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1 Introduction

Metallic glasses (MG) or amorphous metals are the description of non-crystalline
metals. Conventionally, metals tend to form crystalline structure during transition
from liquid to solid state. For MG, the atoms are randomly arranged in the matrix
showing no crystals or no ordered-arrangement of atoms [3]. In Fig. 1, a scanning
electron microscope (SEM) image showing the difference between the amorphous
and crystalline phases of Zr-based MG sample, and Fig. 2 shows the corresponding
X-ray diffraction pattern (XRD) [4]. The MG systems have superior mechanical
properties and promising tribological and corrosion resistance ability [5]. These
superior properties are owing to the homogeneous single phase structure (amorphous
structure), no grain boundaries, no dislocations and other crystal defects [5-7].
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Fig. 1 SEM image of Zr-based MG (a) full amorphous phase, (b) Combined amorphous phase
(A) with crystalline phases (B,C) [4]
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Fig. 2 XRD pattern of three different Zr alloy sample, Red: full amorphous phase, Blue: combined
amorphous and crystalline phases, Orange: full crystalline phase

1.1 Evolution of MG

In 1960, the first MG was proposed. The MG was produced under super cooling
rates (cooling rate reached 10° K/s) to preserve the amorphous structure of liquid
metal. Because of the challenging requirements of the excessive cooling rates, only
thin ribbons (~10 pm) and limited dimensions could be produced [3]. Chen and
Turnbull performed detailed investigations on the crystallization process of MG and
later they succeeded to extend the critical thickness of the MG castings to 1 mm [8].

Further researcher focused on increasing the critical casting thickness of the MG
until Peker and Johnson introduced Vitreloy 1 (Zr41.2Til13.8Cul2.5Ni10Be22.5)
with high glass forming ability (GFA) at relatively low cooling rates (10 K/s or less)
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Fig. 3 Historic advances in MG systems [11]

[9]. Recent researches reported that higher GFA can be achieved (from 0.1 K/s to
100 K/s) by applying the following rules; (1) multicomponent MG system (three or
more elements), (2) significant differences in the atomic sizes of the main elements,
(3) deep eutectics in the phase diagram of the alloys, (4) large difference between the
glass transition temperature (T,) and crystallization temperature (Ty) [10]. These
rules enabled the fabrication of larger MG objects (up to few centimeters) and
emerged them in structural applications. Figure 3 shows the development of MG
systems in last few decades.

For various applications and different industries, different metal-based MG
systems were proposed. The most common MG systems are the Fe, Zr, Ti, Co, Ni,
Pt, Mg, Pd and Cu-based MG. Figure 4 shows the maximum diameter — which can
represent the GFA — of different MG systems that can be fabricated with the
corresponding discovery year [12].

1.2 Mechanical Properties of MG

As mentioned above, MG exhibits superior mechanical properties and tribological
and corrosion characteristics compared to the conventional known crystalline metal-
lic alloys. Because of the excellent corrosion resistance of MG and proved biocom-
patibility, MG is considered a promising candidate for biomedical application
[13]. The mechanical properties of common MG systems in biomedical applications
are stated in Table 1. It is noted that MG systems exceeds the mechanical properties
of the common metallic alloys. It is worth mentioning that Zr-based MG showed
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Fig. 4 Different MG systems with the corresponding maximum diameter and discovered year [12]

Table 1 Mechanical properties of common biomedical MG systems compared to the most popular
biomedical metallic alloys [2, 13, 14]

Critical Compressive strength/ Young’s Vickers’s hardness,
Material diameter, mm (UTS), MPa modulus H, (HRC)
Ti-alloy (241-896) 40-115 (30-39)
Co-alloy (650-1900) 200-240 (40-47)
Stainless (490-1700) 200-220 (25-50)
steel
Ti-based 2-5 1200-2640 80-119 530-816
MG
Zr-based 3-20 1450-2158 68-102 411-590
MG
Fe-based 2-16 2500-4200 176-220 845-1253
MG
Ca-based 0.9-6 364-600 19.4-46 0.7-1.42
MG
Mg-based |0.025-6 550-848 35-66 2.164 GPa
MG
Cortical 50-150 1-20
bone

promising GFA which allow fabrication of larger objects, and in the other side,
Ti-based MG has the lowest GFA. This results in high potential to apply Zr-based
and Fe-based in biomedical implants. However, biodegradable MG (Ca- and Mg-
based MG) has lower Young’s modulus close to the cortical bone which reduce the
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Fig. 5 Graph comparing the different metallic alloys and MG used in biomedical applications

effect of stress shielding, but they exhibit relatively low strength compared to the
other MG systems. This brings such MG to more investigation to ensure durability
and acceptable performance when implanted. Figure 5 shows graphical comparison
between the different metallic alloys and MG used in biomedical applications.

Generally, all MG suffer from brittleness and low toughness compared to crys-
talline alloys. This drawback hinders the application of MG and represent challeng-
ing for fabricating MG. So, great effort was focused on toughening MG through
developing mixed structure (amorphous structure with dendrite crystalline struc-
ture). This mixed structure — usually called dendrite reinforced amorphous compos-
ite — can enhance the Poisson’s ratio and the increase the compressive ductility by
30%, [15]. These advances promote the applications of MG in biomedical implants
products (Fig. 6).

1.3 Biocompatibility of MG Systems

According to D. Williams, biocompatibility is defined as “the ability of a biomaterial
to perform its desired function with respect to a medical therapy, without eliciting
any undesirable local or systemic effects in the recipient or beneficiary of that
therapy, but generating the most appropriate beneficial cellular or tissue response
in that specific situation, and optimizing the clinically relevant performance of that
therapy” [16]. From this definition, a biocompatible material should meet the
following requirements;
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Fig. 6 Enhancement of compressive strain of Zr-based MG [15]

1. High corrosion resistance, the material should exhibit lower ion release within the
hosting body, so reduce the hazardous effect of released ions, and hence, prevent
further side-effects of these ions.

2. Non-toxic, the material is not considered as cytotoxic, in other words, the material
used is not destroying cells and living tissues in contact

3. Allergy-free, the material should be accepted by the hosting body without
irritation or inflammation.

4. Suitable mechanical properties, to be able to withstand the conditions of different
loadings during operation.

5. And acceptable osteointegration, in terms of ability to bond with the living tissue.

Generally, metallic alloys were considered to have acceptable biocompatibility.
However, all the developed metallic alloys failed to show excellent durability in
bone-implants applications. In the other side, MG systems proved to be an excellent
substitute of conventional metallic alloys.

Generally, most of the MG systems exhibit high corrosion resistance due to the
single glassy phase as mentioned above [7]. X. Lan et al. reported the enhanced
tribological properties of Ti-based MG specially after the addition of Sn. The results
showed high hardness values which indicate excellent wear resistance [17].
A cytotoxicity evaluation study revealed the excellent biocompatibility of
Fe-based MG and revealed the promising potential in bone-implants and dental
applications, [18]. Many other studies proved the excellent biocorrosion properties
of MG and their potential in different biomedical applications [19-22] (Fig. 7).



Investigate the Effects of the Laser Cladding Parameters on the. .. 305

a 1.6
| RO

1.4 I BMG 1
2 |24 I BMG2
e I BVG3
~ 1.0+
E 0.8
5
'-:' 0.6 4
g
= 0.4+

0.2

0.0-4 I

Fe Co Cr Mo b § Mn Ni Er
Metal ion releasing in Hank's solution

1.6
I 36 SS
1.4 I BMGI
s N BMG2
£ 1.2 H BMG3
=)
= 1.0-
E 081
5
§ 0.6
3
S 04
0.2
0.0 L I

Fe Co Cr Mo Y Mn  Ni Er
Metal ion releasing in artificial saliva
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saliva [18]

2 Techniques to Fabricate MG

Different techniques were developed to fabricate metallic glass objects. These
techniques were subjected to exhibit rapid cooling sufficient to form the amorphous
structure. Starting from micron-sized thickness ribbons to cylinders with few
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centimeters in diameter, researchers succeeded to develop many fabrication tech-
niques to produce MG products. GFA of available MG systems still lack to produce
larger size products. This limitation represents a challenging research area for further
emerging MG in more applications.

In this section, different available MG production techniques are discussed.

2.1 Melt Spinning

Melt spinning is the most common technique to produce high quality amorphous
ribbons. This technique is able to produce continuous thin ribbon (20-30 pm) with
different widths. This technique is based on injecting molten metal through certain
nozzle onto rotating wheel. The wheel is made from copper, so it allows rapid
solidification of the molten metal forming very thin ribbon. This technique can
achieve more than 10° K/s cooling rate [23].

Different parameters affect the quality and thickness of produced ribbons. Wheel
rotating speed, melt temperature, injecting gas pressure, and nozzle-wheel gap are
the main parameters. It was reported that smaller gap results in better surface quality
of ribbons and hence, higher degree of amorphous structure [24] (Fig. 8).

2.2 Casting

Typical casting of MG using water-cooled copper molds is commonly used to
produce MG ingots. The process is based on melting the MG in inert gas atmosphere
— to prevent further oxidations — using electric arc, then inject the melt into copper
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mold through negative gas pressure. The copper mold facilitates high cooling rates
sufficient for glassy phase formation [26]. Figure 9 shows schematic of copper-mold
casting technique.

T. Zhang et al. developed a novel technique for continuous casting of MG. The
authors succeeded to produce Zr-based MG rod with 10 mm diameter rod and
several tens centimeters long. The authors proposed horizontal continuous casting
system equipped with water-cooled mold at the exit as shown in Fig. 10 [27].

2.3 Additive Manufacturing

Additive manufacturing (AM) — or 3D printing — propose fabrication technique
based on adding successive layers to build objects. The process is categorized into
three categories: powder-based, liquid-based and solid-based [28]. The powder and
solid-based process can be used for almost all materials, while the liquid-based is
limited to certain photosensitive polymers. However, powder-based and liquid-



308 M. Z. Ibrahim et al.

b
LASER SCANNER LASER Beam Guidance System
vy o :
/ ' Carrier Gas
W e

1
1
1
1
I '
1 i
I P HH
|  DEPOSITON HEAD™'}}
1
i
3

POWDER
SUPPLY

AM DEPOSIT

—

POWDER DELIVERY
SYSTEM

Fig. 11 Principle of (a) Selective Laser Melting (SLM), and (b) Laser Engineering Net Shaping
[32]

based are attracting more attention because of higher accuracy and precision. AM
has become of great interest because of their relatively lower cost — compared to
conventional manufacturing techniques — flexibility, and ability to produce complex
objects in shorter times [29].

In 1980’s, rapid prototyping was introduced as the first form of AM technology.
The proposed technique was developed to produce 3D objects using CAD software.
This technology facilitated the implementation of complex designs with low cost and
in short time. Later, stereolithography was developed employing polymer resin that
solidify under UV laser beam. Recently, the AM is developing and extending to
more advanced applications as aerospace, automotive, biomedical, etc. that requires
materials with higher mechanical properties [30].

Commonly, AM utilizes laser energy to melt and sinter printing material during
building the model. Selective laser melting (SLM), laser engineering net shaping
(LENS) and electron beam melting (EBM) are the common techniques for
AM. These methods can process metals, polymers, ceramics or blend of them.

SLM is based on employing laser beam to melt and sinter powder layer with
specified path spread on a piston. The piston movement — upward — determines the
layer thickness and excessive powder is removed by the end of process [31]. In the
other side, LENS inject material powder into the melting pool, so no removal of
excessive powder is needed, Fig. 11 shows the principle of SLM and LENS process.

In EBM method, an electron laser beam powered with high voltage (30-60 kV) in
a vacuumed chamber to avoid oxidation. The process uses two magnetic coils to
focus and deflect the electron beam respectively (Fig. 12).

2.3.1 Laser Cladding Technique for MG Coatings

Laser cladding is another technique of AM where a single or multiple layer of
material is developed on the surface of substrate. The key advantage of laser
cladding is the strong metallurgical bond built between the successive layers. This
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leads to dense structure of the coating with excellent mechanical properties. The
metallurgical bond is built as the laser beam penetrates the layer and the substrate,
allowing dilution take place at the interface [34]. In addition, laser cladding offers
versatile and productive method, besides it can be utilized to repair expensive
metallic parts [35] (Fig. 13).
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Table 2 Elemental composition of ASTM F2229 substrate

Material Fe Cr Ni Mo Mn |Si Cu N C P S
ASTM Balance |20.00 |0.10 |21.00 [1.00 |0.75 |0.25 |0.90 |0.08 |0.03 |0.01
F2229

Laser cladding can work with powder-bed or powder-feed technique. The results
proved that both techniques do not affect the resulted coating layer [36].
The parameters affecting the properties of the coating layer are laser power, scanning
speed, laser beam spot size, layer thickness and the overlap percentage [37, 38].

An important factor for the amorphous structure is the cooling rate. A critical
cooling rate is defined for each MG system depending on the composition and the
stability of the MG. As laser cladding offers high cooling rate, but it is important to
control the laser parameters to maintain the amorphous phase. An experiment was
performed to investigate the effect of the laser parameters on the properties of laser
cladded MG.

2.3.2 Experimental Procedures
Sample Preparation

Substrate samples of 30 x 30 mm are prepared from 3 mm ASTM F2229 stainless-
steel sheet. The respective elemental composition is listed in Table 2. The coating
material is Fe-based amorphous powder (Fe-Cr-Mo-B-C) with normally distributed
particle size 20-70 pm. The samples were sand blasted using 40-grit alumina
particles, then cleaned in ultrasonic bath using DI-water then ethanol to remove
dirt and contaminations on the surface.

The powder was preplaced — the dry powder is spread on the surface then ethanol
is added and put the sample in ultrasonic bath to ensure uniform distribution of
powder on the surface, then dried using hair dryer — using 0.22 g/cm?” spread rate,
Fig. 14.

The cladding was done using diode laser machine — LDF 4000-60 maximum
power 4.4 kW, wavelength 978-1025 £ 10 nm, LaserLine, Germany — under Ar gas
environment to prevent further oxidation of the coating layer following the param-
eters levels in Table 3. Three parameters were selected for the study; laser power,
spot size and scanning speed. Three levels of each parameter were chosen to
investigate the effect of each parameter on the resulted microstructure, phases
formation, hardness and the corrosion resistance of the Fe-based MG coating. The
selected parameters levels are based on the preliminary experiments held.
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Table 3 Selected parameters to fabricate Fe-based MG coatings

Sample code Laser power, W Spot size, mm Scanning speed, mm/s
Al 1500 4 x4 15
A2 1500 4 x4 20
A3 1500 4 x4 25
B1 2000 4 x4 40
B2 2000 4 x4 45
B3 2000 4 x4 50
D1 4000 4 %6 30
D2 4000 4 x6 35
D3 4000 4x6 40
El 4000 4 x8 20
E2 4000 4 x8 25
E3 4000 4 x8 30

Characterization and Testing

For X-ray diffraction (XRD) analysis, a sample 15 x 15 mm was cut from each
sample. The surface of the coating layer was flattened using SiC 80-grit sandpaper,
then ground using 150-grit to 4000-grit and polished using 40 nm alumina suspen-
sion until mirror-like surface is obtained. Then, the samples are cleaned in ultrasonic
bath using DI water and ethanol. The analysis was done using Bruker D2 Phaser,
Germlatny using Cu Ky A = 0.154060 nm, 20 range of 0~140° and scanning rate 3°
min~ .

SEM imaging (Hitachi S-3000N, Tokyo, Japan) was used to analyze the micro-
structure at the interface and at the coating layer, with x 1.5k magnification. The
hardness measurements were taken along the cross-section at 0.1 mm distance
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between each successive point at 100 g testing load and 10 sec. Dwell time using
Vicker’s Hardness tester.

An electrochemical corrosion — Potentiodynamic polarization — test was
performed in Ringer’s solution (pH 7.4) as electrolyte at 37 °C to test the corrosion
resistance of the Fe-based BMG coating and compare it to the bare stainless steel
(Cronidur 30). The selected samples for corrosion resistance evaluation were chosen
based on the best results of surface hardness, which is a measure of amorphous
quality. The samples were prepared in epoxy mold as shown in Fig. 15 so the coating
surface is only exposed during the test. The sample was set as working electrode
(WE), Saturated Calomel Electrode (SCE) as reference electrode (RE) and platinum
strip as counter electrode (CE). The open circuit potential was kept for 40-60 min
until saturation attained. Then linear potential sweep was applied from —1.5to 1.5V
with scanning rate 10 mV/s. The corrosion potential and current were obtained by
Tafel extrapolation method.

2.3.3 Results
XRD Analysis

The obtained XRD patterns of the as received materials and samples are shown in
Figs. 16 and 17. The analysis of XRD analysis included the analysis of multiple
phases formed and the crystallinity content percentage. The crystallinity content
percentage was obtained using HighScore Plus [39]. The XRD patterns showed that
all samples exhibited amorphous structure — broad peak at 44° — with existence of
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Fig. 16 XRD pattern of Fe-based amorphous powder and ASTM F2229

crystalline metallic phases as Fe, Cr and ASTM F2229 besides intermetllic com-
pounds as iron boron (BgFe,3), chromium carbide (Cr,3Ce) and iron chromium
carbide. It is noticed in sample El, the phase iron nitride (FeN) appeared. All
recognized intermetallic compounds are featured as hard and stable compounds.

It is noticed that the crystallinity content percentage around 15 + 1%, so no
significant difference between the examined samples. However, sample E1 was
found to have the highest crystallinity content (18.11%). Form previous experiment,
it was shown that laser power has the most significant effect on the crystallinity
content. Also, the increase in scanning speed would enhance the amorphous struc-
ture in coating layer, but over-increase of scanning speed results in unsuccessful
coating.

The effect of laser power on the amorphous structure of coating layer can be
explained as the laser power represents the total energy transmitted to the sample per
unit time, which in turn determines the temperature of the melt pool. In the other
side, the scanning speed is a measure of the heating and cooling rate involved during
the laser cladding process. Hence, laser power and scanning speed has an interrela-
tion effect on the formed structure within coating layer.

The spot size is inversely proportional to the transmitted energy to the sample. In
laser cladding applications, increasing spot size would enhance the coverage effi-
ciency, but in the other side requires more power to compensate the decrease in the
energy transmitted. So, power density can describe the interrelation effect between
the laser power and spot size described in Eq. 1.
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Based on that, sample E1 and sample B1 have the same power density with
different scanning speed — 20 and 40 respectively. The XRD results revealed that
sample B1 exhibited lower crystallinity (15.71%) content and the recognized phases
are Fe, Cr and ASTM F2229 only, while sample El exhibited higher crystallinity
content (18.11%) and the recognized phases are iron-nitride (FeN), Cr,3Cg and iron
chromium carbide phases. From these findings, we can conclude that scanning speed
affect the crystalline phases formed, besides the crystallinity content.

It can be concluded that laser power, scanning speed and spot size have signif-
icant effect on the formed phases. In addition, the three parameters have interrelation
effect of the fromed phases in the Fe-based MG coating.

Microstructure Examination

Figure 18 shows the SEM image of the microstructure taken at the interface. As
shown, all the samples showed crystalline phases embedded in amorphous structure
appeared as plain grey surface. Equiaxed grains appeared in all samples which
represents the Cr and Fe phases recognized in XRD. In addition, nano-crystals are
recognized. However, in samples D1 and El, a dentritic structure becomes dominant
and clear which is referred to Cr,3C¢ and Fe-Cr-C. A columnar dendritic structure
usually is a result of higher cooling rate of multi-element compounds which is
present at the interface. It is noticed that the dentritic structure layer is decreasing
with the increasing scanning speed [40].

Figure 19 shows the SEM image of the microstructure taken at the coating layer.
The samples showed different microstructure from that obtained at the interface.
Beside the dendritic structure — coarse and equiaxed — bright square-shaped crystals
are existed. As mentioned before, the equiaxed grains appeared represent the soft
crystalline phases (Fe and Cr), while the coarse dendritic crystals appeared in sample
El correspond to Cr,3Cg and Fe-Cr-C. The bright square-shaped crystals phases are
corresponded to hard intermetallic compounds (BgFe,3, FeN) [41].

As revealed by SEM pictures, coarse dendritic crystals appeared in sample E1
which exhibited high crystallinity content (18.11%) — as shown in XRD. For
samples E2 and E3, the dendritic structure layer becomes smaller and amorphous
content increases as the scanning speed is increasing. The samples D1, D2 and D3
showed the same trend as samples E1, E2 and E3.

Although the power density and scanning speed of sample A2 and sample E1 are
the same, it is found that sample El exhibited higher crystallinity content. This
reveals the significance effect of the laser power.
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It is clear from the microstructure analysis that the laser power and scanning
speed affects significantly the types and the shape of formed structure. The multiple
phases formed in the samples exhibited different crystalline structure within the
interface or the coating layer.

Hardness Measurement

The hardness values in HVO. 1 of the surfaces are shown in Fig. 20. The hardness of
the coating exceeded 1300 HVO0.1 which is more than 5 times the hardness of the
substrate (the substrate hardness is 230 HVO0.1). The high value of hardness is
referred to the amorphous structure at the coating layer. However, the presence of
crystalline phase degrades the hardness depending on the formed phases. For
example, samples B1 and B2 exhibited formation of Cr and Fe phases, and the
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hardness value is dropped below 600 HVO0.1. While in samples D1 and E1, Cr,3C¢
and Fe-Cr-C was the dominant phases. So, the measured hardness was about
900 HVO.1. this can be understood as the carbides are harder than the pure metal
phases as Cr and Fe.

For more investigations, a profile hardness value along the cross-section for each
sample is revealed in Fig. 21. From the hardness measurement, four layers are found
along the cross-section; coating layer (CL), transition layer (TL), heat affected zone
(HAZ) and substrate. The CL is featured with high hardness above 1000 HVO.1
which indicates the amorphous structure existence. It is important to mention that all
samples exhibited mixed structure at CL which revealed in the microstructure
images. That explains why the hardness value is fluctuating in the CL.

The hardness value is dropped (below 800 HVO0.1) in the transition layer because
of the higher content of crystalline phases. In addition, hard phases — Cr,;C6,
BgFe,3, Cr-Fe-C, FeN — are found in CL, while Fe and Cr are found in the
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TL. Hence, the resulting hardness of the TL becomes lower than the hardness of the
CL. After the TL, HAZ layer — which is in the substrate — is found with hardness
value below 500 HVO.1. The HAZ layer depth are variant according to the laser
power density and the scanning speed.

It is noticed that both samples D1 and E1 exhibited almost equal hardness value at
the CL and the TL with noticeable fluctuation. This result conforms with the XRD
and microstructure investigations that showed higher crystallinity content. However,
CL and TL hardness still higher than the hardness of HAZ layer due to the formation
of hard compounds as well as the amorphous structure.

Electrochemical Corrosion Test

The Potentiodynamic polarization curves for the Cronidur 30 substrate and the
amorphous coatings are shown in Fig. 22. Furthermore, the values of corrosion
potential (E..;) and corrosion current (ic.,;) can be estimated from the Tafel slope
and are shown in Table 4.

The comparison of the polarization curves indicates that the Fe-based MG
coatings have a higher corrosion potential as compared to Cronidur 30. Furthermore,
they exhibit a significantly wider passive region. It is noted that samples A2 and D3
exhibited the highest open circuit potential while the sample E2 was the worst
compared to the coated samples.
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Fig. 21 Profile hardness measured at the cross-section of the fabricated samples

These results correspond to the evaluation of corrosion resistance of the tested
samples, i.e. sample A2 exhibited the best corrosion resistance and E2 exhibited the
poorest corrosion resistance while samples B3 and D3 lies in-between. From these
findings, it can be concluded that amorphous structure found in the Fe-based MG
coating affects directly the corrosion resistance level. The excellent corrosion resis-
tance of MGs is referred to the absence of the structure defects as grain boundaries
which are weak and corrode rapidly [42].

As all samples exhibited crystalline phases with different percentages, it is noted
that lower crystalline percentage showed better corrosion resistance. However, the
type of crystalline phases has a significant effect on the corrosion resistance. For
example, sample B3 has lower crystallinity content than sample A2, but sample B3
showed lower corrosion resistance. This can be understood from the XRD findings,
which showed that hard compounds — Cry3C¢ and Fe-Cr-C — were dominant in
sample A2 while soft phases — Fe and Cr — were dominant in sample B3 (Table 4).

2.3.4 Conclusion

A successful Fe-based MG layer was developed on stainless-steel substrate using
laser cladding technique. The fabricated samples were investigated using XRD,
SEM, Micro-hardness and electrochemical corrosion test. The samples showed
amorphous structure with different crystallinity content percentages.

The XRD analysis revealed the existence of various compounds as Cry3Ceg,
BgFe,s3, Fe-Cr-C besides pure Fe and Cr crystalline phases. Both the microstructure
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solution

Table 4 Corrosion potential Sample Eeorr (V) iore (MA/cm?)
and current for coated samples Cronidur30 ~0.186 73
and uncoated substrate

A2 —0.942 —6.8

B3 —0.462 —6

D3 —0.846 —6.3

E2 —0.407 -7.2

analysis and Micro-hardness measurements confirmed the results obtained from the
XRD analysis. The results showed that the amorphous structure as well as the multi-
phases recognized affect the corrosion resistance and the hardness. So, the crystal-
linity content percentage is not the only factor, but also the type of the crystalline
phases — hard or soft phases.

It is concluded that the laser power has the strongest effect on the properties of the
fabricated coating layer. Also, scanning speed has a significant effect on the crys-
tallinity content percentage. Increasing the scanning speed increases the cooling rate,
hence better amorphous structure.

From the hardness measurement and the electrochemical corrosion test results,
samples A2 (1500 W, 20 mm/s with spot size 4 x 4 mm) and D3 (4000 W, 40 mm/s
with spot size 4 x 6 mm) exhibited the highest hardness value and the best corrosion
resistance.
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