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Abstract

An Nd:YAG laser was used for surface alloying afiralnium AA1200. The alloying powder was a
mixture of Ni and SiC in different ratios. A stuay the microstructures obtained after alloying was
conducted using optical and scanning electron rmeampy. EDX and XRD were used for phase
identification. Analysis of the alloyed layer relesh the presence of A3, AINiz anda-Al-Si eutectic
phases. The SiC particles dissociated into Si anth€ dissociated C reacted with Al to form@y. The
addition of Ni resulted in the formation of thes®l phase. A hardness increase of approximatelynédi
that of aluminium AA1200 was achieved in the allbyayer.

Keywords. Laser surface alloying; Metal matrix compositegtmetallic compounds; Surface hardness;
AlLCs

1. Introduction

Aluminium is extensively used in industry due te ibw cost, light weight and excellent workability.
However its low wear resistance and hardness mniéirlg factors in many applications. Laser alloying
may be used to improve the aluminium surface ptasesuch as hardness by modifying the composition
and microstructure of the surface without affectihg bulk properties of the material [1,2,3]. This
process involves melting the substrate surfacergadting powder of the alloying material into theelt
pool. Process parameters such as laser power, §igairsize, laser scan speed and powder feed rate ha
to be controlled to achieve the desired surfaceqmtces [4].

The surface properties can be modified by addimgnehtal powders, thereby forming intermetallic
compounds. An intermetallic compound is a solidggheonsisting of two or more metallic elements in
definite proportions. The intermetallic compoundmerally have superior properties compared to the
base aluminium such as high hardness and highavehcorrosion resistance [2,4,5]. Hard particlehsu
as AkO,, SIiC, TiC and WC can also be injected into thdaser of a metal matrix to improve surface
properties [6-8]. In this way a surface metal matomposite (MMC) is formed. The MMC layer has
excellent hardness and wear resistance compatbd tmase alloy [9-13].

Su and Lei [9] laser cladded Al-12wt%Si with a p@wvdontaining SiC and Al-12wt%Si in a 3:1 volume
ratio. A CQ laser was used with 2-4kW laser power, 2-10mnsisriacanning speed and a 3mm diameter
laser beam. The aim of the study was to form aaserfMMC layer on the aluminium matrix. It was
reported that the laser melting of SiC particle®an aluminium substrate produces aluminium casbid
The presence of the &; phase in MMC is not desirable as it is brittle daydroscopic. The addition of
Al-12wt%Si was found to suppress or eliminate them@nium carbides in the MMC layer. A good
distribution of injected SiC particles was achievedr the surface. The microhardness of the coatirsy
between 220 and 280 HY.

Hu and Baker [10] formed MMC layers on aluminium @61 alloy surfaces by incorporating SiC
particles using a CPQlaser at different energy densities. Large surfassas of MMC layers were
produced by overlapping single laser tracks. Thektiess of the MMC layer was dependent on the laser
energy density. The microstructure and phasesedriayers were also strongly dependent on the energy



density. ALC; needles, AJSIiC, platelets and free Si phases were formed at ndramergy densities of
100-200MJ/M. The formation of AIC; needles in the MMC layer could be reduced by apglyiigh
energy densities ~560 MJmThe laser energy density is directly related e surface temperature
generated by the laser beam.

Anandkumar et al [14] conducted a detailed studyhefmicrostructure of the aluminium MMC layers
produced by a 2 kW Nd:YAG laser. The main procesparameter found to have a significant influence
on the microstructure and properties of the coatiag energy density. At low energy densities (~26
MJ/nf) the SiC particles were retained and dispersethéncoating. At high specific energies (~ 58
MJ/n¥) the SiC dissolved and reacted with the moltematium. Analysis of the microstructure revealed
small amounts of SiC dispersed near the surfaceakith phases such as,8IC and eutectic Al-Si. The
undesirable AIC; phase was completely suppressed.

Selvan et al. [16] laser alloyed aluminium AA110@hnelectrodeposited nickel using a £laser. The
alloying was performed with a beam diameter of losimg various scanning speeds and laser powers.
The aim of the study was to improve the surfac@mess of aluminium by forming Al-Ni intermetallic
phases in the alloyed layer. The intermetallic peadsrmed were ANi and AkNi,. The hardness of the
alloyed layers was in the range of 600-950,HV

The objective of the present work is to evaluateghssibility of strengthening the aluminium sueféxy
forming a composite surface layer reinforced by fi&@ticles as well asn situ generated Al-Ni
intermetallic phases. Aluminium AA1200 was seledtadthis study due to its low cost and light weigh
The aluminium AA1200 was laser alloyed with powdesstaining SiC and Ni in three different weight
ratios. The microstructure, phases and hardnetbedéser deposited thin layers were studied.

2. Experimental procedure

The laser surface alloying-particle injection wasried out using a high power Rofin Sinar Nd:YAG
laser. The process parameters used in the expdsrasngiven in Table 1. An off axis nozzle wasduse
for powder injection. Argon was used as the shigdgas to prevent oxidation during the alloying
process. The laser energy density was maintain@8@MJ/ni throughout the experiments. (The laser
energy density is calculated from: E (M3)m g/(rv) ,where q is the laser poweg,is the radius of the
laser beam and v is the laser scanning velocity).

The substrate material used in this study was aliwm AA1200 and its chemical composition is shown
in Table 2. The aluminium was cut into 100x100hmiates with a thickness of 6mm. The aluminium
plates were sand blasted and cleaned with acettoret@ alloying.

Table 1 Laser parameters used.

Shielding gas Argon
Shielding gas flow rate 4 L/min
Laser Power 4 kKW
Powder feed rate @/min
Laser beam diameter 4 mm
Laser scanning speed 10 mm/s
Energy density 200 MJ/m

Table 2 Chemical composition of aluminium AA1200.

Element Cu Si Fe Al

Composition (wt%) 0.12 0.13 0.59 Balance

The alloying powders used were pure Ni and SiC.s€hgowders were weighed separately and then
mixed in a vial. Weight ratios of 30wt%Ni + 70wt%Si 50wt%Ni + 50wt%SiC and 70wt%Ni +
30wt%SiC were selected. The powder particle mogdyland size distribution were analyzed using a
scanning electron microscope (SEM) and Malvern Btagter 2000 image analyzer. The phase
compositions of the powders were identified usirR)& Naytical X’ Pert Pro powder diffractometer.



Cross-sections of the alloyed layers were secti@ratipolished to ayin finish. The polished surfaces
were etched using Keller’'s reagent. The microstmgctand chemical composition of deposited layers
were studied using optical and scanning electronrascopy with energy dispersive x-ray (EDX)
analysis. X-ray diffraction (XRD) was used for idiéying the phases formed.

The hardness measurement of the specimens wasmpedamn polished cross sections using a Vickers
microhardness tester with a load of 100g. Hardnasdiles were constructed for each alloying
composition depicting the hardness from the allogedace down to a depth of approximately 5.3mm.
For the profiles the spacing between two conseeutiardness indents was 0@

3. Results and discussion

3.1 Materials characterization

Aluminium AA 1200 cross sections were sectioned potished to a dm finish. XRD analysis was
performed to determine the phases present. Figusteolvs the XRD results of an aluminium AA1200
specimen. Only Al peaks were observed proving thatsample was pure aluminium. The hardness of
aluminum AA1200 is 24.0 + 0.4 H\M.
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Fig. 1 XRD of Aluminum AA1200

The particle morphology of the Ni and SiC powdeeswnvestigated. The shape of the powder particles
affect the manner in which the particles flow dgriaser processing. Round particles flow bettentha
irregular particles. Figure 2 is an SEM microgragfhNi powder particles showing that the powder
particles are spherical and irregular. XRD resltSigure 3 show that the powders contain Ni only.
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Fig. 2 SEM micrograph of Ni powder particles
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Fig. 3 XRD of Ni powder

Figure 4 is a SEM micrograph of SiC powder particdhowing that the particles are irregular in shape
The particle size range was found to be wide. gdarariation in particle size implies that sometipkes
may dissolve (smaller particles) during laser psstogy and some will be retained (larger particl¥§D
results in Figure 5 show that the powders cont&hdaly.



Fig. 4 SEM micrograph of SiC powder particles
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Fig. 5 XRD of SiC powder

The particle size ranges observed from the sizeilalision curves are 7-200m for Ni and 14-80Qum

for SiC. Particle size distribution is importantsasall particles dissolve faster than larger plasic




3.2 Microstructure and composition of the alloyed materials

Figure 6 shows a typical optical micrograph of #ilwyed surface for the different ratios of powder
mixtures. The laser beam irradiates the powderighest and the aluminium substrate. The large
differences in the melting points of Ni (1485, SiC (2500C) and the Al alloy (58Z) allow the
aluminium substrate to be preferentially meltedthke present experiments, the laser energy deesitip
dissolution of the SiC particles with a few largerticles being retained after solidification. Thsstlved
SiC particles and the Ni diffused into the lasemegated molten aluminium through convective flow.

Fi. 6 A ty al mirogh of an Al surface aIone with and SiC showing the alloyed layer and the
heated zone

The alloyed layer is formed near the surface of dleyed material. It consists of a homogeneous
microstructure. All the Ni and most of the SiC p@wgbarticles dissolved in this region due to thghhi
temperatures achieved. The alloyed layer is contpboséew undissolved SiC particles, a dendriticMil-
intermetallic phase, an AT; phase and the-Al-Si eutectic phase. The heated zone formed belev
alloyed layer. As most of the powder particles aligsd and reacted in the alloyed layer, few pagticl
reached this region. This region was dominated Hey formation of then-Al-Si eutectic phase and
melting of the Al substrate. Few SiC particlessMiland AlL,C; intermetallic phases were observed in the
heated zone. The Mi and ALC; intermetallic phases were generally observedérbibundary region of
the heated zone and alloyed layer.

3.2.130wt% Ni and 70wt% SIC

The microstructure of the alloyed layer obtainedewla powder mixture of 30wt%Ni and 70wt%SiC was
used is shown in Figure 7. Figure 7(a) shows thilifferent phases identified as an un-dissolved SiC
particle, the Al-Ni dendritic structure and theAl-Si eutectic phase. In Figure 7(b), the neediaped
phase with different orientations was identifiedXi§D as ALCs. The ALC; phase was more dominant in
the alloyed layer compared to the Al-Ni dendritiape.



I | Mag= 100kX WD =12 mm EHT = 15.00 kW Signal A= RBSD

i BUtéctic

Mag= 120K X WD = 13 mm EHT = 15.00 kv Signal A = RBSD

Fig. 7 SEM micrographs of alloyed layer for powder comitag 30wt%Ni and 70wt%SiC showing (a)
undissolved SiC particle, Al-Ni dendritic structiaada-Al-Si eutectic phase (white) and (b) SiC particle,
a-Al-Si eutectic (white), AIC; needles and Al (grey)



The various phases obtained in this sample wemiftiel by EDX and XRD (shown in Figure 8). The
phases were identified as Al, SiCzMl and AlCa.
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Fig. 8 XRD of an aluminium surface alloyed with 30wt%MNida70wt%SiC

The microstructure of the heated zone is shown igurE 9. In this zone the microstructure is
predominantlyu-Al-Si eutectic. The SiC particles and,8k phase were also observed.
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Fig. 9 SEM micrograph of heated zone for powder mixtur8@wnt%Ni and 70wt%SiC showing SiC
particle, ALC; anda-Al-Si eutectic phase

3.2.2 50wt% Ni and 50wt% SiC

Figure 10 shows the microstructure of the layemied by depositing 50wt%Ni and 50wt%SiC in the
aluminium matrix. The intermetallic compound;MI, shown in Figure 10(a), was synthesiZeditu in

the alloyed layer. This phase has a coarse demdtiticture. In Figure 10(b), the microstructurethof
heated zone is shown. In this zone, the microsiractnainly comprises of AC; needles and-Al-Si
eutectic surrounded by the Al matrix. These phagese also observed in the surfaces alloyed with
30wt%Ni and 70wt%SiC. There is an approximatelyacqamount of AINi and AkC, phases in the
alloyed zone. The ANi phase content is higher in this alloy comparedltoying with 30wt%Ni and
70Wt%SiC. Figure 10(c) shows the aluminum matrixvimch thea-Al-Si eutectic, a few AIC, needles
and an undissolved SiC patrticle coexist in thedwabne. The bonding between the SiC particle ad t
matrix appears to be deficient.



RESD

EHT = 15.00 kW Signal A

= 13 mm

WO

1.00 KX

Mag

RESD

EHT = 15.00 kv Signal A

= 12 mm

WO

130 KX

Mag

10



Mag = 500 KX WD = 12 mm EHT =15.00 k¥ Signal & = RBSD |

Fig. 10 SEM micrographs of an aluminium surface alloyedhva 70wt%Ni and 30wt%SiC powder
showing (a) the alloyed layer with Mi, (b) and (c) show the microstructure of the bdatone

Figure 11 is the XRD pattern of the alloyed layeowing Al, SiC, AkNi and Al,C; phases. These phases
were also observed when alloying with 30wt%Ni afa@®6SiC.
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Fig. 11 XRD of an aluminium surface alloyed with 50wt%Nica50wt%SiC
3.2.370wt% Ni and 30wt% SIC

Figure 12 shows the microstructure of the layemied by depositing 70wt%Ni and 30wt%SiC in the
aluminium matrix. In the alloyed layer depictedHigure 12(a), the ANi, Al,C; anda-Al-Si eutectic
phases are present. Theil intermetallic phase was formed situ during alloying. This intermetallic
phase is more dominant in the alloyed layer contptoehe ALC; phase. Alloys with a lower Ni content
and a higher SiC content produced morgCAlphase than ANi phase. The microstructure in the heated
zone is shown in Figure 12(b). In this zone therostructure was predominately theAl-Si eutectic
surrounded by the Al matrix. Undissolved SiC p&Bcand the AIC; phase were also observed. These
phases were present in all three alloyed surfadesse results show that alloying with different plew
ratios of Ni and SiC under the selected processomglitions lead to the formation of similar phases
every alloy produced, albeit in varied proportiohke AkNi phase increased as the Ni content increased,
while the ALC; phase was dominant when the SiC content was high.
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Fig. 12 SEM micrographs of an aluminium surface alloyethvd 70wt% Ni and 30wt% SiC powder
showing the microstructures in (a) the alloyed zané (b) the heated zone
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The XRD results of the aluminium alloyed with 70wWi%@and 30wt%SiC is shown in Figure 13. The
phases identified are Al, SiC, Ali and ALC;. These phases were also found in the previousatieged
surfaces.

800
1=Al
700 - ! ! 2=Sic.
3= AI3N|
4 =Al,C
600 - s
= 500 - 1
<
2 400 - 1
(7))
c
@ 300 -
=
200 - 1
100 -
2
JWJ m W A ww
0 N T T hutptsh T T
30 40 50 60 70 80
2 Theta (degrees)

Fig. 13 XRD of an aluminium surface alloyed with 70wt%Nica30wt%SiC

The alloyed layers for all three alloys were dortédaby the formation of ANi and ALC; intermetallic
phases. Thei-Al-Si eutectic phase was formed between the ing¢aftic phases. As the Ni content
increased and the SiC content decreased, maidi Ahase was formed compared to thegQlphase.
Fewer SiC particles were available to dissociatd raact with Al to form the AC; phase when the SiC
content decreased and more Ni was available ta reitic Al and form the ANi phase when the Ni
content increased. The heated zone was dominatebebfprmation of thex-Al-Si eutectic phase. The
Al3Ni and ALC; intermetallic phases were formed in the interfeegion close to the alloyed layer. This
region was between 0.7mm and 1.2mm from the sudatiee alloyed layer. Deeper than 1.2mm, dhe
Al-Si eutectic phase, few intermetallic phases & SiC particles were observed in the alloyed
materials. Few undissloved SiC particles were fourtie alloyed layer and the heated zone.

3.3 Hardness

The hardness profiles for the three alloyed sudage shown in Figure 14. Laser alloying with aexix
Ni and SiC powder resulted in an increase in hassliod the alloyed zone to approximately 4 time$ tha
of the aluminium alloy substrate. For the heateakezdhe increase in hardness was approximatemesti
that of the aluminium alloy substrate. The highdmass of the alloyed layers is attributed to the
formation of intermetallic phases (&l; and AENi) during alloying. In the heated zone, the forimatof

the a-Al-Si eutectic resulted in the increase in hardnd=w A}C; and AkNi phases formed in this
region compared to the alloyed layer.

14



—=— 30Wt%Ni + 70wWt%SIC  ---e--- 50wt%Ni + 50wt%SIC  --a—- 70wt%Ni + 30wt%SiC

140 T

=
N
o
L
>
?
»

'

@
o
.

o2}
o
.

N
o

Vickers Hardness HV o.1

N
o
.

0 1000 2000 3000 4000 5000 6000
Position (um)

Fig. 14 Comparison of hardness profiles. (a) is the atioigyer, (b) is the interface between the alloyed
layer and the heated zone, (c) is the heated Zdhés the interface between the heated zone amdlth
substrate and (e) is the Al substrate

The hardness results for the alloyed layers arengin Table 3. Increasing the Ni content and desinga
the SiC content did not have a significant impacthe hardness values.

Table 3 Hardness of the alloyed and heated zones.

Alloyed zone| Heated zone

Powder Composition
P (HVo.) (HVo2)

30wt%Ni + 70wt%SiC 104.8 +5.2 48.1 £ 8.2

50wt%Ni + 50wt%SiC 101.2+6.3 46.8 £ 3.3

70wWt%Ni + 30wt%SiC 120.7 £ 9.8 54.2+4.1

4. Conclusions

Laser alloying aluminium AA1200 with a powder cdntag Ni and SiC results in an increase in surface
hardness. Two zones were observed in the alloyembstiucture. The alloyed zone formed at the sarfac
and was dominated by the formation of,@J and AkNi phases. The heated zone formed between the
alloyed zone and the aluminium substrate and wasirdded by the formation of amAl-Si eutectic
phase. Few undissolved SiC particles were obsédrvbdth zones. The hardness of the alloyed zone was
higher than the hardness of the heated zone dtiee tdifferences in the phase proportions achiedsd.
the Ni content increased and the SiC content desetgamore ANi formed compared to ACs. A
hardness increase of approximately 4 times in tleyedd zone and 2 times in the heated zone was
achieved after laser alloying with Ni and SiC povede
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