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 On The Laser Beam Material Interaction‏
Of Copper‑Substrate Coated With Fe-Si

Abstract
Copper substrate specimens were coated by Fe-Si using thermal 

evaporation to three different thicknesses, then subjected to laser treatment 
by CW CO2-laser (720 watt 0.05 cm beam diameter and 200 cm/sec beam 
speed) under vacuum (≈ 10-3 mm Hg) in an attempt to perform local alloying 
in a surface network of four tracks (each two are parallel and perpendicular to 
the other two). The visual and microscopic inspection revealed that intensive 
re-evaporation of the coating material has taken place, because of the high 
power density applied and the use of deep vacuum. The hardening of the 
surface and other features of the laser fused tracks observed and studied. The 
morphological features of the surface affected layers and their microhardness 
have been studied on oblique sections through the laser fused tracks. Intensive 
mass transfer has been observed. The hardness of central part of tracks (region 
of maximum power density) was raised, while the hardness of surrounding 
portions was lowered. The bottom of the laser fused tracks showed a number of 
spherical large voids causing a drastic decrease in hardness. The middle parts 
of the tracks showed columnar structure and relatively high hardness. The 
wear characteristics of the investigated laser treated specimens (determined 
by the pin on disc principles) confirmed the results of morphological and 
microhardness studies.
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INTRODUCTION
Concentrated energy fluxes (CEF) such as Light Amplification 

by Stimulated Emission Radiation (LASER) is finding ever increasing 
applications in engineering [1]. Laser was invented in 1960 and it was called 
optical MASER (Microwave Amplification by Stimulated Emission of 
Radiation). The word laser has been known since 1965 [2]. The use of the laser 
beam offers the possibility of a relatively simple automation and programming 
of a wide variety of industrial processes. In the first few years of discovering 
the laser, its applications were restricted to researches which required a low 
energy. The last few years had seen a great progress in the field of material 
processing with laser operations. The problem of metal welding [3], melting, 
alloying [4,5], splat cooling, amorphization [6], surface hardening [1,7] 
and microdrilling by means of laser beam are only examples. Laser surface 
alloying is one method to modify the surface property of a material without 
affecting its bulk property. As the laser falls on a target surface, part of the 
energy is reflected and part is absorbed in a thin surface layer, the absorbed 
energy begins to heat the surface causing it to melt or evaporate depending 
on the process condition. After a certain time of interaction (dwell time) the 
energy flux creates a local heat source definitely distributed in time and space 
at individual points on the surface or in the bulk of the material [6]. The main 
advantage of laser is its ability to deliver a very high density of energy on a 
target surface. Nowadays materials with special surface properties such as 
high corrosion resistance, high wear resistance and enhanced hardness are 
highly demanded for advanced applications. 

The enhancement of laser treatment on wear resistance and mechanical 
properties of aluminum alloy was studied [8]. The results showed that wear 
rate was decreased and hardness was increased after leaser treatment. Defect 
free aluminum alloy with improved microstructure and enhanced mechanical 
properties was achieved by alloying commercial aluminum with copper 
powder using CO2 laser [9].

The laser alloying can be used to increase the corrosion resistance 
by introducing a protective film on the surface called glazing [6,4]. There 
are many ways to introduce surface alloying on the material surface [1,4,7]. 
These include spreading a powder containing the required alloying elements 
on the surface of the material, and then the surface is laser treated.

Laser beam offers the opportunity to change the surface properties of 
materials in any planed way [10,11,12]. However, the strength achieved will 
be on the expense of the ductility. One way of increasing the surface hardness 
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of copper keeping a ductile bulk is by laser alloying of the surface by alloying 
elements which are liable to be highly super cooled and have a tendency for 
glass formation.

The aim of this research work is to investigate the change in the 
surface and near surface properties (hardness and wear resistance) of the 
copper substrates when coated by thin Fe-Si layer of controlled thickness and 
then to laser treatment as a trial to end up with surface alloying between the 
copper and the coating elements in a surface network form.

EXPERIMENTAL PROCEDURE
The material used in this investigation as a base substrate metal was 

electrolytically pure copper supplied in the form of cylindrical rods of 70 
mm in diameter. Eighteen samples (10x10x5 mm) have been cut from this 
rod by means of a “discotom2” cut-off machine. The specimens were then 
further grinded using Sic abrasive paper on increasing grits, 80, 180, 220, 
320, 500 and 1000. Some specimens were further polished using normal and 
fine alumina past. The row material which has been used to be deposited 
on the copper substrate surface was ferrosilicon containing 70 % of silicon 
normally used as a deoxidizer in steel making.
	 The deposition of the Fe-Si on the copper substrate was performed by 
thermal evaporation in high vacuum chamber (≈ 10-5 mmHg) using Edwards 
E306A vacuum coating unit. Before performing the coating of the specimens 
which should be further laser treated, three specimens with different surface 
treatment were coated to select the treatment which guarantees the best 
adhesion between the evaporated material and the specimen surface. This has 
showed that the best adhesion is achieved in specimens grinded to grit 1000 
with out further polishing. The substrate specimens were divided into three 
groups. Each contains six specimens. The first group consist those specimens 
which were exposed to Fe-Si vapor until the monitor frequency is 185 Hz. 
The second group was exposed to Fe-Si vapor up to monitor frequency of 370 
Hz. The last group was left exposed until monitor frequency is 750 Hz. This 
was done to get different coating thickness.

Laser beam treatment was performed at Braunschveig University in 
Germany using 720 watt continuous action CO2 leaser beam. The traveling 
speed of the laser beam was selected to be 120 cm/sec so as the heat input 
is just enough to melt Fe-Si coating layer with a shallow underlying copper 
layer to form a surface alloy network on the copper substrate. The speed was 
taken a little bit higher than required to allow higher cooling rate to create 
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more non-equilibrium conditions required for amorphization. All specimens 
were subjected to the same conditions of laser treatment. Laser treatment was 
performed under vacuum. The pressure in the treatment chamber was kept 
constant at 10-3 mmHg. A surface network of four tracks was produced; each 
two tracks are parallel to each other and perpendicular to the other two tracks. 
The surface width of each track was 0.5 mm and the distance between parallel 
tracks was 3 mm.
Measurements were done on oblique sections (see Figure (1)). The real distance from 
the bottom of the tracks was calculated by the formula; t=Tsin (tan-1(d/D)) where;
	 t- The real distance from the bottom of the track (μ m)
	 T- The apparent distance from the track bottom measured on the 
oblique section (μ m)
	 d- The diameter of the wire used for mounting (mm)
	 D- The distance of the wire axis from the specimen edge (mm)

(a) Mounting material	              (b) Specimen	  (c) Supporting wire
Figure 1: Oblique mounting of the specimens.

 The morphology of the phases of microstructural features of the laser 
treated surfaces was studied using optical microscope. The features of the 
remelted tracks were studied on oblique sections (6.5o). This was made by 
inserting an aluminum wire (1 mm in diameter) below the edge of the specimen 
during cold mounting. The mounted specimens were then conventionally 
grinded using Sic abrasive paper of subsequent grits 220, 320, 500 and 1000 
followed by fine alumina past polishing and etching in Alcoholic Ferric 
Chloride solution (5 grs FeCl3, 1cm3 HCl, 95 ml Ethanol).

	 The hardness across the remelted tracks in the bulk of the laser treated 
material was studied by means of Knob hardness using Zwick hardness tester 
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type 3112 with load of 30 grs.
 The change in wear characteristics of specimen’s surfaces after being 

subjected to laser treatment has been studied by means of a pin on disk machine. 
This machine used to perform the wear test consist of: (i) Motor to rotate a 
steel disc at rotating speed of 30 rpm (ii) The steel disc (30 cm in diameter) in 
contact to the specimen surface to accomplish the wear process (iii) Specimen 
holder (iv) Fan for cooling the system and removing the wear debris (vi) Load 
to press the specimen to the steel disc. A total of 2500 m of sliding distance 
was enough to remove the laser molten tracks from the specimens’ surfaces. 
This distance was divided into 10 passes each of 250 m which was passed in 15 
minutes. Loss in weight of standardized specimens of identical size has been 
accepted as a criterion of wear rate. The specimen was weighted before and 
after each pass.  The disk was rubbed by a Sic abrasive paper of 500 girt after 
each pass and left to cool before starting a new pass. After ten passes (total 
sliding distance of 2500 m) the whole laser treated layer has been removed. 

RESULTS AND DISCUSSION
  The visual inspection of laser treated specimens showed four laser fused 

tracks of different colors. The first track was red in color (reddish copper 
color), the second was yellow, the third was green and the fourth was blue. All 
specimens showed the same colors of four tracks. However, the background of 
the specimens was different for different thicknesses of deposited ferrosilicon. 
The background of the specimens coated with the smallest thickness of 
ferrosilicon was light-grey; color of intermediate thickness was dark‑grey 
and of the greatest thickness was dark-blue. The differences in color of the 
background are obviously due to differences in the refraction index caused by 
the differences in the thickness of the deposited layers.

Places of interaction of different tracks are shown in Figure (2). Each 
track represents successive positions of the solidification front in the form 
of circular arcs. In all specimens it was found that yellow and red tracks 
are parallel to each other and passes above the green and blue tracks; this 
observation means that red and yellow tracks were the last to be laser fused 
while the green and the blue were first to be laser fused. The reddish track 
resembles the copper substrate color. It is reasonable to think of these color 
differences to be due to the re-evaporation of thermally deposited ferrosilicon 
during the laser treatment. During the fusion of the first track the laser beam 
strikes the specimen surface layer. The impact of the beam may cause some 
fragmentation of the coating layer with subsequent possibility to be stuck 



75

On The Laser Beam Material InteractionSi‏

to the metal surface in other places, as in Figures (3). It also may cause some 
mechanical re-evaporation of atoms from the surface coat with their subsequent 
deposition on the surface at other places. When the laser energy is transformed 
into heat some thermal evaporation of the surface coating layers may also take 
place. These three phenomena cause the removal of the majority of the deposited 
layer from the substrate. When the second track is fused it passes the same 
processes and the majority of the ferrosilicon redeposit in other places leaving 
the places of the second track with the coat almost removed. In such a way the 
first track is subjected to deposition during the subsequent fusion of the following 
three tracks. Hence it accepts the thickest layer become blue. The second track 
receives deposition only during the fusion of tracks three and four it becomes 
green. The third track receives deposition from one track only and becomes 
yellow. The last track to be fused losses the majority of its coat and receives 
nothing, it therefore becomes copper-reddish. From the above discussion it 
becomes clear that thermal evaporation technique is not very suitable technique 
for coating by thin layers for laser surface alloying. Since the deposited atoms 
do not penetrate into the surface of the substrate. Also, Figure (3) shows an 
example of some fragmented parts of the coat deposited on the fused tracks. 
They are very thin and represent topography of the surface (the grinding marks). 
Figure (4) represents two grains growing parallel to each other on the track 
surface. Each grain consists of a number of sub-grains slightly different in both 
thicknesses and orientation. In all cases the grain boundaries or sub-boundaries 
are perpendicular to solidification front. This was explained by the fact that 
rapid passage of laser beam on the specimen surface cause rapid solidification 
which allows nuclei favorably oriented for crystal growth to grow. Other nuclei 
will have no chance to grow. Since nuclei with almost the same orientation will 
grow together then sub-grain boundaries will be a frequent event.

Figure 2: Interaction of two tracks (intermediate thickness sample), 50X
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Figure 3: Fragmentation of the coating layer which stuck to the metal surface during 
the impact of laser on the metal (small thickness sample), 500X

Figure 4: Two grains growing parallel to each other on the track surface (small 
thickness sample), 500X

Figure 5: Voids in the surface of fused track (intermediate thickness sample), 500X

	 The surfaces of fused tracks were characterized by small micro-voids 
and larger voids, Figures (4), (5). The micro-voids shown in Figure (4) are a 
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frequent event; they were formed by surface evaporation of the surface layers 
or by gas evolution as a result of melting and evaporation during the track 
fusion. Some of the bubbles are of diameter of 30-50 μm. At the entrance 
of each track a special formation of thin ribbons randomly mixed with each 
other were observed, Figure (6). They may be formed at the moment of 
impact of the laser beam with the specimen edge and they stuck into the 
solidifying track. Surrounding each track there was a ribbon of heat affected 
zones. These zones are hot enough during the track fusion that they receive 
deposited layers and accept the color of the included tracks, Figure (7), (2). In 
some of heat affected zones occasional fragmentation of the deposited layer 
take place and parts of the layers were removed.

Microstructure of the laser fused tracks
  A general cross section view of the laser fused track with the surrounding 
heat affected zone and laser unaffected base metal is shown in Figure (7). The 
following observations can be withdrawn from this figure;
	 The track top is projecting above the surrounding surface of the heat 
affected zone, which in turn is located at a level lower than the laser unaffected 
surface (base metal). This morphological feature is in good agreement with the 
theoretical model developed by Tribelskiy [13], for the following assumption: 
vaporization occurs in vacuum, power density is fairly low so that the process 
of heat transfer plays the mean part in forming the temperature field and 
the heat loss by evaporation is negligible. These assumptions are generally 
fulfilled in the given case. Under the stated assumptions the deformation of 
the free surface of melt sharply grows near the beam axis with an increase 
in the laser power density. The morphology given in Figure (8) indicates 
large surface deformation of the molten metal due to the reactive vapor 
pressure caused by partial evaporation from the surface. In our case surface 
evaporation is more or less intensive because the coating layers produced by 
vacuum thermal deposition, are weakly bonded to the substrate surface. This 
observation explains the re‑evaporation phenomena associated with the laser 
treatment mentioned in previous sections.
The microstructure inside the laser fused tracks is one of as cast structure. 
The grains are irregular and finer than the surrounding grains which show 
frequent annealing twins. The laser fused track is outlined by demarcation 
line which is the trace of a thin layer separating the track from the base metal. 
This thin layer is a result of complicated heat transfer conditions caused by 
the creation of the heat source and advance of the temperature front inside the 
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metal leading to progressive melting and partial evaporation at the solid liquid 
interface. When the heat intensity at the solid liquid interface falls down below 
the critical power density the interface stop advancing and chilling effect is 
produced in the thin liquid layer adjacent to the interface. The hardness value 
in this very thin layer was found to be higher than in the adjacent layers. 
Starting from this very thin chilled layer, columnar growth of favorably 
oriented nuclei originates perpendicular to the interface (i.e. parallel to the 
direction of heat transfer). The track top is the last part to solidify causing 
the formation of some shrinkage cavities, which have been observed at the 
molten track surface in the form of voids. At the demarcation line of the solid 
liquid interface some small voids form due to partial evaporation, while the 
solidification front is advancing into the bulk and the solid liquid interface 
stopped advancing. The vapor bubbles can not agglomerate and their size 
remains small.

Figure 6: Thin ribbons randomly mixed with each other (intermediate thickness 
sample), 500X

Figure 7: Laser fused track and heat affected zone (intermediate thickness sample), 
200X
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Figure 8: Directional solidification (small thickness sample), 2000X

Figure 9: Void formation at the bottom of the laser fused track (intermediate thickness 
sample), 1000X

However, at the bottom of the track where the solidification takes place later 
and where there is some time for bubbles to agglomerate and to move upward 
large voids are liable to form. The bottom of all tracks was characterized by a 
large amount of large voids, Figure (9).
	 Microhardness along the depth of laser fused tracks

The Knop microhardness values measured along two different tracks 
are represented graphically in Figures (10), (11), (12) for different coating 
thicknesses.

On the same figures are superimposed a microhardness ribbon representing 
the range of hardness change of base metal in the considered specimens. All 
the figures show the same pattern but with some quantitative differences. At the 
track bottom the microhardness value is considerably lower than in the base 
metal. The hardness gradually increases with the distance from the bottom of the 
track exceeding that of the well annealed base metal, reaching peak value, then 
decreases to the value of the base metal and remains approximately constant for 
some distance. The hardness then increases to a second maximum followed by a 
decrease to a value typical of that of the base metal before a final slight increase 
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on approaching a metal surface. The microhardness changes with the distance 
from the fused track bottom can be interpreted as follows; when the laser beam 
strikes the metal surface the light quanta give their energy to the surface metal 
atoms causing the outer most atoms to evaporate (effecting reactive pressure on 
the surface). In the underlying layers a point (or approximately point) heat source 
is created and heat propagates inside the substrate metal. Since the speed of 
traveling of the laser beam on the metal surface is high enough (200 cm/sec) the 
direction of heat transfer will be inward only [14]. When the temperature of the 
metal reaches the melting point and the heat source power density is above the 
critical power density the metal starts to melt. The solid liquid interface advances 
slightly lateral wise but mainly downwards into the metal substrate perpendicular 
to the metal surface. The power falls down rapidly in the lateral direction and the 
solid liquid interface stops. The point heat source censes to exist as soon as the 
laser beam moves away from the considered point. Solidification starts from the 
side solid liquid interface inward perpendicular to the interface and downward 
to the direction in which heat is accumulated columnar inward bent, crystals are 
thus affected, Figure (8). The solidification front moves from this part upward 
to the metal surface causing relatively larger cast grains ending at the surface 
ripples with occasional shrinkage cavities. Liquid metal at the bottom of the 
laser fused tracks is the last portion to solidify. The vapor bubbles formed at the 
bottom have no way to escape out of the track and hence are trapped in this zone 
which is characterized by irregular equiaxed grains.

Figure 10: Microhardness traverse along the molten track depth. Specimen coated by 
Fe‑Si to the smallest thickness before laser treatment
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Figure 11: Microhardness traverse along the molten track depth. Specimen coated by
 Fe‑Si to the intermediate thickness before laser treatment

Figure 12: Microhardness traverse along the molten track depth. Specimen coated by 
Fe‑Si to the largest thickness before laser treatment
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Figure 13:  Ripples at the solidified surface molten metal pool (some grain boundaries 
are observed) (small thickness sample) (500X)

The low hardness values at the bottom of the tracks are the result of void 
formed at the places of vapor bubbles. The subsequent increase in hardness 
with distance from the bottom of the tracks seems to be due to the solidification 
of these portions under slightly elevated pressures caused by the vapor phase 
in the lower zones. The hardness increase at the surface seems to be caused 
either by some alloying by convection currents in the molten pool or by 
deformation of the melt (during solidification) by the reactive vapor pressure. 
The hydrodynamic effects and the thermocapillary connected with the 
melting and solidification of the metal surface are thus the main phenomena 
behind the observed hardness changes. They are also behind the ripples, 
Figure (13), formed on the free surface of the laser fused tracks [15]. Taking 
into consideration the above assumed sequence of melting and solidification 
events (supported by morphological features) the microhardness traverses 
become understandable.
Wear characteristics of laser treated specimens           

 The weight loss of laser treated specimens was determined after each step 
of 250 m sliding distance. The weight loss after each step is plotted as a 
function of the accumulative sliding distance in Figures (14), for different 
coating thicknesses, in the form of an average wear rate for each step. All 
specimens show almost identical wear patterns. In the first kilometer of 
the sliding distance the average wear rate seems to decrease slightly with 
increasing the sliding distance. However, with further increase in the sliding 
distance the wear rate abruptly increases (6-7 times) passes through one or 
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two maxima before returning to the steady state value (close to the wear rate 
in the first portions of the sliding distance). 

The change in the wear rate characteristics of the laser treated specimens 
is consistent with the morphological changes taking place during melting and 
solidification of laser fused tracks and with microhardness traverses discussed 
earlier.

Although, the hardness of the surface layers is above that of the base 
metal the wear rate during the first portion of the sliding distance is slightly 
above that of the subsequent portions. This could be explained by the fact that 
during the first portion the contact area between the specimen and the disc is 
smaller that during the subsequent portions. That is because the deformation 
taking place in the surface of molten pool makes the central part of the track 
projecting outward, while the surrounding part contracted inward, see Figure 
7. With increasing sliding distance the wear rate decreases due to an increase 
in the contact area and due to the elimination of the surface roughness. Further 
increase in the sliding distance introduces the track bottom parts into contact 
with the counter disc. These parts are characterized by low hardness and high 
porosity and hence by high wear rates. At the end of this stage where the 
laser treated layer has been completely worn off the wear rate comes to a 
steady state value which is observed to be almost the same for all specimens 
representing the wear rate of the substrate material.

(A) Smallest thickness of Fe-Si coating
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(B) Intermediate thickness of Fe-Si coating

(C) Largest thickness of Fe-Si coating
Figure 14: Loss in weight in 250 m sliding distance as a function of the sliding 

distance.
CONCLUSIONS
● Mass transfer phenomena have been observed at the surface of laser fused 

tracks. The center of the track is raised while the sides are lowered. This 
effect is attributed to the hydrodynamic effects on the molten pool.
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● Microhardness traverses along the track depth showed an appreciable 
decrease at the track bottom due to void formation. A marked increase in 
hardness at the middle of the track due to deformation by vapor pressure 
from the track bottom. Relative increases in hardness on approaching 
the track surface caused by both melt deformation and alloying.

● Wear characteristics of laser treated specimens revealed better wear 
resistance in the middle part of the tracks. The wear resistance decreases 
towards both the surface (due to mass transfer) and towards the bottom 
of the track (due to intensive void formation).
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