiments using the pre-placed powder method were
desi!ffied and performed. A 5 kW CO2 laser TRUMPF LASERCELL 1005 was used- .
as the laser heat source. Single track clad layers were produced. Larger areas samples
were treated as well by applying several adjacent Multi-pass laser-cladding tracks.
Several machining parameters were varied. Those parameters include the scanning
speed, the laser power, and the laser beam spot diameter.

A number of different percentage compositions (by mass) of tungsten carbide (WC)
powder in a nickel base were used to produce samples. The percentage composition
was varied from 10% to 40%. Samples series 1 to 13 are single track cladding;
samples 14 to 24 are adjacent multi-pass over lapping laser cladding. Argon was
supplied to the processing area to prevent the clad layers from oxidising and to
protect the optical system. The experimental set-up is shO\vn in figure 3.1.
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Remelt treatment technology methods were adopted on some samples (sample 19,22,
23 and 24). Preheating before laser cladding and heat preservation after experiments
were adopted on sample 21 and 23.

/ JI.!('lt Pool

/ }'r€"-l'lac('d Po"der

/ /
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\ \ I ,I
. \ I
\.\ • 1 Il . /
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Suostrate Relatiye l\lovement Direction

Figure 3.1 Experimental set up laser cladding with pre-placed powder method; the
sample performs a relative movement to the laser beam. The area exposed by the
laser beam is treated. Applying several adjacent tracks can treat samples with larger

. areas.

3.2 Composition design of Ni-base alloy cladding materials

At present, there are not too many special and commercial alloy powders for laser
cladding materials conveniently available for us to use. The applied powders are the
same as those used in flame and plasma spraying. ~ost of the experimental laser
cladding research also adopts these kinds of alloy powder. Commonly, people choose
their cladding alloy materials based on the application request and the state of the
substrate. Cladding materials are mostly composed of fusible Hyper-eutectic alloy
powders, which have high flexibility.

\Vhen selecting coating materials, the melting point of the substrate must preferably
be higher than that of the coating material. If this is not the case, then it is possible
that during solidification and subsequent cooling of the clad layer, the substrate
region just underneath it can be heated to a temperarure over the melting point. This
region v.ill subsequently lose its strength. Under the effect of the stress of the clad
above, hot tearing will occur along this region [Li, 1992]. Such a situation will in any
case result in porosity along the interface.
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Fusible hyper-eutectic elements currently are boron and silicon. Nickel-base alloy
powders for plasma and flame spraying contain a high proportion ofboron and silicon.
The addition of boron and silicon improves the wetting. behavior so that smooth
surfaces can be achieved [Wolf; 1995].

It is known that the addition of elements of boron, silicon and carbon will create a
hard phase. The formation of hard borides and silicon carbide improves the wear
resistance and hardness. This will increase the hardness of the cladding layer.
However, a large presence of these hard phases makes the coating very brittle [Arlt,
1994; Grunenwald, 1992] and decreases plasticity, and increases the crack
opportunity as well. A lot of research experiments indicate, the higher the proportion
ofboron, silicon and carbon the harder the clad layer while the likelihood of cracking
mcreases.

In addition, boron and silicon have the benefits of deoxidizing, improving slagging,
wetting the interface and resisting the appearance of gas porosity. But the solubility of
boron in Fe and Ni is almost zero. So they separate out easily and congregate at the
crystal interface causing cracks. Silicon elements in alloy powders with high a
contents of Nickel always tend to segregate, so the hot cracking tendency will
mcrease.

According to metal theory, high carbon content can increase hardness. But with the
increasing of carbon content, brittleness will increase as well. The probability of
crack formation will increase too. On the other hand, it is possible that chemical
combination of carbon and chromium will form chromium carbide. This will decrease
the chromium content in the cladding layer reducing corrosion resistance of the
laser-cladding layer.

In fact, high-energy laser heat source has a special function to produce various
Strengthening effects. Some scholars who did a lot of experiments proved that for the
same powder, the hardness of the laser-cladding layer would increase 20%-40%
compared to a thermal-spray welding layer. [Shi Shihong, 1999] So, there are various
benefits in decreasing the carbon content in laser cladding powder.

Based on the literature survey and the above analysis, the laser cladding alloy powder
the author chose for the pre-placed powder laser cladding experiments was Nickel
alloy powder-S:M505. Its chemical composition is listed below. (The Nickel-base
alloy's chemical components percentage is based on weight.)
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Percentage ofNickel-base alloy's chemical components
are based on weight

Cr B C Si Fe Ni
(Chromium) (Boron) (Carbon) (Silicon) (Iron) (Nickel)

14.25 % 3.5% 0.6% 2.0% 4.0% 75.65%

Table 3-1 Chemical components ofNickel-base alloy for laser cladding experiments
with pre-placed powder method

3.3 Selection ofthe sticking agent (chemical binding)

In the experiments of this chapter, laser cladding with pre-placed powder were
performance as shown in Figure 3.2 right side. Laser cladding with pre-placed
powder is the most common cladding method. The powder must be mixed with a
chemical binder to ensure that it will stick to the substrate during the process. It has to
be given enough structural strength to withstand forces imposed by gas flows or
gravitation [Arlt, 1994]. The chemical binder evaporates during the process. This can
result in some porosity in the clad layer.

Laser cladding with pre-placed powder, when compared to powder injection method,
has a slightly lower heat conductivity and increased energy requirements. It is the
most convenient and economical method though especially for lab experiments.

In order to prevent the remnant melted sticking agent from infusing the alloy coating
and influencing the quality and designed performance of the alloy coating the sticking
agent has to have specials chemical characteristics. It must be provided with a high
volatility, and cannot damage and influence the performance of the cladding layer. In
addition, a very important requirement is the absence ofwater.

Based on current and actual experiments many of sticking agents can be selected.
Generally, people select varnish, silicate glue, soluble glass, oxo-cellulose ether,
cellulose acetate, alcohol-rosin solution, hydrocarbon solution, epoxy resin,
acetone-borax solution, isopropyl alcohol, and even ordinary paste [Wang Jiajin,
1992].

Some research results [Yan Yuhe, 1994J show that silicate glue and soluble glass are
dilatable, and this will result in the sedimentary layer detaching from the substrate.
On the other hand, during the laser cladding process, due to the high power laser and
the resulting high temperature, most of the sticking agent will burn, and after a
decomposition reaction carbon black will come into being. This may be result in alloy
powder splashing from the pre-placed layer and periodically shielding laser radiation.
This will result in a cladding coating with an unequal clad height, and a decrease of
alloy element content.
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When using cellulose type sticking agents, the above-mentioned problems will not
occur, because under the irradiation of a high-energy laser beam, the
cellulose-sticking agent quickly burns up and decomposes resulting in few solid
granules remaining. Alloy powder is not ejected and it also ensures that the pre-placed
powder layer has a relatively nice absorption coefficient for the laser beam.

Cellulose acetate comes from the following chemical reaction: mix cellulose, acetic­
anhydride and acetic acid together, and after an esterification, reaction the result is
cellulose acetate. After a partly hydrolytic action of cellulose acetate, cellulose
diacetate (CDA) comes in to being. Cellulose dilacerate can be dissolved in an
acetone solvent. Cellulose dilacerate-acetone solution characterizes quick-drying and
outstandiog pellicle intensity [Liu Renqing, 1985].

After mixing the cellulose diacetate-acetone solution with alloy powder, it is quite
difficult to paste the powder onto the substrate uniformly due to the higher volatility
ofacetone. The pasted powder layer shrinks after it dries; a characteristic of cellulose
will always cause the pasted layer to curl and detach from the metal substrate.
However ifa medium volatility organic solvent is added this problem is solved. So, in
the pre-placed powder experiments, the author selected an absolute-ethanol to mix
with acetone.

Based on the above-mentioned study and comprehensive analysis: if we are able to
get the pre-placed powder layer to have a flat surface with moderate volatility, then
we will obtain a laser cladding layer of high quality. The cellulose acetate-acetone
solution mix with absolute ethanol was selected to be the sticking agent in our
experiments. The proportions are as below: the concentration of the cellulose
acetate-acetone solution was 5%; the proportion of acetone and ethanol was 3:2. The
addition of the sticking agent was controlled within 10% to 25% of the gross weight
of all powder and sticking agent. The best-optimized proportion was based on
practical experiments.

The use of a chemical binder prevents the powder from being blown away by the
shielding gas during processing. Before the laser cladding experiments a chemical
binder was first prepared to mix the powders into powder mud. Using a specially
made small aluminium mould to place the powder mud onto substrates. Figure 3.2
(left) shows a pre-placed pov,ider sample. After the ethanol and acetone evaporates for
several hours, or after putting these samples into a heat treatment kiln with the
temperature of the kiln kept between lOoec -200 cC degrees for 1-2 hours to dry the
samples, a dry powder layer was obtained that adheres to the substrate.
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Figure 3.2 Pre-placed powder sample (Left side)
And the laser cladding process at the South African NLC.

3.4 Substrate material and ceramic material

3.4.1 Selection of substrate materials

The substrate material selected for the laser cladding experiments with pre-placed
powder method was EN8 mild steel. The chemical components of EN8 mild steel are

listed Table 3-2 below:

EN8 C% Si % Mn% Ni% Cr% Mo% S% P%
Steel

Percentage 0.35- 0.05- 0.6- - - - 0.06 0.60
0.45 0.35 1.0 Max Max

Table 3-2 Chemical components ofEN8 steel

After machining the EN8 steel into some 80mm length x50mm width x8mm
thickness plates and the surface grinding and rust cleaning process, the specimen are
degreased with acetone and dried ready for use.

3.4.2 Select ceramic cladding materials

According to the literature of chapter I, ceramic materials have distinguishing
properties that other metal cannot compare with, such as wear-resistance, heat
resistance and erosion-resistance and chemical stability. There are a lot of ceramic
powders available, such as WC, SiC, TiC, Ah03 and Zr02 etc. These powders were
developed for the use in plasma and flame spraying. They are also fit for use in laser
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cladding because ofthe same intended functional properties.

But there are thermal stress created by the high thermal gradient built up during the
cooling stage. And the thermal expansion coefficients are difference between
materials. This is the reason for the formation ofcracks in the clad layer [Zhang, 1994;
Zhou, 1991]. Layers that are characterized by the presence of hard and brittle
particles, such as carbides (tungsten carbide etc.), are especially prone to cracking.
Ceramic layers are also vulnerable to cracking, because of their limited ductility
combined with the difference in thermal expansion coefficients compared with metals
[VandeHaar, 1988].

Tungsten carbide (WC) is a kind of ceramic material that has distinguishing
properties that other metal cannot compare with, such as wear-resistance, heat
resistance and erosion-resistance and chemical stability. The following Table 3-3
below shows the physical properties of the cladding materials:

Density (glcm3
) Melting point Hardness

(X) HV(Kglmnl)
Tungsten 15.8 2873 1800
carbide

NI-base alloy 7.68-7.8 1323-1423 --

Table 3-3 Physical properties of the cladding materials

From the above table, we know that the density of tungsten carbide (WC) is much
higher the than density of the Ni-base alloy. Actually, what we want to get is an
identical distribution density of tungsten carbide in the cladding coating so we can
use the density differences between tungsten carbide and Ni-base alloy. We know that
the melt pool has the characteristic of fast flow and the no-uniformity of speed field
property, this will accelerate tungsten carbide and the Ni-base alloy to float up and
sink down. This makes them have the different distribution density in the cladding
coating layer. So in our experiments, we select a mixture of tungsten carbide and
Ni-base alloy, the granularity size of the Nickel-base alloy granule is 50-100 ~m. and
the granule size of tungsten carbide (WC) is 50-l50~m.

3.5 Proportion control of tungsten carbide

Because of the obvious differences of thermal eXllansion coefficient and elastic
modulus between the Nickel based alloy and tungsten carbide (the detailed values are
listed in Table 3-4 below) thermal stress, air holes and cracks could be created in the
cladding layer.
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Cladding Density Melting Thermal Linear Elastic
Materials (g /crrf) Point (K) Conduction Expansion Modulus

And Coefficient Coefficient Ec (Gpa)
Substrate k[Wm-1K1] (10-6/ k)

Tungsten 15.8 2873 121 4.5 651
carbide

Ni-based
alloy 7.69 1323-1423 21.5 20.7 90

powder

EN8 7.8 1673 36.7 13.2 206
Steel

Table 3-4, Physical properties of cladding materials and substrate

Analysis thermal stress in clad layer:

According to [Jiang Yongqiu, 1993], we can adopt the following formula to solve

thermal stress 0;,

In the above Formula (3-1), where
Ec is Elastic modulus of cladding layer, GPa.

ac is thermal expansion coefficient of cladding layer, (10-6k).
lX, is thermal expansion coefficient ofsubstrate, unit is (lO-6k).
!'IT is the temperature difference between cladding layer's melting point and room
temperature.
Pc is the Poisson ratio of cladding layer.

From the formula (3-1) it can be seen that large differences in thermal expansion
coefficients leads to large thermal stresses being created in the cladding layer. Let us
suppose that powder materials of the cladding layer are absolutely well mixed, and
absolutely proportioned and uniformly distributed. According to He Guanhu's
formula., [He Guanhu, 1987], the thermal expansion coefficient of the cladding layer
Ac, can be calculated by the simple principle of5uperposition.

A =" A·V/Vc ~ I J (3.2)

In the Formula (3-2), Ai and V; are the thermal expansion coefficient and volume of
one material, and V is the total volume of materials. So we can expediently solve for
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every thermal expansion coefficient Ac when we select different proportions of
tungsten carbide.

In a similar way, the elastic modulus of the cladding layer Ec can also be solved out
via the above method, namely

(3.3)

The Nickel-base alloy design was 70% of weight of total cladding powder weight in
order to ensure both that there is enough tungsten carbide component in the cladding
layer and that there is enough liquid state (formed by melting the Nickel-base alloy
component) in the molten pool during the laser cladding process. This also avoids the
cladding layer being affected by surface tension, which causes distortion and warping
in the opposite direction. In order to do some comparative experiments, the author
designed several percentage contents of tungsten carbide (WC). Samples were varied
from 10% to 40%, as shown in following Table 3-5.

Group Tungsten carbide powder Ni-based alloy powder
1 10% tungsten carbide +90% Ni-based alloy
2 20% tungsten carbide +80% Ni-based alloy
~ 30% tungsten carbide +70% Ni-based alloy~

4 40% tungsten carbide +60% Ni-based alloy

Table 3-5 Powder components ofcomparative experiments

The above Formula 3.2 for calculating thermal expansion coefficient is based on the
volume proportion in alloy powder. But in our practical experiments, it is not easy to
expediently and accurately measure the powder volume proportion. Thus, we need to
change the volume proportion to weight proportion to ease our calculation. The
following table 3-6 is the result of the mathematical conversion benveen weight
proportion and volume proportion.

Group Weight proportion Corresponding volume
proportion

1 10% tungsten carbide + 5.13% tungsten carbide +
90% Ni-based alloy 94.87% N-based alloy

2 20% tungsten carbide + 10.85% rungsten carbide +
80% Ni-based alloy 89.15% );i-based alloy

3 30% tungsten carbide + 17.26 % rungsten carbide +
70% Ni-based alloy 82.74% );i·based alloy

4 40% tungsten carbide + 24.5% tungsten carbide +
60% Ni-based alloy 75.5% Ni-based alloy



Chapter 3

Table 3-6 Mathematical conversions between weight proportions
and volume proportion

Based on the material data of the cladding materials in Table 3-4, Formula (3.2) and
Formula (3.3), the thermal expansion coefficient and Elastic m.odulus of the powder
was calculated for tungsten carbide and the Nickel-base alloy in different proportions.
The calculated results are listed in Table 3-7 below.

.

Powder Linear
Group Components of Expansion Elastic Modulus

Number tungsten carbide Coefficient Ec(Gpa)
and Ni-based alloy Ac(lO~)

1 10% tungsten 19.87 146.1
carbide +90%
Ni-based alloy

2 20% tungsten 18.94 202.2
carbide +80%
Ni-based alloy

3 30% tungsten 17.9 258.3
carbide +70%
Ni-based alloy

4 40% tungsten 16.73 314.4
carbide +90%
Ni-based alloy

Table 3-7 Expansion coefficient and Elastic modulus values
based on difficult percentage components of tungsten carbide

The calculated results in Table 3-7 shows that with the increase of tungsten carbide
percentage component in the cladding alloy from 10% to 40%, the thermal expansion
coefficient Ac decreased from 19.87xl0-6k to 16.73xl0-6kk. The decrease is not too
big.

But in contrast, calculated results show that with the increase of tungsten carbide
percentage component in cladding alloy from 10% to 40"10, the Elastic modulus Ec

increased from 146.1 GPa to 314.4 Gpa. And the increase is very big.

Table 3-4 shows that linear expansion coefficient ofEN8 steel is 13.2x I0-6k, Elastic
modulus ofEN8 is 206 GPa.

Based on the above data, with the increase of the tungsten carbide percentage
component, the expansion coefficient difference between the substrate and cladding
layer will decrease, but the difference is not big. So in our experiments, the expansion
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coefficient difference factor is not so important. In contrast, with the increase in
tungsten carbide percentage component, the Elastic modulus difference between
substrate and cladding layer greatly increased. The crack sensitivity will also
accordingly increase. So, the Elastic modulus difference greatly affects our alloy
components design.

So, for the above reason, when we select the tungsten carbide and Nickel-base alloy
mixture, in order to ensure a lesser crack tendency, the components of the cladding
materials we designed are 70% Nickel based alloy + 30% tungsten carbide. In order
to do some comparative experiments, we also chose some groups of contradistinctive
experiments as Table 3-5 shown. By analysis the contradistinctive experimental
results, we will study relationships between powder components and wear resist
property, and study relationships between powder components and crack properties
as well.

3.6 Parameters ofLaser cladding with pre-placed powder method

In chapter 2, the author already studied the characteristics of the heat transfer process
of pre-placed powder laser cladding. During the process of laser cladding with
pre-placed powder, the laser beam must melt the pre-placed layer first. After a melt
pool is formed on top of the cladding material it proceeds downwards to the substrate
until the substrate is melted so that a clad layer can be formed.

Based on above study in this chapter and analysis calculation in chapter 2, there
approximately exists an optimum of components of alloy powder and technology
parameters. The experiments that follow were done using the above-mentioned
chemical components of alloy powder to do contradistinctive experiments to observe
how the change of laser treatment parameters affects performance of laser cladding
coating.

The performed experimental procedures are listed in Appendix 2. (Samples 1 series to
13 series are single-track cladding; samples 14 to 24 are adjacent Multi-pass laser
cladding with an over lap; Shielding gas used was Argon)

3.7 Experiment results analysis

A variation of the laser power from 1000 W to 1800 W; a variation of the laser beam
diameter from l.5mrn to 3.5mm; and a variation of laser scanning speed from
O.lmlmin to l.Om/min showed that a minimum power of 1000 W is required to
achieve a smooth single track that is flows out over the substrate. Lower power levels
result in the formation of clad layers that are not smooth, narrow or even winding.
Poor clads can be higher than the thickness of the applied coating and do not have a
fusion bond to the substrate.



Chapter 3

The results of laser cladding experiments using the pre-placed power method are
listed in Appendix 3. A study of the effects of different laser parameters on the
geometrical dimensions of the clad layer will be presented in chapter 5. In the
following section, an analysis of the dilution of the laser cladding layer produced
using the pre-placed method is given.

Analysis ofhigh dilution;

The pre-placed power methods are particularly useful for workpiece parts or samples
that can be treated using one single track. It is of course possible to apply several
adjacent overlapping tracks. The following Figure 3.3 shows the cross-sections of
several overlapping tracks produced by means of the pre-placed powder method.
Overlapping results in increased dilution.

Btat AHtcttd Zont lUZ J

Figure 33 Cross-sections of several overlapping tracks produced by means of the
pre-placed powder method.

For instance, compare the single-track sample 3-4 with the several adjacent tracks of
sample 21, their experiment date list in following Table 3-8.

Power Scanning Beam Pre-placed IWC % Dilution
(kW") Speed Spot Thickness %

(m/min) (mm) (mm) I
Single-track 1

I
0.2 2.5 0.6

1
30

%
10.3%

Sample 3-4

I Multi-pass I 1

I
0.2 ? - 0.6 130~~ 21.3%_.;)

I Sample 21 !

Table 3-8 Data of Single-track sample 3-4 and Multi-pass sample 21
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Their substrate condition and powder condition are the same (30% tungsten carbide
powder +70% Nickel base alloy powder), and their treatment parameters were also
the same but the dilution rate of sample 3-4 is 10.3%; in contrast, the dilution of

sample 21 is up to 21.3%.

Dilution results from the requirements of the cladding process. Firstly, the process of
pre-placed power laser cladding starts with the formation of a melt pool in the surface
of the coating material. Then the melt pool propagates to the interface with the
substrate. At this moment, continued heating ensures that the melt pool is extended to
the substrate and that a strong fusion bond is achieved. Laser heat input must be well
controlled to prevent deep melting of the substrate and the therefrom-resulting severe
dilution on the one hand, and to achieve a strong fusion bond on the other hand.

I Last'!" bt'am

-V-
I Prt'platt'd powdt'r

A ~Clad layt':"'\.
Substratt'

~Ioltt'nmatt'ria!
tonh'att Prt'platt'.l po"dt'r

B G~'IL~Y?)
Snbstratt'

Last'r bt'am

! .;} ~"''''''''P='''
C

Gadla:-?)

"'-
Subsrrart' Irr'ldiatt'd subsrratt'

Figure 3.4 An illustration of increased dilution for several adjacent tracks A: First
clad track produced. B: ~folten material contracts during the solidification. C:
application of the next track.. the substrate next to the clad layer is exposed to the laser

beam.

The above Figure 3.4 illustrates this process. Before the first clad track is produced,
the pre-placed material covers the whole area of sample. The laser beam melts a part
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of the coating. After· the laser beam passes the molten material contracts due to
surface tension. Therefore, the substrate area directly next to the produced clad layer
is not covered with pre-placed powder material anymore. When the next track is
made, the laser beam directly irradiates the non-covered part of the substrate. Deeper
melting ofthe substrate occurs in this area.

3.8 Conclusions

In this chapter, laser-cladding experiments with pre-placed powder method were
designed and performed.

The applied powders for laser cladding are the same as those used in flame and
plasma spraying. A composition design for cladding materials must obey the
following principle: to choose cladding alloy materials based on the application
requested and the condition of the substrate. Components of cladding materials
should be selected to be a fusible hypereutectic alloy powder, which is highly
flexibile. The proportion ofboron, silicon and carbon can increase the hardness of the
clad layer but the probability of cracks forming will increase. There are various
benefits ofa suitably decreased carbon content in the clad powder.

The choice of the sticking agent, must obey the following principle: It must be
provided with a high volatility, be non-hydrous and should not damage the
performance ofthe cladding layer.

The proportion of tungsten carbide also needs to be controlled. From calculations we
see that in order to prevent cracking while enhancing the hardness of the clad layer,
the optimal components of cladding materials are a 70% Nickel based alloy + 30%
tungsten carbide.

Applying several adjacent tracks using a pre-placed powder method will result in a
relatively increased dilution phenomenon, because after laser beam passes, the molten
material contracts due to surface tension. Therefore, the substrate area directly next to
the produced clad layer is no longer covered v.-ith pre-placed powder. When the next
track is made, the laser beam directly irradiates the non-covered part of the substrate.
Deeper melting of the substrate occurs in this area. So a relatively increased dilution
occurs.
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Chapter 4

Laser cladding experiments with

Powder injection method

4.1 Introduction

In this chapter, laser-cladding experiments with powder injection method were
performed. A 5 kW CO2 TRUMPF LASERCELL 1005 laser was used as a heat
source. A Powder feeder (GTV Lucken Back) was used for the powder supply for the
directly injected powder experiments conducted.

A mixture of 50% Nickel alloy powder and 50% tungsten carbide (WC) powders was
applied as the cladding material. The powder was transported from the feeder to the
process area by powder feeder. Powder was supplied to the melt pool by means of a
powder nozzle with a diameter of 2.0 mm. Nozzle stand off was lOrnm and 13rnrn.
Nozzle degree was 45 and 60 degree. The substrate material is EN9 steel. It was
polished and degreased before experiments.

Single track clad layers were performed (Samples lOA, lOB, 10C and 100). Larger
areas samples were treated as well by applying several adjacent tracks (From Sample
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lA to 9B). Several machining parameters were varied. Those parameters include the
laser power (from 2kW to SkW), the laser scanning speed (from O.3m!min to 1.2
m/min), the laser beam spot size (from 3.5mm to 5mm), and the resulting specific
energy (from 34 Jm-2 to 200 Jm-2

). Argon was used as the shielding gas for the
protection of the samples from oxidation as well as the carrier gas for the injected
powder. The nozzle angles used were 45 degrees and 60 degrees. The powder
injection angle was measured with respect to the horizontal.

The relationship between the powder injection angle and the clad height was studied
and a conclusion was drawn. The crack behavior of the laser-clad layer performed by
powder injection method was quantified and studied, and conclusions were drawn.

The experimental set-up is shown in the following Figure 4.1.

Snuslrate

Figure 4.1 Laser cladding using the Powder injection method, the sample performs a
relative movement to the laser beam. Argon acts as shielding gas for the protection of
the samples to oxidation as \VeIl as the carrier gas for the injected powder.

4.2 Powder injection method versus pre-placed powder method

In chapter 3, the author designed a pre-place powder method to do laser cladding
experiments. The pre-placed powder method is the most straightforward one to use;
the po\Vder is applied as a paste (mL'(ture of binder and powder) on the substrate. So
no special equipment is required. It is very easy to achieve. But the pre-placed powder
method is not suitable for the cladding of larger areas or for large work-pieces where
several adjacent partly overlapping tracks are required.
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The powder injection method requires the use of a dedicated powder delivery system
and a powder nozzle to direct the powder to the desired position. The literature
research showed that laser cladding is predominantly perfonned by powder injection,
because that method is more flexible and easier to control. It is a difficn1t and
environmentally hazardous operation to check and adjust the powder injection.

Laser cladding with powder injection did result in some good qna1ity clad areas. The
powder injection process starts with the fonnation of a melt pool in the substrate.
Simultaneously, powder particles of the coating material, are injected as a powder
stream into the laser generated melt pool and melts straightway; a strong fusion bond
between the coating material and substrate is achieved immediately. In addition, as
mentioned in chapter 1, a preheating phenomenon exists in the process: The particles
are preheated during their flight through the laser beam, melting of the particles starts
after they enter the melt pool.

The following Figure 4.2 shown a powder feeder (left side) and a practical process of
laser cladding using powder injection (right side). Alumium foil is used to prevent
reflected laser light damaging the feed tubes.

Figure 4.2 Powder feeder (Left side), and a practical process of
Laser cladding using powder injection (Right side)

The powder injection laser cladding process has several other advantages over the
pre-placed powder laser cladding process: (1) For larger areas, which require the
application of several adjacent tracks, the clad can be produced with less dilution.
Contraction of the clad layers on cooling down still occurs, but because material is fed
to the substrate next to the previous track no part of the substrate is irradiated
unnecessarily; (2) the coating thickness can be varied by controlling the material feed
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rate; (3) products with a complex geometry can be treated, because material is fed
continuously to the interaction zone, The flowing out of the molten material by
gravitation is no longer a problem because ofthis.

But'a survey of the available literature reveals that the powder injection method has
poor powder efficiency. Less than 30% of the injected powder was utilized for the
building of a clad track. The literature also reveals that laser cladding is not a mature

technique yet

A lot of research is being done on how to improve the powder utilization of the
powder injection laser cladding process. Liu Ximing studied the factors which
influencing the effective utilization rate of cladding materials [Liu Ximing, 2000],
The study indicated that a reasonable matching of powder feeder device and the
processing parameters could result in an optimum effective utilization rate of the
coating materials. In the future better powder feeder equipment will be needed to

satisfY this application.

In order to allow the cladding of products by non-academic personnel and, an
effective transfer of results from laboratory to production environment, dedicated
powder injection equipment, special optical systems and accurate process control

systems are required.

The following Figure 4.3 is a sample performed with the powder injection method by
applying several adjacent tracks.

Figure 43 A sample performed \\ith the powder injection method
By applying several adjacent tracks

4.3 Powder injection experiments
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43.1 Cladding materials

The cladding material selected for the powder injection method experiments is a
mixture ofNickel-base alloy powder and tungsten carbide powder (50% Nickel based
alloy powder + 50% tungsten carbide powder). It was supplied to the melt pool by
means ofa powder nozzle. And the nozzle angles used were 45 and 60 degrees.

The grain size of the Ni-base alloy granule is 50-110 flm. and the granule size of
tungsten carbide is 50-150flm. Chemical components of the Nickel based alloy
powder is listed as below in Table 4-1. (percentage is based on weight).

Nickel-base alloy's chemical components' percentage is based on weight

er
(B:ron) I C Si Fe Ni

(Chrome) (Carbon) (Silicon) (Iron) (Nickel)

17.5 % 3.5% I 1.0 % I 4.0% I 4.0% 70.5%

Table 4-1 Chemical components of?-iicke1 base alloy powder
For powder injection method

i Density

I
Melting point Grain size

\ Cglcm3
) CK) (flm)

Tungsten , 15.8

I
2873 50-150

carbide
NI-base alloy 7.7 I 1297 50-110

Table 4-2 Physical properties of the cladding materials (Powder injection)

43.2 Substrate material

The substrate material for laser cladding experiments with powder injection was an
EN9 equivalent steel, BE~1\OX. Before the cladding experiment, the steel was Cut

and machined into some 120mm length x50mm width x8mm thickness plates. They
were sandblasted and degreased with acetone.

In total 10 plates of E'i9 steel were prepared for our experiments. The chemical
components ofthe 2'9 steel substrate are listed in Table 4.3.

~9 C 0
1

Si % I:\-fn % I::'-li % !er % IMo % S% P%,0

Steel

Percentage 0.5- 0.05-1 0.5- i 0.06 0.06

I
- - -i

. 0.6 0.35 I 0.8 Max Ma"

Table 4-3 Chemical compositions ofE1\"9 steel substrate
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4.3.3 Experiment parameters

In total 21 experiments were performed. During each experiment 5-8 adjacent, partly
overlapping tracks were applied with a beam diameter of 2.5 mm, 3.5 mm and 5.0
mm. The step overs were: 1, 1.5, 2 and 2.5. Several process parameters were varied.
The varied process parameters are shown in Table 4-4.

No. Power I Speed Spot Argon Feed Step Nozzle

(kW) (m/rnin) (mm) (Urnin) Rpm Over (Degre
e)

lA 2 I 0.3 ? - 6 5 1.5 45_.:l

1B 2 I 0.3 3.5 6 5 1.5 45

2 5 I 1.2 5 4 10 1 60

3A 2 I 0.3 3.5 4 2 1.5 45

3B 2 ! 0.3 3.5 4 5 1.5 60

4A 2
,

0.6 3.5 4 5 1.5 60I

4B. 2
,

1.0 3.5 4 5 1.5 60,

5A 2 I 0.6 3.5 4 10 1.5 45

5B 2 i 0.6 3.5 4 10 1.5 60,
6A 2.5 i 0.6 3.5 4 10 1.5 45

6B 2.5 ! 0.3 3.5 4 10 1.5 60

7A 2.5 , 0.6 3.5 4 10 1 60

7B ? - 0.6 3.5 4 10 2 60_.:l

8A 5 0.3 5 4 10 2.5 60

8B I 5
.

0.6 5 4 10 2.5 60

9A 5 1.2 5 4 10 2.5 60

9B 5 0.45 5 4 10 2.5 60

lOA 5 1.2 I 5 4 10 Single Fail 60

lOB 5 0.3 I 5 I 4 10 Single 60

10C 5 0.45 5 4 10 Single 60

10D 5 0.6 I 5 4 10 Single 60

Table 4-4 The varied process parameters oflaser cladding

with the powder injection method

4.4 Experiments results

The experimental results are shown in the following tables. Because it is difficult to
measure the size of several adjacent tracks samples the following data are not

complete. So the stUdy of the effect of the variation of laser parameters on clad
geometric dimensions and dilution in chapter 5, will be based on the data of cladding
sample produced \\ith the pre-placed powder method of chapter 3.
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Clad Total Clad Clad depth Dilution Special
Sample Width clad Height (Dc) Energy
Number (Wc) height (He) De=Te-He E=PIDV

(Te)

[mm] [mm] [mm] [mm] [JmoZ
]

lA - -- - - - 160
lB - - - - -- 114.3

2 --- - 1.02 - - 50
3A -- --- - - - 114.3

3B -- 1.13 - I - -- 114.3
4A - 0.51 - -- --- 57.1
4B -- 0.28 - - - 34
SA - 0.7 - - - 57.1
5B - 1.0 - , - -- 57.1
6A - I 1.16 - I - - 71.43
6B -- 1.37 - i - - 142.861

7A -- 1.81 I - I - - 71.43
7B - I 1.01 - I - - 71.43
8A - 1.97 I - I - -- 200
8B - 1.25 -- I - - LOO
9A - 0.65 I -- I - -- 50
9B - 1.77 I - I - -- 133
LOA 5.34 I 0.89 I 0.66 I 0.23 25.8 50
lOB 5.14 1.59 I 1.43 I 0.18 P.59 200
lOC 5.36 I 1.08 I 0.81 I 0.27 25 133.3!

10D 5.32 I 0.91 ! 0.66 [ 07- 27.4 100. :J

Table 4-5 Experimental results oflaser cladding with powder injection method

4.5 The effect of the powder injection angle on clad height and quality

During powder injection laser cladding, the powder nozzle angle is also an important
parameter; the author arranged some samples to study the effect of powder nozzle
angle on the size of the clad layer. The following Table 4-6 and Figure 4.4 are data
and curves of the effect of the powder injection angle on the clad height.

No.

I
Power i Feed I Nozzle Clad
(kW) I (Rpm) (Degree) Height

SA I 2 i 10 I 45 I 0.7mm
5B I 2 10 I 60 I I.Omm
6A I 7 - , 10 I 45 I 1.16mm_.:J

6B I 2.5 10 I 60 I 1.37mmI

Table 4-6 The experiment __alues of5A,B and 6A,B.
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Clad height versus Nozzle angle

e 1.5
~ .. 1.37

5- 1
~ >.>v ,--=ell.- ttrU. ,

~<:.l

-= 0.5 !"0

I'"-U 0 ,

45 60

Nozzle Angle [Degrees]

Figure 4.4 Clad heights as function ofnozzle degree ofpowder injection.

Figure 4.4 shows the effect of the powder injection angle on the clad height. The
author found that an increase of the powder injection angle results in a higher clad
layer; because higher nozzle degrees will results in more powder particles enter into
the laser generated melt pool and straightway melts. Author also found that less
glowing particles move away from the melt pool area if adopted higher nozzle degree.
This phenomenon can also contribute to increase the thickness ofclad layer.

But the author also found that after adopting a higher powder nozzle angle, the
surface quality of the laser clad decreased. The following Figure 4.5 shows different
nozzle angles resulting in different surface quality. For a practical laser cladding
process, where the quality of the clad layer is the most important factor, the powder
injection angle must be limited to 45°.

Figure 4.5 Higher nozzle degree results in a reduced surface quality.
Sample 5A (Left side, 45degree), Sample 5B (Right side 60degree)
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4.6 Powder particles splash and ricochet phenomenon

During the powder injection method experiments, the author found some glowing
powder particles move away from the melt pool area. It indicated that those particles
that have splashed and ricocheted from the substrate are exposed to laser radiation
long enough to absorb laser energy to start glowing. This phenomenon is one reason
that the powder efficiency waS very poor.

Pom-r Strl'mIl
With

ShieltliD! Gas

CL"I,lin"" Layl'f
-- ---..~-~""'---''------..,

Substratl' :Material

Figure 4.6 Particles splashed and ricocheted from the substrate
Are exposed to laser radiation start glov,ing

4.7 Crack behavior:

Crack behavior is a big problem during laser cladding process. In the powder
injection experiments of this chapter, the crack behavior of the clad layer produced
v.ith the powder injection method was investigated. The author found no cracks in
layers of single-track samples (from IOA-IOD), but for the samples with several
adjacent tracks cracks appeared in the overlap area and some other types of cracks

also occurred.

The following Figure 4.7 shows a crack in the overlap area.
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Figure 4.7 A crack sample (crack occurs in overlap area)

The following Table 4-7 provides the statistics of cracks

No. Power Speed Spot Crack Occur
(kW) (m/min) (mm) numbers Area

lA 2 0.3 2.5 No crack

1B 2 0.3 3.5 No crack

2 5 1.2 5 No crack

3A 2 0.3 3.5 I small clad layer middle

3B 2 0.3 3.5 2 big Clad layer middle

4A 2 0.6 3.5 No crack

4B 2 1.0 3.5 I big Overlap area

SA 2 0.6 3.5 I big Overlap area

5B 2 0.6 3.5 I big Overlap area

6A 2.5 0.6 3.5 2 big Overlap area I, middle I

6B 2.5 0.3 3.5 I big Overlap area

7A 2.5 0.6 3.5 3 big Edge of clad layer

7B 2.5 0.6 3.5 I big
Porosity

8A 5 0.3 5 I slight Clad surface

8B 5 0.6 5 I big Overlap area

9A 5 1.2 5 No crack

9B 5 0.45 5 I slight Clad surface

lOA 5 1.2 5 No crack -
lOB 5 0.3 5 No crack -

10C 5 0.45 5 No crack --
IOD 5 0.6 5 No crack ---

Table 4-7 A statistics of cracks ofpowder injection laser cladding layers
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A Study the above Table indicates: Most of the cracks occur in the overlap area. There
are no cracks occurring in single-track samples. May be due to the fact that there are
only 4 single-track samples. But it means the crack probability of multi-pass laser
cladding is much higher than that of single-track cladding.

Further study and investigation ofcrack behavior will be presented in chapter 7.

4.8 Conclusions

Laser cladding is predominantly performed by powder injection, because this method
is more flexible and easier to control. Controlling the material feed rate can vary the
coating thickness and products with a complex geometry and large area can be treated.
But laser cladding using this method is not a mature technique yet. The powder
efficiency was very poor due to the low utilization rate of the injected powder.

An increase of the powder injection angle results in a higher clad layer but also results
in the decreased surface quality of the laser-clad layer.

During the process of laser cladding with the powder injection method, some of the
particles that splash and ricochet from the substrate are exposed to laser radiation long
enough to absorbed laser energy and start glowing. This phenomenon is one reason
for poor efficiency.

During powder injection laser cladding, most of the cracks appear in the overlap areas.
The crack probability of multi-pass laser cladding is much higher than that of
single-track cladding.
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ChapterS

Study of cladding shape, microstructure characteristics and

formation features of solidification microstructure

5.1 Introduction

The goal of the laser cladding experiments was to achieve good quality clad layers. In
this context, a good quality clad layer means no cracks, no porosity, a good bonding
to the substrate and a low dilution of the coating material by the suostrate.

During the laser cladding process, clad layer properties are influenced by the process
parameters. The study of the effect of laser parameter variation on the clad layer
enhances the knowledge and prediction of laser cladding results, such as clad width,
clad height, dilution, hardness, crack beha"ior etc.

In this chapter, the author studied and evaluated the effect oflaser parameter variation
on clad geometry. These parameter variations include laser-scanning speed, laser
power and laser beam spot diameter. This study yielded some results, figures and
conclusions. In order to conveniently measure the geometry of the samples, the author
used single track samples produced by laser cladding with the pre-placed powder

55



Chapter 5

method.

The characteristics of the microstructure of the laser cladding coating and the bonding
interface were studied and analyzed. Some features of the solidification
microstructure were studied yielding some results. The effect of the laser scanning
speed on the crystal grain size was studied as well.

5.2 Effect oflaser parameter variation on the clad geometry

During the laser cladding process, the clad layer shape, properties, quality, and
microstructure are all influenced by the laser parameters. One purpose of the
experiments on laser cladding with pre-placed powder and powder injection was to
study the effect of the parameter variation on the clad results and to check and
determine the parameters, which are most suitable.

After laser cladding the single tracks samples were cut transversely. The clad width,

clad height, total clad height, and wetting angle e were respectively measured and
calculated. The value of clad depth is the total clad height minus clad height. The
geometrical dilution of the single track samples were calculated with formula 1.3, i.e.

17 = Dc! Te. Results are listed in appendix 3.

Figure 5.1 descnbes the cross-section of a sin!!le track clad laver with the definition of- --
the geometry: clad height (He), clad width (Wc), total clad height (Te), clad depth De =

Te - He, and wetting angle (e).

1-+------ Jre-----....·~I
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Figure 5.1 Typical cross-sections of sin!!le-track clad lavers- -
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Produced by means ofthe pre-p1aced powder method.

5.2.1 Effect of laser scanning speed variation on geometrical dimension of
laser clad layer

The scanning speed is a very irnportint parameter that affects the size 0 f the laser clad
layer. Laser scanning speed is one of the factors affecting energy distribution as well.
In this section, the author only studies the effect of the laser scanning speed on the
shape and geometrical dimension ofthe laser-clad layer.

The laser scanning speed was varied from O.lmlrnin to l.Om/min for cladding
experiments using the pre-p1aced powder method. The experiments were performed
for fixed laser power, laser beam spot diameter, and thickness of pre-p1aced powder to
isolate the effect of scanning speed.

The following figures: Figure 5.2 and Figure 5.3 are two different shapes ofclad layer
when the scanning speed V=O.15m1rnin and V=06.m1min. Their shape and size are
quite different.

Fignre 5.2 Pre-p1aced cladding Sample 10-1, (x50),
Power 1.0 kW, Beam diameter 2.5nnn, V=O.lm1rnin.
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Figure 5.3 Pre-placed cladding Sample 10-4, (x50),
Power 1.0 kW, Beam diameter 2.5rnm, V=O.18m/min.

The author selected 5 different laser scanning speeds, V1=0.2 m/min, Vz=OAm/min,
V}=O.6 m/min, V4=0.8 m/min and Vs=l.O m/rnin to study. The effect of the laser
scanning speed on the single-track clad geometrical dimensions is shown in Table 5-1
and Figure 5A.

,
Clad Total 1Clad Clad Geome- Energy

No. Width Clad Height depth trical Per area
(Wc) height (He) (Dc) Dilution [Jm-1

]
, (Te)

[mm] [mm] [mm] [mm]
: 2-1 12.56 0.66 ' 0_51 i 0.15 22.7% 1144
i 2-2 12.53 10.61 0.54 : 0.07 11.5 % 72

2-3 2.54 0.65 ' 0.6 ' 0.05 7.7% 48

.2-4 12_50 10.66 0.61 ' 0.05 7.6% 36
2-5 2.45 0.69 ; 0.65 ,0.04 5.8% 28.8

Table 5-1 Date of samples from 2-1 to 2-5.
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Figure 5.4 Clad geometrical dimensions as function ofthe laser scanning speed.
(Sample 2-1, 2-2, 2-3, 2-4, 2-5)

The above Table 5.1 and Figure 5.4 indicate that the clad height, clad width, clad
depth and dilution rate are a function of the laser scanning speed. The clad height
increases "ith the laser scanning speed, but in contrast the clad width, clad depth and
dilution rate decreased (Experiments sample 2-1,2-2,2-3,2-4,2-5, appendix 2).

The author also found that the variations of the clad width (rr;,) were very small, they
were approximately close to the diameter of the laser beam (D[), though scanning
speed changed from O.2m/rnin to l.Om/min. It indicates that the clad width (Wc)
depends on laser beam spot diameter.

5.2.2 Effect of laser power variation on the geometric dimensions of the clad
layer

Laser power is also a very important parameter that affects the size of the laser clad
layer and distribution of energy. So it is necessary to describe effect of power
variation on the shape and dimension of the laser-clad layer.

Variations of the laser power from l.OkW to 1.8kW were performed during the laser
cladding experiments using the pre-placed powder method. In order to exactly study
how the laser power variation influences geometry samples were produced for fL'ced
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laser scanning speed, laser beam spot diameter, and thickness ofpre-placed powder.

The study indicates that lower power levels result in the substrate not melting
sufficiently. Even no melting of the subs1rate can occur resulting in the formation of
clad layers that are not smooth, narrow or even crooked and intermittent. Low power
results in poor metallurgical bonding between the substrate and the cladding coating.
Cladding layers formed in this way can be higher than the thickness of the applied
coating and do not have a fusion bond to the substrate.

Too high a temperature results in undesirable compounds being fonned within the clad
layer, additional dilution and distortion ofthe substrate and a large heat affected zone.
The following, Figure 5.5, shows shapes of clad layers with laser powers of IkW and
1.8kW. Their shape and size are quite different.

Figure 5.5 Lower power sample 6-4, Power=l.OkW (Left side)
Higher power sample 5-2, Power =1.8kW (Right side)

The effect of the laser power on the single-track clad is Sh0\\11 in Table 5-2 and Figure
5.6.

Clad , Total Clad Clad , Geome- Energy
No. Width Clad Height depth trieal Per area

(Wc) . height (He) (Dc) IDilution [Jm,2]
! (Te)

I[mm] : [mm] [mm] [mm] I

2-1 2.56 0.66 0.51 I 0.15 i 72.7 144
3-1 2.60 .0.67 0.50 10.17 Ir~ 1156-:) . .)

4-1 I 2.73 . 0.7 0.48 10.72 r 31.4 180
5-1 7.76 0.68 0.45 I 0.23 ! 33.8 216

Table 5-2 Dare of samples of2-1, 3-1, 4-1 and 5-1.
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Figure 5.6 Clad geometrical dimensions as function ofthe laser power.
(Sample 2-1, 3-1, 4-1, 5-1)

A study of the above tables, Table 5-2 and Figure 5.6, indicates: that the clad height,
clad width, clad depth and dilution rate are a function of the laser power. The clad
width, clad depth and dilution rate increases with the laser power, but the clad height
in contrast decreases. (Experiments sample 2-1, 3-1, 4-1, 5-1, Appendix 2). It
indicates that the pre-placed powder layer and substrate will absorb more energy, and
more fusion area will occur.

The author also found that the clad width (w;,), was approximately the same as the
diameter of t.~e laser beam (D[), though the laser power gradually changed from
l.OkW to 1.8kW. It indicates that the clad width (Wc) mostly depends on the laser
beam spot diameter. The effect oflaser power on the clad width was not significant.

5.2.3 Effect of laser beam diameter variation on the dimension of the laser
clad layer

During the laser cladding process another parameter that influences the geometry of
the laser clad layer and the distribution of energy is the laser beam spot diameter.

Variations of the laser beam spot diameter from l.5mm to 3.5mm were performed for
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laser cladding experiments using the pre-placed powder method. Laser scanning
speed, laser power, and the thickness of the pre-placed powder were kept constant to
study the effects ofbeam spot size.

The following Figure 5.7, shows shapes of two laser clad layers in which the laser
beam diameter are D[=I.5mm(Left side) and D[=3.5mm(Right side). Their shape and
size are quite different.

Figure 5.7 Sample12-1 (Left side, beam diameter 1.5mm)
Sample 12-5 (Right side, beam diameter 3.5mm)

The effect of the laser beam diameter on the single-track clad dimensions is shown in
the following Table 5-3 and Figure 5.8.

Clad Total Clad IClad Geome- Special
No. Width Clad Height depth trical Energy

(We) height (He) I (De) Dilution [Jm-2
}

(Te) I
[mm] [mm] [mm}

!
I [mm]

12-1 1.58 0.67 0.55 ! 0.12 I 17.9 I 266.7
12-2 2.08 0.63 0.57 I 0.06 9.5 I 200
12-3 2.52 0.63 0.58 J 0.05 I 7.01 I 160!

12-4 3.0 0.66 0.62 I 0.04 I 6.1 I 133.3,
12-5 3.52 0.65 0.62 ! 0.03 4.6 I 1I4.3

Table 5-3 Date ofsingle-track samples from 12-1 to 12-5
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Figure 5.8 Clad dimensions as function of the laser beam diameter.
(Sample 12-1,12-2, 12-3,12-4,12-5)

The analysis of the above Table 5-3 and Figure 5.8, indicates that the clad height, clad
width, clad depth and dilution rate are functions of the laser beam diameter. The clad
height and clad width increases ",ith the laser beam diameter, but in contrast, the clad
depth and dilution rate decreases. (Samples 12-1, 12-2, 12-3, 12-4,12-5, Appendix 2).

With a decrease of laser beam diameter, the energy density will increase. The
pre-placed powder layer and substrate will absorb more energy, and this will cause
more fusion of clad and substrate. The dilution rate will increase. The clad layer will
flow.

Larger beam diameters decrease the energy density. This "'ill result in a lower.... -.. ..,

dilution rate and may result in the substrate not melting sufficiently with possibly no
fusion of substrate. It can result in poor metallurgical bonding between the substrate
and the cladding coating.

53 Microstructure characteristics oflaser cladding coating

Compared with other surface strengthening and surface modification technology, the
most outstanding feature of laser cladding technology is the formation metallurgical
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bonding achieved with a relatively low dilution rate.
performance of the laser cladding coating. So, it is
microstructure of the cladding coating.

This ensures outstanding
very important to study
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Figure 5.9 The microstructure ofthe
laser cladding coating under low magnification: Sample 2-3 (x50).

The above Figure 5.9 is a Figure of the microstructure of the laser cladding coating
under low magnification. As shown the microstructure of clad layers comprises three
zones: cladding layer, bonding zone and heat affected zone.

53.1 Solidification modelling of the inside ofcoating

The laser cladding process is a rapid melting and solidification process.
Some research has been done on the solidification chancteristics during the laser treat
process [Chen J C199l: Abboud J H.1992; Shafrisien G. 1991; Leach P W.1992;
Lugscheider £.1991]. It indicated that when using different cladding parameters, for a
single-phase solidification microstructure, the mOr,Jhology of the solidification
structure can be planar, cystiform and dendritic. There are various eutectic crystal
microstrucnrre morphologies for the multiphase solidification microstructure.

Ding Peidao [Ding Peidao, 1995] indicated that after me laser beam passes, that due
to the effect of forced cooling by substrate, solidification firstly occurs nearby the
solid / liquid intertaces at the bottom of melt pool. It then develops in an upward
direction to the surtace of melt pool. When solidification finishes, in the surface melt
that is not solidified yet, a mass of new solidification cores come into being. These
cores grow in a perpendicular direction to the melt poOl surface center.

Solidification in the laser melt pool tends to start from the bottom and ends at the
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surface. In the bottom and middle part of the melt pool, solidification proceeds in the
direction perpendicular to the melt pool. Therefore we would expect that the
solidification of the laser melt pool has some directional resulting in crystal grains
having a similar tropism.

53.2 Formation features of solidification microstructure for laser clad
layer

-We now study the features of the solidification microstructure of the laser cladding
layer. The ratio of temperature grads and solidification speed (G/IVs) is a controlling
factor for the growth morphology ofthe solidification structure [Kurz W, 1989]. In the
melt pool-substrate interface, the solidification speed (Vs) tends to zero, and the
temperature gradient (G/) value is a maximum so the ratio of temperature gradient to
solidification speed (G/I Vs) is very high. With the increase ofsolidification speed Vs,
the ratio of temperature gradients to solidification speed will decrease and the
cystiformldendritic transformation will ocur.

In different areas of the cladding melt pool the ratio of G/I Vs is different. So the final
formed microstructures are different.

The morphology of the microstructure is jointly a result of solidification speed and
temperature gradients in the crystal direction. Microstructure morphology is not only
related to the temperature grads (G/) and solidification speed Vs, but is also related to
the chemical components [Li Qiang, Lei Tingquan, 1999].

During the laser cladding process, there is a difference of concentration between
coating components and subsTrate components. Atomic diffusion will make these
components tend to uniformity. Laser cladding is a rapid melting and solidification
process, and different atoms have different diffusivity, as a result, components
contents in cladding coating and bonding interface are not uniform.

The following Figures 5.10, 5.11 and 5.12 shows the features of the different
microstructures of the different regions: the top of the laser cladding layer, the middle
region ofthe cladding layer and the bottom of the cladding layer.
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Figure 5.10: Top ofthe laser cladding layer (x200)

Figure 5.11: Middle region ofthe cladding layer (x200)

Figure 5.12: Bottom ofthe laser cladding layer (x200)
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A study of the above Figures indicates that there are different solidification
parameters for different positions in the cladding layer. The microstructure at the top
of clad layer was the regular pine-tree eutectic crystal structure with the dendrite
crystal being the coarser structure. The microstructure at the middle of clad layer was
mostly the small cell and columnar crystal structure. The microstructure at the bottom
of clad layer was the typical extension growth on a basis plane with small cell crystal
structure.

The crystalline anisotropy was a main factor in influencing the crystal growth.
Because the components in the micro-zone of the cladding layer are not uniformly
distributed, the different elements segregate along the crystalline axes or In

inter-dendritic areas resulting in the non-uniform microstructure.

533 Effect of laser scanning speed variation on microstructure

The effect of the laser scanning speed on the microstructure of clad layer is shown in
the following figure 5.13 which shows the microstructure of samples 7-1, 7-2, 7-4 and
7-5. Their scanning speed varied from O.lm/min to O.2m/min. The critial grain size
gradually decreases from sample 7-1 to 7-5.

For an increase in the laser scaning speed the cooling speed of the liquid metal in the
melt pool will increase so there is not enough time for the crystal core to grow
sufficiently. So with the increase of scanning speed the crystal grains size obviously
decreases.
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Figure 5.13 Effect ofscanning speed on grain size (x200)
Sample 7-1,7-2, 7-4, 7-5,

We can conclude that crystal grains size is refined with increasing laser-scanning

speed.

5.4 Analysis of microstructure features near the bonding interface

The formation of the complex microstructure near the bonding interface is controlled
not only by the melting and mass-transfer properties of the cladding materials and
substrate, but also by the solidification conditions. For instance not all the laser energy
can reach the surface due to attenuation by the powder cloud. Part of the laser beam
penetrates through the powder cloud to arrive at the substrate and makes it melt and
chum up and mix the alloy powder. Instability ofgrain boundary structure ofsubstrate
increases the actual melting point on a microscopic level. This will cause
unsyrnrnetrical fluctuant solid I liquid interfaces on microscopic scale causing the
grains near to edge of melt pool to be in a semi-melted state. These semi-molten
grains will be the start ofnew grains so the nucleation rate is high. The crystal grows
from these nucleation sites after solidification.

Solidification kinetics depends mainly on the liquid components of the crystal front,
temperature gradients of the crystal growth direction (G/), and the solidification speed
(Vs). The melt size and solidification dynamics limits convection so atoms in the
solidification front cannot be discharged which increases the stability ofthe interface.

The partially melted area is the area, which has the maximal temperature gradient in
the crystal growth direction and minimal cooling rate. [Liu Qibing, 2002] The crystal
growth parameter GzI Vs is close to infinity. Because of high dilution in this area. it is
characterized by a single-phase solid solution structure y- (Fe, Cr, :\i, Si ).

After a period of solidification the dilution in the front decreases causing the chemical
components reach the eutectic level causing the microstructure to change. lt should
form a lamellar eutectic crystal, but due to the dilution of the substrate material and
the high value of G1IVs, solidification structure in this area will continue to grow on a
plane basis, so a transition layer comes into being. See Figure 5.1 ..1-.

As the solidification process continues the front of the gtO\,ing solid liquid
interface is affected by the cooling speed gradually increasing as the temperature
gradient (GI) gradually decreases. Convection also disturbs the liquid alloy and
dilution decreases destroying the plane crystal growth causing a com"ex disturbance.
The convex growth parallel to the ma"1:imal thennal dissipation direction grows and ,
engulfs crystals with the \'-TOng tropism. So the crystal morphology of solidification
will change from plane crystal to dendrite. Thus the microstructure is affected by the
degree of dilution of the substrate and local cooling conditions.
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The following figure shows the characteristic microstructure of the bonding interface
oflaser cladding coating.

Figure 5.14 characteristic microstructure ofthe bonding
interface ofa laser cladding coating, Sample 7-2, high magnification

Carefully observe Figure 5.14; it is found that there is a dark gray transition layer. It
has a relatively flat and straight interface. But the transition layer has a relatively
zigzag interface with the cladding coating. Near the transition layer are exiguous
eutectic microstructures. It tightly grips together with the zigzag interface of the
transition layer. This zigzag microstructure acts like nails wedged into the cladding
coating helping to enhance the bonding interface between the substrate and the
cladding coating.

This shows that a matching between the coating and subsrrate is generated in the
interface layer, which releases the stress concentration and avoids the formation of
cracks while realizing better metallurgical bonding between the coating and substrate.

5.5 Effect of Rare-earth element on microstructure and wear resistance of
the laser clad layer

As mentioned in chapter 1, the literature shows that rare-earth elements are accepted
as the strategic elements in the new-tech revolution, but the study of the effects and
mechanisms of rare-earth elements on laser cladding is just beginning.
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Rare-earth elements can refine and purify the microstructure of the clad coating,
reducing the dilution of the clad material by the substrate, decreasing the lattice
constant of the solid solution. The author planned to do laser cladding experiments
addfug different amounts of a rare-earth element (Cerium oxide) in the nickel alloy
powder to study these effects. Unfortunately it was not available.

Wang Kun-lin [Wang Kun-lin, 1999J mixed different amounts of lanthanum oxide
(La203) powder with nickel-based alloy powder, using flame spraying to pre-place the
powder mixture onto a C45 steel substrate (thickness 0.5mrn). Then a C02 laser was
used to finish the laser cladding, and by applying several adjacent tracks a varied
coating was obtained. The amount oflanthanum oxide was varied (from 0% to 8%).
Laser parameters: Power 1.5kW, laser beam: 4mrn, scanning speed 5mm/s.
overlapping rate 40%. The following figure shows the comparison of the
microstructure of the nickel-based alloy coatings without lanthanum oxide (left) and
with lanthanum oxide (right).

Figure 5.15 Affect oflanthanum oxide on the microstructure ofnickel-base
alloy coatings (Left: la203=O%, Right: la203=O.8%)

The comparison indicates that with the addition of lanthanum oxide, the
microstructure of nickel-based alloy coating is obviously refined and purified. The
uniformity of the microstructure obviously improves. In addition, with the addition of
lanthanum oxide, the microhardness of the coating obviously increased. This is due to
the refined and purified microstructure of the coating, and is also has related to the
hard phase formed by the lanthanum compound.

But the investigation also indicates that it is inadvisable to add too much of the
additional lanthanum oxide otherwise the microstructure of the coating \vill be too
coarse.

5.6 Conclusions

The goal of the laser cladding experiments was to achieve good quality clad layers.
Laser clad layer properties are influenced by the process parameters.

Effect of scanning speed variation on the geometry of the clad layer:
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The clad height increases with the laser scanning speed, but in contrast the clad width,
clad depth and dilution rate decreased.

Effect of laser power variation on the geometry of the clad layer
Lower power levels will result in the substrate not melting sufficiently or not melting
at all. This results in the formation of clad layers that are not smooth, narrow or even
winding. It also results in poor metallurgical bonding between the substrate and
cladding coating.

Too high a temperature results in undesirable compounds being formed within the clad
layer and additional dilution and distortion of the substrate and a large heat affected

zone.

The clad width, clad depth and dilution rate increases with the laser power, but the
clad height in contrast decreases. It indicates that for higher power the pre-placed
powder layer and substrate will absorb more energy, and more fusion will occur.

Effect of beam diameter variation on geometrical dimension ofclad layer
With a decrease of the laser beam diameter, the energy density will increase. The
pre-placed powder layer and substrate will absorb more energy, and this will cause
more fusions of substrate. The dilution rate will increase. The clad layer will flow.

Effect of laser scanning speed variation on microstructure
Increasing the laser scanning speed refines the crystal grains size.

Formation features of solidification microstructure for laser clad layer:

There are different solidification parameters for different position in cladding layer.
The microstructure at the top of clad layer was the regular pine-tree eutectic crystal
while the dendrite crystals are coarser. The microstructure at the middle of clad layer
was mostly the small cell and column crystal. The microstructure at the bottom of
clad layer was the typical extension growth in the plane v;ith a small cell crystal
structure.

The interface layer provides a matching between coating and substrate, releasing
stress concentrations, and preventing the formation of cracks while producing a better
metallurgical bonding between coating and substrate.
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Chapter 6

Analysis of the microhardness distribution and

wear resistance of the laser cladding coating

6.1 Introduction
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The purpose of laser cladding is to achieve good quality clad layers, for the
enhancement of mechanical properties including micro-hardness and wear-resistance.
At present, due to its excellent features, a ceramic wear resistant-cladding layer is one
ofthe most popular cladding coatings.

In this chapter, by using a micro-hardness tester and wear test machine, the
micro-hardness and wear resistance of laser cladding coating are studied and
investigated. The study yielded some results, figures and conclusions.

6.2 Distribution of microhardness in laser cladding coating

6.2.1 Microbardness test experiments

A microhardness tester (as shown Figure 6.1) was used to measure the micro-hardness
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of the laser cladding samples. Before the test, the laser cladding samples were cut,
mounted and polished. A 5% concentration of nitric acid ethanol solution (nital)
was used to etch them. A 300-gram weight was used in the microhardness tests.
Figure 6.2. shows the geometric midline ofthe clad layer.

.~ .....

Figure 6. 1 Microhardness tester
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Figure 6. 2 ~dline along which hardness calculations are performed

Hardness indentations were made along the midline from the surface of clad layer to
the substrate: the intm'a! distance between every indentation was IOOllm. in total, 7-8
indentations were made in e\'ery sample,

6.2.2 Micro-hardness test results and analysis
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6.2.2 Micro-hardness test results and analysis
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The following table 6-1 shows the micro-hardness values of sample 2.1, 2.5 and 3.2.
The micro-hardness distribution is also shown in the following figures 6.3, 6.4 and 6.5.

Experimental value of Sample 2.1
Distance from surface Microhardness Area

(~=100Ilm) (RV)
Pr = IOOllm HVr=981.5 Cladding coating

P2 =2001lm HV2 =950 Cladding coating

P3=3001lm HV3=810 Cladding coating

P4= 4OOllm HV4 =777 Cladding coating

Ps= 500llm HVs =409 Heat affected zone

P6=6001lm HV6=367 Subslrate

Pr=7001lm HV7=370 Subslrate
Experimental value of Sample 2.5

Distance from surface Microhardness Area
(~=IOOllm) (RV)

Pr = 100llm HVr=997.6 Cladding coating
P2 = 200llm HV2=996.6 Cladding coating
P3=3001lm HV3=995.5 Cladding coating
P4= 4OOllm HV.=790 Cladding coating
Ps= 500llm HV;=458 Heat affected zone
P6=6001lm HV6=378 Substrate
Pr= 7OOllm HV7=370 Substrate

Experimental value of Sample 3.2
Distance from surface Microhardness Area

(~=lOOllm) (RV)
Pr = IOOllm HVr= 1187 Cladding coating
P2 = 2OOllm HV2 = 1080 Cladding coating
P3= 3OOllm HV3= 1052 Cladding coating
P4= 4OOllm HV.= 1012 Cladding coating
Ps= 500llm HV; = 1012 Cladding coating
P6= 6OOllm H'h=950 Cladding coating
Pr= 7OOllm HV7=425 Heat affected zone

Table 6-1 Micro-hardness experimental results
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Microhardness distribution
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Figure 6.3 Micro-hardness distribution of sample 2.1
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Figure 6.4 Micro-hardness distribution of sample 2.5
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Microhardness distribution
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Figure 6.5 Micro-hardness distribution of sample 3.2

Analysis:
After a study of the above data and Figures, the author found that after laser cladding,
the micro-hardness of the clad layer was 2-3 times of that of the substrate. The
micro-hardness value from the cladding coating to the heat affected zone and substrate
follows a gradient which tends to have three steps in the micro-hardness distribution
curve as can be seen in figure 6.3. These steps correspond to the cladding coating, heat
affected zone and substrate. The results showed that tungsten carbide particles
increased the hardness of cladding coating as expected. The gradient distribution of the
micro-hardness near the bonding interface improves the matching between the coating
and substrate, releasing stress concentration and avoiding the formation of cracks. It
also produces a better metallurgical bonding between the coating and substrate as
previously descnoed.

6.3 'Year resistance property of laser cladding coating

6.3.1 Wear resistance test experiments

Following the laser cladding experiments, a Struers LaboPol-5machine and Precisa
XT220A analytical balance were used to measure the wear resistance for different
widths of clads. Samples were manufactured as 10mm length x 3mm width xl0mm
thickness slices. The following Figure 6.6 shows the experimental equipment. The wear
testing was done on a metallurgical grinding and polishing machine.
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Figure 6.6 Polishing machine used for wear test (Left) and
Precisa XT220A analytical balance (Right)
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The rotational speed ofthe machine used for the test was 300rpm using an abrasive disk
(struers MD Piano 220 grit) with radius 110mm. The duration of the wear experiments
was 2 hours. Before and after the wear test, every tested sample was weighed using an
analytical balance. The wear area and weight lost of every sample was calculated and
recorded as listed in table 6-2.

The author designd three groups of experiments to study the effect of the laser scanning
speed and tungsten carbide percentage on wear resistance. The laser scanning speed
varied from 0.1 mlmin to 0.2m1min, the percentage of tungsten carbide varied from 10%
to 40%.

6.3.2 Wear resistance test results and analysis

Cladding Materials i Scannimr speed Weight Loss Wear area Wear rate
I (mlrcin) (g) (mm2

) (g!hxmm2
)

10% tungsten carbide 0.1 0.0148 12.78x3.13 1.85xlO-4

+ 0.12 0.0162 13.18x3.1O 1.62xlO-4
90% Ni-based Alloy 0.15 0.0089 10.05x3.09 1.43x10-4

(Sample 6) 0.18 0.0111 11.65x3.06 1.55xlO-4

0.1 0.0106 10.02x3.01 1.76xl0-4

20% tungsten carbide I 0.1 0.0103 1O.07x3.19 1.60xl0-4
+ 0.12 0.0104 11.21x3.12 1.49x10-4

80% Ni-based Alloy I 0.15 0.0101 I 12.06x3.ll l.34xl0-4
(Sample 10) I 0.18 0.0091 110.51x3.12 1.39xl0-4

i 0.1 0.0125 13.76x3.08 1.48x10-4,

30% tungsten carbide ! 0.1 0.0098 111.68x3.10 l.36xl0-4
+ I 0.12 0.0098 I 12.30x3.05 1.30xl0-4

70% Ni-based Alloy I 0.15 0.0074 9.96x3.05 l.22xIO-4
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(Sample 2) 0.18 0.0073 9.58x3.06 1.25xlO-4

0.2 0.0104 12. 16x2.98 1.43x10-4

40% tungsten carbide 0.1 0.0083 9.00x2.99 1.5~x10-4

+ 0.12 0.0103 1l.58x3.10 1.43x10-4
60% Ni-based Alloy 0.15 0.0103 12.30x3.02 1.38x10-4

(Sample 8) 0.18 0.0079 9.65x2.96 1.39xlO-4
0.2 0.0101 11.88x2.98 1.43x10-4

Substrate material - 0.0448 12.16x3.08 5.98x10-4

Table 6-2 Data ofwear resistance experiments
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The following Figure 6.7 shows the wear-rate curves oflaser cladding coatings, under
the same wear conditions, for different laser scanning speeds and different tungsten
carbide percentages.

Wear rate vs Scanning speed
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Figure 6.7 Wear resistance compare

The data sho\vn in Table 6-2 and the curves of Figure 6.7 shows that tungsten carbide
particles increased the wear resistance. For the same tungsten carbide percentage, with
the increase of the laser scanning speed the wear rate at first decreases and then at a
certain point starts to increase again. So the wear rate is a minimum for a particular
scanning speed between 0.15m/min to 0.18m/min. The wear resistance of the coating is
thus a marnximum in this range.

With an increase of percentage tungsten carbide of the cladding coating also increased
up to a point At 30% tungsten carbide the wear resistance arrived at a maximum. When
the percentage tungsten carbide rose to 40% the wear-resistance of the clad layer
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decreased to the level at 20%.
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The author also compared the wear rate of the laser cladding coating with that of
substrate. The wear resistance of laser cladding coating was found to be 3.5 times that
of the substrate.

6.4 Analysis ofwear resistance

6.4.1 Wear mechanism analysis

According to the mechanism of wear, wear can be classified into abrasive wear,
adhesive wear, fatigue wear, corrosive wear and erosion wear etc. [WU Xinwei, 1996].
In practice the work piece always experiences multiple kinds ofwears. Typically, there
should be only one dominant type ofwear.

So, in order to enhance the wear resistance of materials, people should solve the
dominant wear which affects the working capability and performance of the equipment.
For example consider a steel roller used in a rolling mill, [Zhang Guangjun, 2000] after
using laser cladding heat treatment to enhance wear-resistance and hardness, the
adhesive wear was greatly reduced, and the working life of the laser cladding treated
rollers increased by 3-5 times.

The wear test the author did was abrasive wear; abrasive wear is a kind of wear
characterized by material transfer caused by hard granules or hard protuberances. It is
the most common and ubiquitous wear. Based on the above experiments results, the
author analyzed the main factors affecting the wear resistance of the laser cladding
coating below.

6.4.2 Effects of micro-hardness distribution on the wear resistance properties
of the material:

The experimental results showed that tungsten carbide particles increased the hardness
and wear resistance. Generally, the micro-hardness distribution of materials partially
reflects the wear resistance ofthe material. So to enhance the hardness ofthe material is
one method to increase the wear resistance of materials. With the increasing of the
scanning speed of the laser beam, the microstructure of the cladding coating is refined
while, with an increase in scanning speed, we find ~ supersaturation of the solid
solution of the cladding layer. Additional tungsten carbide, being a kind of
independently hard particle, greatly enhances the micro-hardness of the cladding
coatin~ More exiguous and refined dispersive tungsten carbide is produced for a
supersaturated solid solution during the cooling process. This also has the function of
dispersion aggrandizement.

The wear resistance of the material not only depends on its micro-hardness level.
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Increasing scanning speed helps to enhance the microhardness of the material [WU
Xinwei, 1996] but this will result in carbide separating out from the supersaturated
solid solution with decreased y-Ni. The micro-hardness is enhanced to a certain level
but the effect on the morphology ofthe carbide then starts to affect the wear resistance.
The refinement and dispersion ofthe carbide particles in the cladding layer is a crucial
factor. The abrasive wear-resistance of the material depends on the space between the
hard particles in the laser-cladding layer. The smaller the distance between the hard
particles the higher the wear resistance ofthe material.

6.5 Other methods for enhancement ofwear resistance

There are some other methods to enhance the wear resistance of laser cladding coating.
Add a small quantity of rare-earth elements in the cladding powder, for example,
lanthanum-oxide (La203) and cerium dioxide (Ce203). Rare-earthe1ements, with their
excellent performance, are widely used in metallurgy, electron and chemical industry
etc. Rare-earth elements that are used in surface engineering have greatly enlarged the
area ofapplication.

Wang Kunlin, [Wang Kunlin, 1999] from the Department of Mechanical Engineering,
Tsinghua University, China, respectively mixed 0%,0.4%,0.8%,2.0%,4.0%, and 8.0%
ofLa203 to Ni-based alloy powder. After the uniform mixing, flame spraying is used to
pre-place the mixture onto the steel substrate. The pre-placed powder of thickness
0.5mm is then finished with the laser.

Their experimental results were compared with those of the coatings without La203
addition. The comparison indicates that the addition ofLa203 can refine and purify the
microstructure of the clad coating, reducing the dilution of clad material from the
substrate, decreasing the lattice constant of the solid solution. Moreover, the fiiction
coefficient of the clad coating with La203 addition is reduced and the wear resistance of
clad coating with the addition ofLa20J is enhanced.

6.6 Conclusions

The hardness distribution and wear resistance are important properties of clad layers.
Laser cladding is an effective heat treatment method for the enhancement of mechanical
properties including micro-hardness and wear-resistance. The results of this chapter
indicated that tungsten carbide particles increased the micro-hardness and the wear
resistance properties of the laser cladding coating. The comparative test indicated that
after laser cladding heat treatment, the micro-hardness value of the clad layer was
increased to a level of2-3 times oftbat of the substrate; the wear resistances of the laser
cladding coating increased to a level of3.5 times that of substrate.

It was also found that the micro-hardness value followed a gradient from the cladding
coating to the heat affected zone and substrate with three steps in the micro-hardness
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distribution curve. These steps correspond to the cladding coating, the heat affected
zone and substrate, which provides a matching interface between the coating and
substrate with benefits to the material properties.

The wear resistance property ofcladding layer has a maximum value for 30"/0 tungsten
carbide in the cladding mateial. The laser scanning speed affects the wear-resistance
property of the laser cladding layer but the distribution of tungsten carbide is also
important so that a critical value exists for laser cladding scanning speed in terms of
wear resistance.
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Chapter 7

Study of the factors influencing the crack behaviour

of the laser clad

7.1 Introduction
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The cracking behaviour of the laser-cladding layer is the primary factor influencing the
quality of clad layer. Consistent quality of the clad layer is one of the most important
reasons preventing large-scale industrialization of laser cladding. The most important
defect found in laser cladding is cracking. The other important defects are gas porosity
and component asymmetry (the components in micro-zone of the cladding layer are not
uniform) especially for thick and large area cladding layers.

In order to allow the cladding of products by non-academic personnel and, an
effective transfer of results from laboratory to the production environment research is
needed. A study of the quality index of the laser cladding layer and an analysis of
reasons for the defects, in order to find an effective control method is therefore
undertaken.

In this chapter, the author studied and analysed the relationship between cracking
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behaviour and four factors: parameters of the laser system, process parameters, the
material of the cladding layer and state of the substrate. For the pre-placed powder and
the powder injection method experiments, the author analysed the reasons for cracking
and looked at some methods ofcrack prevention.

7. 2 Analysis of the reasons for cracking in metals

Due to the high laser power, the alloy material and substrate melts in a very short time,
and only a very thin layer of the substrate material can be melted. Solidification occurs
at a high speed within 104_106 K/S. [Gnanamuth14 1979; Nagarathnam, 1995;
Kommpoulos, 1990; Nagarathnarn, 1993;].

There are three kinds of cracks, the first one is the clad coating crack; the second one is
the interface-substrate crack:, and the third one is the crack in the overlap area Crack
behaviour is affected by mechanical factors, metallurgical factors and especially by
inherent defects in the substrate materials.

Figure 7.1 Some crack samples (17), (4-2) and (14), (SOx).

Zhan2: Guangjun found the existence of tensile stress in the melt-solidification laver.- ,
"''hen the local tensile stress exceeds the limit of the material, clad cracks come into
being. Cracks appear mostly at the interface of dendrites, at gas porosity or at
impurities or other areas ofweakness. [Zhang Guangjun, 2000].

The follO\;.ing figure 7.2 shows two samples, which have serious cracks, caused by
impurities and gas porosity. The author found that cracks, as shown in the left side of
the figure, stem from an impurity in the cladding material. The figure shows that during
the la..--er cladding process, due to the high power laser and the resulting temperature,
the impurities in the cladding material explode and consequently cause serious cracks
duri.ng the cooling stage. In this figure, a crack extends to the substrate. The crack
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shown in right figure stems from two sites ofgas porosity: a large site and a small one.
The figure indicates that cracks appears around the sites ofgas porosity.

Figure 7.2 Cracked samples caused by impurities and gas porosity (SOx).

The fonnation of cracks in the clad layer is mainly caused by the thermal stress created
by the high thermal gradient built up during the cooling stage and the difference
between the thermal expansion coefficients [Frenk, 1991, 1993; Li, 1992; Pilloz, 1990;
Vasauskas, 1996; Zhang, 1994; Zhou, 1991]. Especially layers that are characterized by
the presence of hard and brittle particles, such as carbides, are prone to cracking [Luft,
1995]. Ceramic layers are also vulnerable to cracking, because of their limited ductility
combined v.ith the difference in thermal expansion coefficients compared with metals
[VandeHaar, 1988].

If we further analyse the effect of the difference between the expansion coefficient of
the clad layer alloy and the substrate material we find that during the process of
solidification and contraction, when the difference of the expansion coefficient is big
enough, it \\ill create tensile stress. When the tensile stress exceeds the utmost limit of
teusile yielding at a given temperature then a crack immediately appears [Li Biwen,
2000J. Because of the rapid heating and cooling in the laser cladding layer (104_106

Kls), the life of melt pool is very short. This means that it is possible that oxides,
sulfides and other impurities do not have enough time to discharge from the soliditying
strucrure. These defects exist in the cladding layer and can easily become the crack
fountainhead.

In addition, after the laser beam moves away, instantaneous solidification and
crystallization happens and a cladding layer is formed, it is easy to cause a disturbance
of the crystal interface, increasing the crystal vacancy. In addition hot-shortness (red
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brittleness) increases while ductility (Plasticity and Toughness degree) decrease so that
the crack sensitivity increases. The thicker the cladding layer the more the
above-mentioned situation becomes observable.

Th~al stress of Ceramic (Tungsten Carbide, etc.) depends on the following formula
[Wu Weiwen, 1994J.

E ·/';.TJa -a}c \1 C S

1+2{{EJ E,}·{TJT,}}
(7.1)

In the above formula:

Gc is the th=aI stress,
Ec is the elastic modulus oflaser cladding coating,
M, is the temperature difference between Ceramic melting point and substrate.
CLc. is thermal expansion coefficient ofCeramic cladding coating.
rI;, is thermal expansion coefficient of substrate.
Tc • is clad thickness oflaser cladding coating.
Ts is thickness of substrate.

For the above formula, we can find that the th=a1 stress depends on the th=a1
physics and mechanistic performance of the ceramic and substrate. Differences in
melting point, thermal expansion coefficient, th=aI conductivity and elastic modulus
between the ceramic and substrate are very big. That is why the thermal stress in the
cladding coating is always large. It is also easy for cracks and porosities to occur in the
laser cladding coating due to the stress and impurities resulting from the process of
applying the coating. We need to look at ways of controlling cracking and porosity to
make laser cladding more popular in industry.

Porosiry is a very important reason for the formation of cracks. We thus need to study
the cause of porosity formation and ways of preventing it. Powell [powell, 1981J
indicated the presence of holes in the clad layer as being referred to as porosity.
Porosity can be caused by several reasons. Porosity may be the result of the formation
of gas bubbles that are trapped in the solidifying melt pool. This phenomenon can be
decreased by a method of vibration of the work piece (Frequency: 25 Hz; Amplitude:
20 mm).

Secondly, if solidification proceeds in different directions, some regions in the melt can
be enclosed. A contraction occurs upon solidification of these enclosed regions. That
contraction causes tensile stress in the layer and may even lead to the formation of
holes. These two kinds ofporosity are to be found in the clad layers.

Two other kinds ofporosity are confined to the substrate-clad interface. The first one is
caused by the presence of minor flaws, such as grease which influences the surface
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tension and thereby the bonding of the coating material to the substrate.
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The last type of porosity appears when overlapping tracks are applied. This so-called
'inter-run porosity' can occur when too much powder is supplied. This can be avoided
with a width-height ratio ofmore than five [Steen, 1987].

7.3 Effect of laser system parameters on laser cladding coating crack

7.3.1 Effect of beam diameters on cracking of laser cladding coating

During the laser cladding process, when the output of the laser is constant, the power
density has an inverse relation with the laser beam diameter. With the increase of laser
beam spot diameter, the power density will decrease. Laser beam diameter is one of the
important parameter that affects cladding quality. Laser beam diameter directly affects
the geometry of the cladding coating, namely width and depth [Wang Liuying,1999].

Figure 7.3 Samplel2, Beam spot =2.Omm, 2.5rnm, 3.Omm (200x)
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7.3.2 Effect of laser scanning speed on crack behaviour

In chapter 5, the author already studied the effect of laser scanning speed on the size
and shape of the laser cladding coating. During the laser cladding process, scanning
speed also greatly affects the microstructure and quality ofthe laser cladding coating.

The following Figure7.4 shows the effects of scanning speed on crack behaviour. From
·Ieft to right are Samples 10-2, 10-3 and 10-5. They were produced with increasing
scanning speed from 0.12m/min, 0.15m/min to O.2m/min.

For a constant laser power, too low or too high a scanning speed will cause different
crack degrees. Only when we a use moderate scanning speed are fine metallurgical
compounds produced between the cladding layer and substrate with no cracks and gas
porosity in the coating.

•

:·;':i·~7"::~
::'.. ,~":", ...~'.,
~;,-t"'; "+,
,':';

Figure7.4 Effects of scanning speed on crack behaviour, (50x). From left to right are
Samples 10-2 (V=O.12m/min), 1O-3(V=0.15m/min), 10-5 (V=O.2m/min).

Analysis: Because of the rapid heating and fast cooling, very big temperature gradient
appear between cladding coating and substrate material. With the increase of scanning
speed, temperature gradient will increase as well. The corresponding intemal stress
increased. When the scanning speed reaches a certain numerical value the internal
stress in the cladding exceeds the ultimate yield and a crack appears. The scanning
speed at this moment is the critical scanning speed for crack formation. Crack
phenomena will more obvious and visible cracks as this scanning speed is exceeded.
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7.4 Effect of conditions of laser technological treatment on laser cladding layer
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Laser power, beam diameter and scanning speed are the key parameters to control how
much energy can be absorbed by alloy layer. In chapter 1, the author introduced the
specific energy formula (1.1): E=PIDV. Generally, the thicker the layer, the more
energy is needed. The author already described how these parameters affect the quality

ofthe laser-cladding layer.

In order to prolong the life of the melt pool and in order to increase the energy input the
author performed some experiments to increase the laser power density and decrease
the scanning speed. These actions have some good effects but must be control within
limits. Generally, higher power and slower scanning speed helps the powder layer to
adequately melt; helps to prolong the life of melt pool; helps impurities to float up to
the surface of melt pool; helps the combining of the cladding layer and substrate;
decreases the probability of cracking and crack fountainheads. However, with the
increase of specific energy input, the dilution rate of the cladding layer will also
increase, microhardness will decrease, crystal grain size will be bigger and coarser. The
burning loss rate of the elements will increase. Thus the benefits of the laser cladding
treatment will be lost. Figure 7.4 show two samples 3-4 and sample 3-1, it can be found,
that with the increase of laser power, the crystal grain size becomes coarser than that of

the lower power.

.

Sample~: P=lkW Sample 3-1: P=1.3kW

Figure 7.5 Effect oflaser power on crystal grain size. Sample 3-4 (P=1kW,
V=O.2rn!min) and Sample 3-1 (P=1.3kW, V=O.2rn!min) (200x)

Conclusion: So, according to the above investigation, when we choose practical
parameters for cladding we should base our choice on the following factors: thickness
of the cladding layer, melting point of the powder material, absorption coefficient,
matching of properties with the substrate material, wettablity, etc. It is necessary to
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determine these parameters by experiment. Only when we have optimal technology
parameters, will we be able to control the energy density and time of action. Then will
be able to avoid cracks and obtain an optimum quality of the layer.

Re-melting method: We also adopted the so-called laser re-melting treatment method
on sample 19, 23 and 24 to investigate the so-called re-melting technology. After the
first laser-cladding operation is performed, then the laser beam is used to scan the clad
layer again. The author found using this method also have some other effects, it helps to
produce a uniform microstructure, to eliminate impurities, smooth the surface and
eliminate defects. It was found that after using the re-melting technology, some of the
cracks formed in the first cladding process disappeared but for deep penetrating cracks
and those crack extending to the substrate surface, re-melting is ofno use.

Figure 7.6 Effect ofRe-melting, Sample 2Iand 19 (500x)

Different laser scanning method: We also used some un-conventional laser scanning
method. As shown in Figure7.7 EN8 mild steel was clad with a Nickel Tungsten
carbide layer using a rectangular-spiral scan to minimize distortion.
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Figure 7.7: Sample 22, Mild steel ENS clad with a Nickel Tungsten carbide layer using
a spiral scan to minimize distortion and crack.

The author found that sample 22, after being treated with the rectangular-spiral
scanning method, the distortion of the substrate noticeably decreased and improved and
the crack numbers in clad layer also decreased compared with sample 2I, which used
the same laser treatment parameters as sample 22, but with a conventional laser
scanning method.

Some ofthe cracks were formed by tensile stress in the clad layer caused by the cooling
and contracting stage. After adopting a rectangular-spiral scanning method the
distortion obviously decreased and improved as a result of the improvement of tensile
stress in clad layer which reduced the crack opportunities.

7.5 Effect of cladding material on laser cladding crack

Commonly, as mentioned in chapter I, lasers cladding applied powders are the same as
those used in flame and plasma spraying because the intended functional properties are
the same. Most of the research experiments use thermal or plasma spray powder.
Usually a Ni-base alloy or a CO-based alloy is used as the main constituent of the
powder.

In flame and plasma spraying all the powders, contain boron and silicon. Boron and
silicon have benefits in terms of deoxidising; slagging; wetting and to restrain gas
porosity. These elements help to create a hard phase, increasing the hardness of the
cladding layer, but with the increase in the hardness of the cladding layer, the crack
opportunity \v:iII also increase. Boron is very soluble in Fe and Ni which makes it easy
to separate out and centralize at the crystal interface ofcausing cracks.
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In a high Nickel content alloy, Si can form low-fusing eutectic impurities, which have a
great effect on crystal cracking [Zhang Wenyue, 1984]. Due to the short life of the laser
cladding, melt pool, chemical combination happen between Silicon oxide and boron
oxide, resulting in the chemical borosilicate which has no time to adequately float up to
melt pool surface. This is especially true for thick cladding layers where some of the
low melting point borosilicate remains in the cladding layer. This layer becomes a
liquid membrane during the cooling process and with the tensile stress in the layer
caused by the cooling and contracting stage, cracks appear. So it is better to decrease

boron and Si content.

According to metal theory, high carbon content can increase hardness. The increase of
hardness and brittleness always goes with an increase of the carbon content while the
crack probability increases also. On the other hand, it is possible that carbon and
chromium elements become a chemical compound, Chromium Carbide. This will cause
the chromium content in the cladding layer to decrease so the corrosion resistance of
the laser-cladding layer decreases.

In fact, the high-energy laser heat resource has a special function to produce various
strengthen effects. Some researchers have shown that for the same powder, the laser
cladding layer hardness is 20%-40% better than compared to plasma spraying.[Shi
Shihong, 1995]. Therefore, there are various benefits on suitably decreasing the carbon
content in the cladding powder.

Intermediate Layer: Another method to control cladding cracking, is to adopt the
intermediate layer technology [Zha Ying, 1999]. Namely to pre-place a higher
crack-resistant powder layer onto the substrate surface the physical character of must be
compatible with the substrate. The intermediate layer is a very thin layer. After the
intermediate layer is clad onto the substrate, we proceed to clad using the required
powder on the surface of the pre-clad intermediate layer as before. This is more
complex and more expensive than the normal method and the powder utilization ratio is
decreased. Nevertheless, in order to enhance the suitability of the powder for the
substrate material for a thick clad layer, this technology still has practical significance.

7.6 Effect of substrate materials condition on laser cladding layer crack

7.6.1 Effect ofsubstrate materials on crack

The effect of the expansion coefficient of the substrate material: During the laser
cladding process, a pool ofmolten metal is formed with the surface ofthe bonding zone
melting. A temperature gradient comes in to being from the melt pool to the substrate
and different degrees of thermal expansion occur. After the laser beam moves on,the
molten pool quickly cools down and contracts.

The heat-affected zone within the substrate also begins to cool down and contract. The
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bigger the difference between the expansion coefficient of the substrate and the clad
layer the more serious the effect of the cooling contraction will be in causing
compressive stress in the cladding layer if the contraction of the substrate is larger than
the clad layer. In contrast, if the cooling contraction of the substrate-bonding zone is
weaker than that of cladding layer, the cladding layer will suffer tensile stress. If the
tensile stress exceeds the stress limit at that temperature a crack will appear. It is
preferable for the clad layer to experience compressive rather than tensile stress, as this

tends to close cracks rather than open them.

On the other hand, when the heat-affected zone contracts, it also limited by the
substrate and surrounding metal block. When the resulting tensile stress exceeds the
stress limit, the surface layer of substrate may crack. This kind of crack may extend to
the cladding surface. A substrate with good plasticity is more resistant to cracking than

a brittle one.

7.6:1. Effect of substrate surface condition on laser cladding crack

The best condition of the substrate surface is smooth, glossy, with uniform
microstructure, without defect and without residual stress to prevent cracking.
Generally, it is not necessary to remove the old cladding layer to do re-cladding because
after the last cladding, the microstructure of the heat-affected zone has already changed.
However, residual stress, remaining defects such as a slight crack may become the
source ofnew cracks in the next clad.

7.63 Effect ofthermal capacity of the substrate on cracking

A very important characteristic of laser cladding is that temperature rises quickly to the
melting point of the material and after the laser beam moves away, the melt pool cools
down rapidly. Most of heat in the layer dissipates into the substrate material in a
process known as self-quenching. So, the bigger the thermal capacity of the substrate
the higher the cooling rate of the clad layer with a higher tendency for cracking. That is
why sometimes, no crack occurs in experimental samples, but the same cladding
process on machine parts might have cracks. An important reason is that most of the
lab-samples have a small volume, so their thermal capacity is also small but machine
parts have a larger volume with a larger thermal capacity and hence higher cooling rates
producing cracks.

Pre-heating and heat preservation

The author also used a kiln to pre-heat some samples to 200-300°C for 1-2 hours before
laser cladding. After laser cladding the samples were kept in the kiln for a further 1-2
hours for heat preservation. It was confirmed this method has some effect because it
reduces the temperature gradient. Heat preservation can retard the cooling rate of the
clad layer possibly reducing the crack opportunity. Pre-heating and heat preservation
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also has the effects of eliminating residual stress and restraining crack growth. However,
if the heat preservation temperature is too high or if the heat preservation time is too
long, it will result in the clad layer's microstructure being coarser and as grain size
increases, hardness decreases.

Figure 7.8 Pre-heated and heat preservation sample 21, (SOx)

Figure 7.9 Microstructure ofPre-heating and heat preservation sample 24, (SOOx)

7.6.4 Effect ofshape and structure on laser cladding crack

The shape and structure of the substrate also affects cladding quality. It is quite easy to
produce a crack in an un-symmetrical sample. During the laser cladding process, the
thermal stress distribution in a uniform sample is relatively symmetric; so the crack
probability is quite small. The probability of cracking is higher for unsymmetrical
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workpieces which experience complex thermal stresses. The asymmetry of the tensile
stress will increase the crack opportunity. So some researchers excavate a groove
around the cladding layer [Li Biwen, 2000]. This is an effective measure to cut off
tensile stress around the cladding layer. In addition, pre-heating, heat preservation post
treatment and the use of intermediate layer technology can decrease the crack
opportunity.

7.7 Conclusions

Reasons for the cracking of the laser cladding layer:
The formation of cracks in the clad layer is mainly caused by the thermal stress created
by the high thermal gradient built up during the cooling stage and the difference
between the thermal expansion coefficients. When the local tensile stress exceeds the
limit of stress intensity, a crack will occur. The position of the crack is mostly at the
interface ofdendrites, at gas porosity and at impurities. Crack formation is affected by
mechanical factor, metallurgical factors and especially inherent defects of the substrate
material.

Crack classification:
According to the positions the crack occurs at we can describe three kinds of cracks:
clad coating cracks, interface-substrate cracks and overlap area cracks.

Methods of eliminate and prevent cracks:
Optimise the chemical composition of the powder. Reduce impurities mixed in the
powder, and enhance the obdurability of the alloy powder. On the other hand the
substrate should be without any defects and without residual stress. In addition control
the laser parameters, use pre-heating and heat preservation, use an intermediate layer,
the re-melting method and consider the thermal capacity of the substrate.
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Conclusions and recommendations

8.1 Conclusions
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The purpose of this work was to study and investigate laser cladding surface treatment
technology for the enhancement ofmechanical properties including micro-hardness and
wear-resistance.

The study mainly included: design of the composition of the cladding materials, the
choice of the sticking agent, finding the optimal laser processing parameters, and by
means of an optical microscope, micro-hardness tester and wear-resistance testing
machine, to analyse the shape of the cladding coating, the microstructure, the
distribution of the micro-hardness, properties of wear-resistance, the integration of the
interface between the cladding layer and substrate and the dilution of the alloying
elements. The formation mechanism of crack behavior and preventive control methods
were analysed. Some features in solidification process of pool under laser were also
analysed.

The literature survey showed that laser cladding is predominantly performed by powder
injection, because that method is more flexible and easier to control. The literature
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survey also revealed that laser cladding is not a mature technique yet.

Laser cladding experiments were performed using a milctUre of a Nickel base alloy
powder and tungsten carbide powder on a mild steel substrate using the pre-placed
powder method and powder injection method. It indicated that with a reasonable
matching ofthe processing parameters a result can be obtained with no cracking, no gas
porosity and clad layer with a good finish- Metallurgical bonding between the cladding
layer and substrate material was realized.

The Finite Element Method for calculating the surface temperature distribution was
used to help predict the temperature distribution of the laser cladding results. The
composition of cladding materials was designed; the sticking agent was chosen for the
pre-place powder method. Clad coatings were obtained by changing the processing
parameters of the laser cladding, and a detailed study has been carried out.

The effect of laser parameter variation on clad geometry was studied. It was found that,
on the condition that other laser parameters remain unchanged, the clad height, clad
width, clad depth and dilution rate are a function of the laser scanning speed. The clad
height increases with the laser scanning speed, but in contrast the clad width, clad depth
and dilution rate decrease.

It was also found that the clad height, clad width, clad depth and dilution rate are a
function of the laser power. The clad width, clad depth and dilution rate increase with
the laser power, but the clad height in contrast decreases.

Similarly, the clad height, clad width, clad depth and dilution rate are a function of the
laser beam diameter. The clad height and clad width increase with the laser beam
diameter, but in contrast, the clad depth and dilution rate decrease.
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During the laser cladding process, the laser scanning speed affects not only the size and
shape oflaser cladding coating but also greatly affects the microstructure and quality of
the laser cladding coating. With constant laser power, too low or too high a scanning
speed will cause different degrees of cracks. Only under the suitable scanning speed
will the required metallurgical compounds between the coating and substrate be
realized.

The author also found that the laser beam diameter affects not only the size of the
cladding layer, but it also has an ob,ious effect on the microstructure. Assuming all the
other parameters remain unchanged, with an increase in laser beam diameter, the crystal
grains become finer and smoother. The microstructure mainly consists ofdendrites and
cellular pine-trees crystal. With a decrease of the laser beam spot diameter, the crystal
grains become coarser. In this case their microstructure mainly consists of cellular
crystal or a small quantity ofcellular shape dendrite crystal.
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The results show that microstructure of clad layers comprise three zones: the cladding
layer, bonding zone and heat-affected zone. The results showed that tungsten carbide
particles increased the hardness and wear resistance. The wear resistance of the laser
cladding coating is 3.5 times than that of substrate. The micro-hardness range of the
cladding layer is from RV 981.5 to RV 1187, which is 2-3 times than that of substrate.
The micro-hardness value from the cladding coating to the transition layer then to the
substrate follows a gradient. The gradient distribution of the micro-hardness near the
bonding interface improves the matching between the coating and the substrate,
releasing stress concentrations and avoiding the formation of cracks while realizing a
better metallurgical bonding between the coating and substrate.

The study and investigation of the solidification features and the formation law of the
microstructure for the laser cladding layer has been carried out. This showed that there
are different solidification parameters for different positions in the cladding layer. The
microstructure at the bottom of the cladding was the typical extension growth on a
plane. The microstructure at the top and middle was the regular pine-tree eutectic
crystal and small cell and column crystal respectively. And the crystalline anisotropy
was a main factor in influencing the form ofcrystal gro~lh.

Cracks: According to the appearance and POSltJons we identify three types, clad
coating cracks; interface-substrate cracks and overlap area cracks

The effect of laser scanning speed on cracks: There is an optimal scanning speed
for the prevention of cracking. A very high scanning speed will cause serious cracking
between the cladding layer and substrate. A moderate scanning speed will produce fine
metallurgical compounds between the cladding layer and suhstrate and no cracks and
gas porosity will exist in the coating.

Reasons for cracks: The formation ofcracks in the clad layer is mainly caused by the
thermal stress created by the high thermal gradient built up during the cooling stage and
the difference between the thermal expansion coefficients. When the local tensile stress
exceeds the intensity limit, a crack will occur. Cracks appear mostly are at the interface
of dendrites, at gas porosity, at impurities and other areas of weakness. . Cracks are
affected by stress, metallurgy and the condition ofthe substrate.

Crack preHntion methods: Increasing of the laser power density, and the decreasing
of the scanning speed helps to prevent cracks. The higher power and slower scanning
speed helps the powder layer to adequately melt and prolongs the life of the melt pool
allowing impurities to float up to the surface 50 thar the cladding layer and substrate
combines welL We can also use re-melting to remove surface cracks and improve the
uniformity ofthe microstructure.
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Chapter 8

8.2 Recommendations for future work

Laser cladding technology is a new surface strengthening and surface modification
technology, which has only existed for decades. Compared to other surface
technologies, this technology can yield superior properties such as purity, homogeneity,
hardness, superior bonding and microstructure. Laser cladding is also considered as a
strategic technology. But laser cladding technology is not a mature technique yet. The
present application fields oflaser cladding technology are still limited and conseIVative
indicating a great need for further research work.

The rapid solidification theory and research on the structure of the interface needs to
still be developed. More cladding materials need to be developed to satisfy various
requests. Research applications of rare-earth elements in the laser cladding field need to
be. developed because rare-earth elements can improve the performance of the metal
materials.

To realize the large-scale industrial application of laser cladding technology, an
intelligent control system will be required. Quality monitoring and defect control is one
ofthe most important issues oflaser cladding that still needs to be developed.
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Appendix 1

Literature of Substrate and cladding materials
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Ferrous Substrate

Oadding Substrate Information
materials Materials Source

AISI304,316 Low carbon steel Fouquet, 1994
AI-Mo-Fe, :Mild steel EN lA Steen, 1992
AI-Ca-Fe,
Ni-Co-Fe
AISI316 Mild steel EN 3B Weerasinghe, 1983
Alloy 4815+SiC, ~fild steel EN 3B Abbas,1989
Alloy 4815

AI-Sn10Si4Cul ~fild steel EN 3B Ellis, 1995
with Ni sandVlich
Stellite 6 ~d steel EN 3B Abbas, 1989, 1991
Stellite 6 and SiC ~fild steel EN 3B Abbas, 1991
mixture

AISI304 I:\fild steel Fouquet, 1993
Tnoalloy 1-800 :\fild steel Amende, 1990



Appendix

Ni-Cr-B-S~ Mild steel Oberlander, 1992
CoC+WC
Ni-Cr-B-Si Mild steel ST 37 Sepold, 1989
Stellite 157, F, 6, C40 and C45 Gassmann, 1992
deloro 40, 22
Nierobor 40, C40 and C45 Brenner, 1996
deloro 60
Stellite 6 C40 and C45 Kreutz, 1995

Hadfield steel C15/C20/C22 Pelletier, 1996

zrOz + 8%YZ0 3 + C15/C20/C22 Jasim, 1989
AISI316,
Cr-Mn-C, AISII016 Singh, 1985
Fe-Cr-Mn-C
Ni-Cr-Al-Hf AISII016 Singh, 1987

Fe-Cr-C-W AISII016 Cho~ 1994
Fe-Cr-Mn-C AISII016 Eiholzer, 1985

Nichrome AISII020 Ayers, 1981
Ni-Cr-B - Si AISII020 Yang,1988

WC and Co AISI1020 Yang, 1990
Fe-Cr- B - Si AISII020 Yang, 1991
Fe-Cr-Mn-C, AISI1020 Komvopoulos, 1994
Fe-Cr-C-W
Fe-Cr-Mo, AISII020 Huang,1995
Fe-Cr-ShN4,

Fe-Cr-Mo-Si3N4

Cr203 and Fe AISI304 Zhou, 1991
powder
Stellite F, SF6 AISI304 Giordano
Stellite 6 AISI316 Bruck, 1988
Stellite F, SF6, 1, 6, AISI316 Magrini, 1986
CTS 10136
Stellite 6 AISI410 Liu, 1983
SiC and Ni AISII043/1045 Pei, 1995
Ni-Cr-B-Si +SiC, AISII043/1045 Pei, 1996
Ni-Cr-B-Si+TiN
Stellite 6 AISII008 Pimrova, 1993
Ni-Cr-B-Si+ZrOz 4Cr13 stainless steel Pei,1996
Ni-Cr-Fe-Si-B-C !20Ni4MO steel Zhu, 1993
and WC
Stellite 6, F X45CrSi9 Kupper, 1990

Cu and Ni Carbon steel Bruck, 1987
Ni-Cr-Si-B I0.16C l.2Mn steel Chen, 1989
CrZ03 and Fe SAF2205 Zhou, 1991
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SAE4340 Co-base alloy FisInnan, 1995
Stellite 1, 6 GGG40 cast iron Wolf; 1994
Ni-base alloy GGG40 cast iron Gasser, 1996

Non-Ferrous Substrate

Gadding Substrate Infonnation
materials Materials Source

AI+SiC AI-base Hegge,1990
Stellite 6, and Si AICu4SiMg (HIS) Li, 1992

Ni-Al bronze AI 333 Liu, 1992
(Cu-AI-Ni-Fe)

TiC 50S2Al Ayers, 1981
AI+SiC Inconel625 Jasim, 1993
Triballoy T-400 Inconel62S Cooper, 1989

WC/Co Nicrobor20 Gassrnann, 1992
AI+Si02 Al6061 De Hosson, 1995
Triballoy T- 400 Ti-6Al-4V Lang, 1994
Mg-Zr, Mg-Al Mg-base Wang, 1990
Mg-AI Mg-base Wang, 1993
Ni-base alloy Cu-Zn-Pb (brass) Pelletier, 1994

AI Ni Kar, 1989
Fe-Cr-P-C Ni Marsden, 1990
CuAl-bronze AlSi12 Grunenwald, 1996
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Appendix 2

Performed Pre-placed Powder Experiments Process
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Powder Sample Laser Scanning Beam Pre-place
Components Number Power Speed Spot Thickness

[kW] [m/min] Diameter Tp[mm]
D[mm]

Sample! 1-1 0.1 Powder

Series 1-2 0.12 thickness

1-3 1.0 kW 0.15 2.5mm 0.6mm
70"IoNi alloy 1-4 0.18
+30%WC 1-5 0.2

Sample 2 2-1 0.2
Series 2-2 0.4

2-3 1.2 kW 0.6 2.5mm 0.6mm

70"IoNi alloy 2-4 0.8
+30%WC 2-5 1.0

Sample 3 3-1 0.2
Series 3-2 1.3 kW 0.4 2.5mm 0.6mm

3-3 0.6
70%Ni alloy 3-4 1.0 kW 0.2 2.5mm 0.6mm
+30%WC

3-5 0.1
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Sample 4 4-1 0.2

Series 4-2 0.3

4-3 1.5 kW 0.4 2.5mm 0.6mm

70%Ni alloy 4-4 0.5
+30%WC 4-5 0.6

SampleS 5-1 0.2

Series 5-2 0.4

5-3 1.8 kW 0.6 2.5mm 0.6mm

70%Ni alloy 5-4 0.8
+30%WC 5-5 1.0

Sample 6 6-1 0.1

Series 6-2 0.12

6-3 1.0 kW 0.15 2.5mm 0.6mrn

90%Ni alloy 6-4 0.18
+ 10% WC 6-5 0.2

Sample 7 7-1 0.1

Series 7-2 0.12
7-3 1.2 kW 0.15 2.5mm 0.6mm

90%Nialloy 7-4 0.18
+ 10% WC 7-5 0.2

SampleS 8-1 0.1
Series 8-2 0.12

8-3 1.0 kW 0.15 2.5mm 0.6mm
60%Ni alloy 8-4 0.18
+40% WC 8-5 0.2

Sample 9 9-1 0.1
Series 9-2 0.12

9-3 1.2 kW 0.15 2.5mm 0.6mm
60%Ni alloy 9-4 0.18
+ 40% WC 9-5 0.2

Sample 10 10-1 0.1
Series 10-2 0.12

10-3 1.0 kW 0.15 I 2.5mm 0.6mm
80%Ni alloy 10-4 0.18
+20% WC 10-5 0.2

Sample 11 11-1 0.1
Series 11-2 0.12

11-3 1.2 kW 0.15 2.5mm 0.6mm
80%Ni alloy 11-4 0.18
+20% WC 11-5 0.2

Sample 12 12-1 1.5
Series 12-2 2.0
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12-3 1.0 kW 0.15 2.5 0.6mm

80%Nialloy 12-4 3.0

+20% WC 12-5 3.5

Sample 13 13-1 1.5

Series 13-2 2.0 Powder

13-3 1.2 kW 0.15 2.5 thickness

60%Ni alloy 13-4 3.0 0.6mm

+40% WC 13-5 3.5

Sample 14 Several 1.2 kW 0.15 3.0mm Powder

adjacent thickness

60%Ni alloy tracks 0.6mm

+ 40% WC Step over
3mm

Sample 15 Several 1.3 kW 0.15 3.0mm Thickness

adjacent 0.6mm

60%Ni alloy tracks Step over

+40% WC 3mm

Sample 16 Several 1.0 kW 0.15 3.0mm Thickness

adjacent 0.7mm

60%Ni alloy tracks Step over

+40% WC 2.5 mm

Sample 17 Several 1.0 kW 0.13 D=3.0mm Thickness
adjacent 0.7mm

60%Ni alloy tracks Step over
+40% WC 2.5 mm

Sample 18 Several 1.0 kW 0.13 3.0mm Thickness
adjacent 0.7mm

70%Ni alloy tracks Step over

+30%WC 2.5 mm

Sample 19 Initial Initial Initial 3.0 Initial

1.0 kW 0.13 Step over
70%Ni alloy Several 2.5

+30% WC adjacent Remelt Reme1t Remelt 2.5 Remelt Step
Vertically tracks, 1.0 kW 0.2 over 2.0

Remeltwith Thickness
Initial-line 0.7

Sample 20 Several 1.0 kW 0.3 2.5mm Thickness
adjacent 0.7mm

70%Ni alloy tracks Step over
+30%WC 2.0 mm

Sample 21 Several 1.0 kW 0.2 2.5mm Thickness
adjacent 0.7mm

70%Ni alloy tracks Step over
+30% WC 2.0 mm
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Sample 22 LOkW 0.2 2.5mm Clad track
Several were

70%Nialloy adjacent homocentric
+30%WC tracks Rectangle,

Step over
2.0 mm

Sample 23 1.0 kW 0.2 2.5mm Clad and
Several Remelt Reme1t Remelt Remelt track

70%Ni alloy adjacent same as same as same as were

+30%WC tracks Initial Initial Initial homocentric
Remelt Rectangle,

Step over
2.0 mm

Sample 24 Initial Initial Initial Initial Step
Several 1.0 kW 0.13 3.0 over 2.5

70%Nialloy adjacent Reme1t Reme1t Remelt Remelt Step
+30%WC tracks 1.0 kW 0.2 2.5 over 2.0

Remelt
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Appendix 3

Geometrical Properties of single Track Samples

(pre-placed Powder Method)
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Clad Total Clad Clad depth Geome- Special

Sample Width clad Height (Dc) trical Energy

Number (Wc,) height (He) Dc=Tc-Hc Dilution E=PIDV

(Tc)

[mm] [mm] [mm] [mm] [%] [Jm-2]

2-1 2.56 0.66 0.51 0.15 22.7 144

2-2 2.53 0.61 0.54 0.07 11.5 72
2 2-3 2.54 0.65 0.6 0.05 7.7 48

2-4 2.50 0.66 0.61 0.05 7.6 36
2-5 2.45 0.69 0.65 0.04 5.8 28.8
3-1 2.60 0.67 0.50 0.17 25.3 156
3-2 2.57 0.57 0.52 0.05 8.8 78

~ 3-3 2.55 0.61 0.56 0.05 8.2 52J

3-4 2.58 0.68 0.61 0.07 10.3 240
3-5 2.60 0.8 0.6 0.2 25 120
4-1 2.73 0.7 0.48 0.22 31.4 180
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4-2 2.66 0.68 0.51 0.17 25 120

4 4-3 2.66 - - - - 90
4-4 2.62, 0.6 0.56 0.04 6.7 72

4-5 2.6 0.61 0.58 0.03 4.9 60
5-1 2.76 0.68 0.45 0.23 33.8 216
5-2 2.74 0.42 0.32 0.10 23.8 108

5 5-3 - - - - - 72

5-4 - - - - - 54

5-5 2.7 0.58 0.55 0.Q3 5.5 43.2

6-1 2.6 0.88 0.8 0.08 9.1 240
6-2 2.59 0.89 0.82 0.07 8 200

6 6-3 2.57 0.91 0.85 0.06 7.1 160
6-4 2.58 0.88 0.84 0.04 4.5 133.3

6-5 2.52 0.91 0.87 0.04 4.0 120

7-1 2.63 0.88 0.79 0.09 10.2 288
7-2 2.7 0.92 0.84 0.08 8.7 240

7 7-3 2.74 0.75 0.69 0.06 8.0 192
7-4 ·2.60 0.94 0.87 0.D7 7.4 160

7-5 2.57 0.95 0.89 0.05 5.3 144

8-1 2.63 0.6 0.52 0.08 13.3 240
8-2 2.6 0.6 0.54 0.06 10 200

8 8-3 2.6 0.62 0.58 0.04 6.5 160
8-4 2.54 0.61 0.57 0.04 6.6 133.3
8-5 2.51 0.64 0.61 0.03 4.7 120

9-1 2.64 I 0.63 0.50 0.13 21 288

9-2 2.63 0.62 0.52 0.10 16.1 240
9 9-3 2.63 I 0.63 0.55 0.08 12.7 192

9-4 2.60 0.61 0.56 0.05 8.2 160
9-5 2.52 I 0.64 0.6 0.04 6.3 144

10-1 2.55 0.53 0.4 0.13 24.5 240
10-2 2.53 I 0.62 0.55 0.07 11.2 200

10 10-3 2.54 0.57 0.53 0.04 7.01 160
10-4 2.51 0.57 0.54 0.03 5.3 133.3
10-5 2.5 I 0.62 0.59 0.03 4.8 120
11-1 2.58 0.45 0.38 0.07 15.6 288
11-2 2.53 0.61 0.50 0.11 18 240

11 11-3 2.54 I 0.57 0.54 0.03 5.3 192
11-4 2.54 I 0.58 0.55 0.03 5.2 160
11-5 2.52 I 0.63 0.60 0.03 4.8 144
12-1 1.58 I 0.67 0.55 0.12 17.9 266.7
12-2 2.08 I 0.63 0.57 0.06 9.5 200

12 12-3 2.52 0.63 0.58 0.05 7.01 160
12-4 3.0 0.66 0.62 0.04 6.1 133.3
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12-5 3.52 0.65 0.62 0.03 4.6 114.3
13-1 1.59 0.67 0.5 0.17 25.4 320
13-2 2.10 0.62 0.54 0.08 12.9 240

13 13-3 2.53 0.67 0.59 0.08 11.9 192
13-4 3.05 0.68 0.60 0.08 11.7 160.
13-5 3.54 0.71 0.61 0.1 14.08 137.1

21 - - 0.61 0.48 0.13 21.3 240
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