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In this work we report about the characteristics of nanosecond laser ablation, in atmospheric air, of bulk Al, 
Bronze, and Cu. Average per pulse laser ablation rate and its dependence on ablation depth is presented for 
these three metals. We will demonstrate and discuss some distinctive features of the ablation saturation effect 
of the above metals.  We will also present results on laser-induced oxidation of the metals which results off the 
ablation event. We studied the laser-induced oxidation effect through energy-dispersive X-ray spectroscopy 
(EDS or EDX). The EDS results presented here show that the laser irradiated metals oxidize during the 
ablation process; the metals oxidize to different degrees showing a strong dependence on the net delivered 
laser fluence. 
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1. Introduction 
 

The laser processing of different kinds of materials is one 
of the more active research fields around the world. Laser 
processing of materials offers interesting advantages of 
fabrication and material transformation over conventional 
techniques, especially in the materials micro-processing 
area [1-3]. A wide selection of materials that can be laser-
processed includes from dielectrics [4] to metals [5], 
ceramics [6] to polymers, [7] semiconductors [8], and 
biological tissue [9]. Some laser-induced material 
transformations include: refractive index change in 
transparent materials [10]; oxidation and phase transitions 
in metals [11]; drilling and surface shaping in metals and 
ceramics [12]; photo-chemical reactions in polymers [13]; 
and tissue ablation [14]. 

Laser ablation can be used to drill tiny holes and channels 
in metallic plates, which makes this laser technique 
attractive for fabricating micro-structures for technological 
applications. However, it is difficult to drill holes with a 
large aspect ratio. It has been observed that the ablation rate 
in metals decreases significantly as a function of hole 
depth, and also it has been noted that oxidation plays a key 
limiting role during the ablation of deep holes [15]. 

One of the most commonly observed laser-induced effects 
in metals is its oxidation. Laser-induced local oxidation has 
been well studied in metal films for technological 
applications; an illustrative example of such studies is 

reported for Chromium films grown on stainless steel using 
Nd:YAG laser irradiation [16], where the authors show, 
experimentally, the growth of a Cr2O3 film on the stainless 
steel surface after laser irradiation. Gently laser-induced 
oxidation, phase-changes and sub-micron structuring of 
tungsten films has also been demonstrated using Nd:YAG 
short pulses [17]. These structural transformations 
generally involve modifications in compositional, optical 
and electrical properties. 

Some technological applications require the fabrication of 
challenging and demanding micro-structured patterns 
fabricated in metals and other materials [1-3]. Laser-
processing techniques have proved to be quite successful 
for this task. In this paper we aim to show some relevant 
characteristics of the laser ablation process of industrial 
commonly used metal plates of Aluminium, Copper, and 
Bronze. We will present experimental results on laser 
ablation rates for these metals and its dependence on 
channel depth, showing how this dependence leads to an 
ablation saturation effect; results on laser-induced oxidation 
for the above metal plates will also be presented. We will 
show and discuss the dependence of both the ablation and 
the oxidation effects on the laser irradiation parameters. 
 
2. Experimental 

 
Figure 1 shows the experimental set-up that we utilized to 

carry out the laser irradiation of the metal samples. We  



Superficies y Vacío 20(3),1-5, septiembre de 2007 ©Sociedad Mexicana de Ciencia y Tecnología de Superficies y Materiales
 

2 
 

 
 
Figure 1. Experimental set up. The main components of the computer 
controlled laser micromachining station are: laser source, micromachining 
(focusing) lens, x-y-z stage, energy monitor (photodiode) and CCD for 
ETP. 
 

  
 
Figure 2. Top (left) and side (right) views of laser ablated straight channels 
in an Al plate. Each channel is ablated to a different depth using a fix value 
of both the per pulse laser fluence and the scan speed (i. e. we use a constant 
net fluence). Deeper channels are ablated by scanning the sample multiple 
times along the same location while displacing the sample upwards (the 
laser beam is incident from above) after completion of every round trip 
scan. 
 

  
 

Figure 3. Swirl patterns recorded on bronze at a fixed per pulse fluence (Fp) 
of ~ 30 times the ablation threshold fluence (Fp

th = 10.3 J/cm2) [18]. The net 
fluence at each segment of the swirl is given by the scan speed, the size of 
the laser beam waist and the pulse delivery rate. 
 
used hand-polished commercially available 0.5 mm thick 
metal plates of Al, Bronze, and Cu as targets. Energy-
dispersive X-ray spectroscopy (EDS or EDX) analysis of a 
non-irradiated zone on the metal plates provided us with the 
initial surface chemical composition of the metal targets, 
for all three materials. The laser source in our experimental 
set up is a Continuum (Minilite II) frequency doubled 
(532nm) Nd:YAG laser, with pulses of ~ 9 ns (FWHM) 
time duration and a repetition rate of 10 Hz. We used an 8 

mm focal length (NA=0.5) aspheric lens to focus the beam 
on target. The laser beam had a diameter of 5 mm (FWHM) 
at the lens location. The beam waist (6.5 μm measured 
where the intensity falls to e-2 of the axial value) of the 
focused laser beam was experimentally determined using a 
2-D CCD array in combination with an equivalent target 
plane image system (ETP) as described by Maisterrena-
Epstein in [18]. The ETP is a technique that uses the back-
reflected portion of the laser beam, together with the 
microprocessing and the ETP lenses in figure 1, to image 
the target plane onto a 2-D CCD array. The on target 
focused beam is both imaged and magnified; the 
magnification factor is given by the 50 cm focal length to 
the 8 mm focal length ratio of the pair of lenses. Once 
captured the laser beam waist image can be digitally 
processed to accurately measure its shape and size.  

The laser processing of the metal plates is carried out in 
the micromachining station shown above in the schematic 
of the experimental set-up. The metal samples are 
conveniently mounted on an x-y-z stage. The x-y stages are 
both computer controlled (step motor) linear stages 
(Newport UT100-150-0.1 μm). The z stage is a micrometer 
linear stage with a 5 μm resolution and it is manually 
driven. A calibrated (DET210 Thorlabs) photodiode is used 
to monitor the per pulse energy delivered on target, and a 
CCD is used to monitor (through the ETP) the plate surface 
during the whole experiment. 

The laser exposure of the metal plates was performed by 
scanning the samples with the laser beam in the form of 
either a pattern of straight segments (Figure 2) or a pattern 
of swirls (Figure 3). In both cases, for a given per pulse 
laser fluence, any given spot on the sample would be 
irradiated at a well defined net (or integrated) fluence, 
which will be determined by the scanning speed. For the 
case of the swirl pattern, we set a fix per pulse laser fluence 
and choose a varying speed, which increased from segment 
to segment; this allowed us to have a single per pulse 
fluence for the whole swirl, while having ten different net 
fluences on a single experimental run. 

For the straight segments pattern, the scan speed was set 
to 10 μm/s during the whole exposure, and the fluence per 
pulse delivered to target was varied from segment to 
segment if it was required so. For the swirl patterns, the 
fluence per pulse was set to a fix value for a single swirl 
until completion, but it was varied from swirl to swirl if 
required; the scan speed for a given swirl was varied in 
steps of 2 μm/s from segment to segment. The swirl pattern 
starts to form at the inner segment, at a scan speed of 2 
μm/s, and it completes at the outer segment at a scan speed 
of 20 μm/s. Given the scan speed, the size of the beam 
waist and the pulse delivery rate, a total number of pulses 
between 30 and 3 were delivered at a given spot within the 
swirl segments. 
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Figure 4. Per pulse (average) ablation rate in Al, Bronze, and Cu as a 
function of ablation channel depth, for three per pulse fluences normalized 
to the per pulse ablation threshold fluence of each material (Al: Fp

th = 10.4 
J/cm2; Bronze: Fp

th = 10.3 J/cm2; Cu: Fp
th = 11 J/cm2) as reported in [18]. 

 

 

 

 

3. Results and discussion 
 
3.1. Ablation rate of Al, Bronze, and Cu  

Ablation rate experiments to study the ablation of deep 
channels were carried out in all three of the above metals. 
We designed the experiments such that we could form 
straight line pattern of ablation channels at the very edge of 
a plate as it is shown in Figure 2a. A series of five channels 
were ablated running multiple straight line (round trip) 
scans at a fresh site each time. For every single fresh site 
we ran first a surface scan followed by a number of deeper 
scans, where the laser beam waist was re-positioned, for 
each round trip scan, deeper into the plate by a distance of 
20 μm, it is two and a half times the Rayleigh range 
distance ZR = 8 μm. The deepest position of the beam waist 
into the plate with respect to its surface was at ~ 10 ZR. 

Figure 4 shows a plot of the (average) per pulse ablation 
rate as a function of the ablation depth, for three different 
fluences per pulse (normalized to the per pulse threshold 
fluence for ablation of the corresponding material). It can 
be clearly seen from these results for the three metals how 
the ablation rate consistently decreases as a function of the 
ablation depth. There are several features to be noticed, for 
instance, the ablation rate in all cases drops ~ 50% at the 
deepest location in the channels, in comparison to the 
ablation rate obtained close to the surface, for any given 
delivered fluence. It is also worth to notice that in the case 
of aluminium, the ablation rate vs depth follows the same 
linear decaying slope for the three delivered laser fluences, 
which is not at all the case for bronze and copper. In the 
last two cases, we can see how at the lower laser fluences 
(FN = 14, 36) the ablation rate vs depth quickly drops and 
tends to an asymptotic decay, i. e. it tends to an almost 
constant ablation rate in the range between 60-140 �m 
depth. Although at the highest laser fluence (FN = 68), in 
these cases of bronze and copper, the ablation rate vs depth 
behavior shows a linear decaying slope too. A material 
related effect is the following: let’s look at a particular 
depth, say 80 μm (the lowest position of the laser beam 
waist within the channel).  

We can see how for the three metals the amount of 
material removed per pulse, as a function of the delivered 
laser fluence, is very distinctive for each material. In the 
case of aluminium almost doubling the delivered laser 
fluence, from FN = 36 to 68, gives only 75% increase on 
ablation rate capability; as compared to the increase in 
ablation rate capability given by the two and a half times 
laser fluence increase, from  FN = 14 to 36. The same 
analysis show us how in the case of bronze, the increase in 
laser fluence from FN = 36 to 68 almost doubles the 
ablation rate capability, as compared to that of the laser 
fluence increase from FN = 14 to 36. The copper case is 
even more dramatic, since the ablation rate capability for 
the laser fluence increase from FN = 36 to 68 gives more 
than triple, as compared to that of the laser fluence increase 
from FN = 14 to 36. Finally, notice that the effect of  
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Figure 5. Laser-induced oxidation in copper. EDS measurements of 
oxygen content were carried out in the close proximity of the ablated swirl 
segments. The oxygen measurements correspond to two different segments 
in the swirl: the inner one (the largest net fluence) and the ninth segment 
out of ten (significantly lower net fluence). It is very important to notice 
that the per pulse fluence is constant along the whole swirl.  
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Figure 6. Laser-induced oxidation in Al, Bronze and Cu as a function of 
net laser fluence. EDS measurements of oxygen content were carried out in 
the close proximity of the ablated swirl segments. 
 
 

saturation of the ablation rate starts at the 60-80 μm depth 
mark for FN = 14 and 36 in bronze and copper; giving  
ablation rate saturation values between 1 and 2 μm/pulse. It 
is clearly not the case for aluminium, where the drop in 
ablation rate always follows a linear slope, i. e. it never 
saturates in the range of ablation depth achieved in our 
experiments. It is also worth to point out that for the same 
set of delivered fluences used in all three metals the deepest 
channels are ablated in aluminium, so for FN = 68, we made 
a 230 μm deep channel in aluminium, a 160 μm deep 
channel in bronze, and a 190 μm deep channel in copper. 

 
3.2. EDS of the ablated metals 

An unavoidable consequence of laser irradiation of metals 
in the presence of atmospheric air is the effect of laser-

induced oxidation. Such an effect takes place as a result of 
the high temperatures experienced by the metal directly 
exposed to the laser irradiation; heat dissipation to the 
surroundings quickly turns in, making it possible to 
propagate heat to the vicinity, therefore oxidizing a metal 
area beyond the directly exposed and ablated channel. 
Figures 5 and 6 show energy dispersive X-ray spectroscopy 
(EDS) measurements, taken in the close proximity (within 
20 μm) to the ablated segments in swirls (see Figure 3) 
made in aluminium, bronze, and copper. These 
measurements reveal the chemical composition changes 
that occur on the metal surface as a function of the net 
delivered fluence. It can be clearly seen how the general 
trend is a rapid increase of the oxygen content at the lower 
laser fluences, followed by an asymptotic increase for 
higher fluences. Figure 5 shows a quite interesting effect, 
although the laser fluence per pulse is the same throughout 
the whole swirl, when sampling the first and ninth 
segments, the degree of oxidation is larger at the first 
segment, which goes in well agreement with the fact that 
the net fluence is larger in the first than in the ninth 
segment due to the slowest scan speed at that very segment 
as compared to outer ones. 

Figure 6 shows the degree of oxidation as a function of 
net laser fluence for the three metals aluminium, bronze 
and copper. Notice that for the three cases the rapid 
increase of oxygen content occurs at net fluences of less 
than 2 kJ/cm2; while for larger net fluences the oxygen 
content still increases but just asymptotically, i. e. the 
oxidation process reaches a saturation regime. The oxygen 
content for the copper sample changed from a very small 
initial amount of less than 1% (wt) to a value of up to 10% 
(wt) at a net fluence of ~ 5 kJ/cm2. In bronze, the initial 
oxygen content is also below 1% (wt), however it reaches 
up to 12% (wt) at a net fluence of 5 kJ/cm2, and up to 17% 
(wt) at 10 kJ/cm2. For the case of aluminium, the initial 
oxygen content is below 1% (wt) too, but it reaches 16% 
(wt) at 5 kJ/cm2, and 21% (wt) for a laser net fluence of 10 
kJ/cm2. It is worth to note that the saturation effect on the 
oxygen content is probably due to the lack of atmospheric 
oxygen in the vicinity of the ablation location when high 
enough fluences are delivered. 

From the plots in figure 6, we can also note that the three 
metals oxidize at different rates with respect the delivered 
net laser fluence. Notice how aluminium shows the fastest 
slope in the plot, while bronze and copper oxidize (slower 
slope) at a more moderate rate as the delivered laser fluence 
increases. It is also interesting to see that aluminium 
reaches its oxidation saturation at a higher value (16%) as 
compared to that of bronze which is lower (12%) and even 
lower (10%) for copper. 
 
4. Conclusions 
 

The results presented in this work show a series of effects 
that are present when laser ablation of bulk metals is 
carried out in atmospheric air. We demonstrated that the 
average ablation rate per pulse of aluminum, bronze, and 



Superficies y Vacío 20(3),1-5, septiembre de 2007 ©Sociedad Mexicana de Ciencia y Tecnología de Superficies y Materiales
 

5 
 

copper decreases as much as 50% for deep ablated 
channels, in comparison to the ablation rate close to the 
surface. This fact is a limiting feature on the ability of a 
laser tool to fabricate high aspect ratio channels. We also 
demonstrated that the fluence dependent laser-induced 
oxidation process in the above metals can be well 
characterized by using EDS measurements. We 
demonstrated how the oxidation process is fully dependent 
on the net delivered laser fluence. In all three metal cases 
there is a well defined rapid increase of the oxygen content, 
for moderate net laser fluences. This rapid increase is 
followed by an asymptotic growth of oxygen content for 
larger net delivered fluences. There is also a consistent 
saturation of the laser-induced oxidation process, which 
occurs at net laser fluence ~ 2 kJ/cm2; such a saturation 
effect could be due to laser-induced lack of atmospheric 
oxygen. At fast and high enough delivered fluence; it is 
possible to consume the available atmospheric oxygen 
faster than it can diffuse in from the surroundings to the 
ablation location.  

It has been demonstrated throughout this paper that 
nanosecond pulsed laser ablation of bulk metals, in 
atmospheric air, involves several effects which are worth to 
be well studied, especially in the scope of industrial and 
technological applications.  
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