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Abstract 

Pulse laser ablation (PLA) is a widely used material removal technique. This paper investigates the effects of various changes of 
laser parameters on surface integrity and binder composition when PLA (using a Nd: YAG laser) on polycrystalline diamond 
composites (grain size 2÷25 μm, binder Cobalt). Firstly, 2D/3D surface micro-geometry has been evaluated using contact autofocus 
profiling. Environmental scanning electron microscopy was carried out to establish surface damages after ablation on different 
grain size composites. Compositional chemical analyses were performed by Energy-dispersive X-ray spectroscopy, to evaluate the 
role of binder percentage in the surface integrity after ablation. This showed an increased percentage of Cobalt in particular in the 
areas of higher energy density/fluence. In particular, as a consequence of a single spot laser ablation, the coarse and fine grain 
composites proved to have similar reaction to laser ablation in term of remaining Co percentage, while in the ablation of a 
continuous groove the fine diamond grain specimen showed an higher Co percentage than the coarse specimen (35% versus 20%) 
proving that the percentage of the Cobalt in the ablated area is proportional to the material percentage before laser ablation.  

© 2014 The Authors. Published by Elsevier B.V.  
Selection and peer-review under responsibility of The International Scientific Committee of the “2nd Conference on Surface 
Integrity” in the person of the Conference Chair Prof Dragos Axinte dragos.axinte@nottingham.ac.uk 

Keywords: Laser micro machining  - Polycrystalline diamond - Scanning electron microscopy - X-ray spectroscopy 

1. Introduction 

Polycrystalline diamonds (PCD) are sintered at high 
pressure and high temperatures conditions to form a 
solid structure of randomly oriented, intergrown, 
diamond particles incorporated in a matrix which 
include a metal catalyst such as Cobalt [1].  
In the last decade, the use of diamond in engineering has 
been increasing because of the highly competitive 
combination of its properties such as hardness, electrical 
conductivity and thermal stability. Its hardness (Knoop 
micro-hardness 48 – 52 GPa [2]) made it a very difficult 
to shape material, and the necessity to find a way of 
shaping it in a fast and economic way lead researchers to 
find new technologies. A research conducted in 2001 [3] 
has shown that the surface smoothness of the structures 
produced by Pulsed Laser Ablation (PLA) in metals 
produced a quality standard comparable to the Electric 
Discharge Milling (EDM). Most recent researches have 
recognised PLA as an effective and promising technique 
for surface processing of diamonds. In 2009 laser cutting 
has been utilised for precise shaping in jewellery 

fabrication and for engineering applications such as 
manufacture of diamond anvils and generation of precise 
micro-tools [4]. As such, PLA proved its use for surface 
processing of hard metals and ceramics.  
Being PLA a thermal process, involving the material 
chemical phase (solid/liquid/gaseous) changes within a 
very short time interval with a minimum thermal 
affected zone, PLA requires a minimum laser energy 
density threshold depending on the thermal/optical 
properties of the target material [5]. In order to enable 
the morphological control in the generation of freeform 
surfaces onto the target material two types of parameters 
are commonly considered during the PLA process:  
 Energy parameters such as average laser power  (

[W]) and pulse duration (τ[μs]);
 Kinematics parameters such as laser frequency (f 

[kHz]) and feed speed (v[mm/s]).  
Hence, the study of the effects of those parameters in 
PLA of PCD is critical to the generation of surfaces with 
minimum thermal affected area. Although a wide range 
of literature has been found on laser machining of brittle 
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and hard materials, few studies have been conducted on 
the laser material removal mechanism of polycrystalline 
diamond composites (PCD), in particular little attention 
has been given to the variation of binder percentage as a 
function of energy density and fluence. 
 
Scope of the paper 
The present study evaluates the effects of 
kinematic/energetic parameters in pulsed laser ablation 
of fine/coarse polycrystalline diamond grain composites 
by a combined technique of Energy-dispersive X-ray 
spectroscopy and ESEM microscopy. The study covers 
the evaluation of five sites of chemical analysis for a 
single spot and a continuous groove obtained by PLA; 
each of the five areas corresponds to various radial 
positions on the laser spot characterised by different 
energy density/fluencies (as the energy distribution 
across the beam follows a Gaussian distribution). The 
parameters effects on the surface integrity of diamond 
composites are evaluated by:  
- topographical morphology at different beam feed speed 
on coarse/fine grain PCD to evaluate optimised 
kinematic parameters for PLA;  
- microscopical analyses at different laser average power 
to evaluate the effects of energetic parameters on the 
ablated composite integrity; 
- response of the metallic binder (Cobalt) to the laser 
ablation process considering its physical phase change 
and its possible interaction with the diamond grains in 
case of a coarse grain or a fine grain.  

2. Materials and method 

In this study, in order to perform three set of experiment, 
two PCD composites (10x10mm, thickness=1.5mm) 
were chosen: coarse (PCD CTH025, average grain size 
25μm, Co binder volume circa 8%) and fine (PCD 
CTC002, average grain size 2μm, Co binder volume 
circa 15%) grains polycrystalline diamond specimen 
depicted in Fig. 1 and Fig. 2 respectively where the 
higher Co percentage is evident in the bright areas.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. ESEM backscatter image of a polished diamond grain structure 
before PLA of a coarse CTH025 grain size diamond (average grain 
size is 25 μm).  
 

 
 

Fig. 2. ESEM backscatter image of a polished diamond grain structure 
before PLA of a fine CTC002 diamond (average grain size is 2 μm). 
 
This work included three set of experiments: Test 1 was 
performed to optimize the ablation of single spot/groove 
as a function of the energetic parameters (  ), 
Test 2 aimed at optimizing the kinematic parameters in 
the ablation (v to obtain, through 
overlapped spots, continuous grooves; Test 3 was 
performed to analyze the chemical composition of the 
ablated surfaces at different laser energy 
densities/fluencies. A DMG LASERTEC 60 HSC Q-
switched Nd: YAG laser (laser spot diameter
pulse duration average laser power 

laser frequency feed speed
) was used for performing the 

experiments.  
 

 
Fig. 3. Schematic representation of Test 2, pulsed laser ablation at 
different feed speeds: v=500  v=400 v=300 , 
v=200 , v=100 . 
 
The theoretical effects of v on the morphology of the 
ablated surfaces are shown in Fig.3. A  of 500  
was chosen to achieve a single spot ablation; a  of 
100 was chosen to reduce the distance between 
single spot (h [μm]) from 50 μm to 10 μm and to 
achieve a continuous groove. A Talysurf CSI 1000 
contact autofocus profilometer was used for 
topographical measurements (depth of the spot, volume 
of ablation) of the ablated areas after Tests 1-2.  
A Philips XL30 Environmental Scanning Electron 
Microscope (ESEM) was used for the evaluation of 
optimal ablation parameters for Tests 1-2 in term of 

h= h=

h= h= h=
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thermally affected zone and homogeneity of the spot 
diameter. Then, the identified optimal parameters (from 
Tests 1-2) have been used to ablate a single pulse ( and a
continuous groove) onto the composites, preparing the 
specimens for Test 3 that was aimed at analyzing the 
chemical composition of the ablated surfaces at various 
positions across the spot/trench that are characterized by 
different laser energy densities/fluencies and to evaluate 
their influence on the local percentage Co binder.  For 
Test 3, the values of laser fluence  and 
power density  per pulse were calculated using 
Eq. 1 and 2 [6][7].  
 
 
 
 
 
 
 
 
Where  is the radial position on the beam spot 
diameter which is varying from position 1 to 5 as 
represented in Fig. 4.  
 

 
 

Fig. 4. Schematic representation on a Gaussian of the spot diameter 
versus the power density; numbers 1 to 5 indicate the areas of EDX 
analysis corresponding to different radial positions .  
 
As  is dependent on the position across the beam spot 
(see Eq. 1), five different areas for chemical analysis 
were chosen on the laser spots/trenches generated on 
Tests 1 and 2. 
 
3. Results and discussion 
Each section of results/discussion corresponds to 
different analysis technique used for the achievement of 
the results for the three set of tests. 
 
3.1 Topographical and microscopic analyses on 
diamond composites when optimising energetic and 
kinematic PLA parameters. 
 
Numerical results of Test 1 such as calculation of spot 
depth, ablated areas and ablated volumes are reported in 

Table 1, where the values are the average of the two 
measured values from specimens CTH025-CTC002.   
  
Table 1. Results for specimens CTC002- CTH025 in Test 1.  
 

(W) Depth(μm) Ablated 
Area(μm2) 

Ablated 
Volume(μm3) 

50 5.11 200 1022 
60 5.87 161 945 
70 6.09 167 1017 
80 6.19 202 1250 
90 5.10 78.3 399.3 

100 3.91 55.8 162.3 

 
Figure 5 represents the topographical footprint of single 
spot. This is an example of the typical effect of  
variation on the topography of the PCD. It has been 
found that for = 60 W (Fig. 5a) a homogeneous spot 
with well-defined round circumference was achieved; an 
increase in  up to 100W (Fig. 5b) led to a variation of 
the circumference into a triangular shape with a 
reduction of spot depth and ablated volume (Table 1).  
 

 
   a)                                                   b) 
 
Fig. 5. TALYSURF results of Test 1 for CTC002 for different laser 
average power: a) P=60W; b) P=100W.  
 
This has been confirmed by microscopical analyses.  
Examples of ESEM results of Test 1 are shown: fig. 6 
shows the typical circular single spot on specimen 
CTH025 when the surface is ablated at  60W, while 
Fig. 7 depicts the asymmetrical single spot when is 
increased to 100W.  
 

 
 
Fig. 6. ESEM imaging of Test 1 for CTH025 for a of 60W.  
 
As previously mentioned an increase of caused a 
decrease of homogeneity in , as evident in Figs 6-7. 
This can be explained considering : by increasing , 
equation 1has shown to give an increase in . The lack 
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of homogeneity might arise because the energetic 
threshold of the target material is exceeded. 
 

 
 

Fig. 7. ESEM imaging of Test 1 for CTH025 for a of 100W. 
 
In fact, when the threshold energy is transferred to the 
material, ablation takes place, this happens in the case of 

= 60W. With an increased  up to100W, ablation 
still takes place but there will be remaining energy 
which the material is able or not to absorb depending on 
its optical absorbance. This energy is then dissipated in 
the surrounding area giving arise to the thermally 
affected zone and producing a lack of homogeneity in 
the spot circumference. By combining surface 
topography and ESEM, the optimised  for Test 1 was 
found to be 60W for specimens CTC002-CTH025.  
Table 2 contains the parameters used to achieve a single 
spot (Fig. 8a) and overlapped groove (Fig. 8b), where 
the column indicating the actual overlapping percentage 
is achieved averaging the values from CTH025 and 
CTC002 measured with the profilometer. 
 
Table 2. Parameters and results for Test 2 (actual overlapping is an 
average of the two materials). 
 

60 20 10 500 0 
60 20 10 400 66 
60 20 10 300 77 
60 20 10 200 90 
60 20 10 100 99 

     
 

 
                 a)                                     b) 
 
Fig. 8. a) example of the single spot in Test 2 for v=500  b) 
example of the overlapping spots in Test 2 for v=300 .  

An example of the topographical profile of specimen 
CTC002 in Test 2 is reported in Fig. 8 to show the effect 
of the variation of  on the footprint. 
Figure 9 shows a microscopy cross section of Test 2 for 
specimen CTH025 for the minimum , 100  (Fig. 
9b) and maximum , 500  (Fig. 9a). 
 

 
a)                                                      b) 
 
Fig. 9. ESEM imaging of the cross section of the CTH025 specimen 
showing the areas of analysis of EDX detector for the two different 
tests: a) optimized single spot from Test 1; b) optimized continuous 
groove from Test 2. 
 
With the decreased  (from 500  to 100 ), 
a 30% increase of ablated depth was found; in fact, 
being  a kinematic parameter, when this has been 
reduced (and  is kept constant) there is a 
superimposition of fluencies that continuously overlap 
each other for every single pulse creating a deeper 
ablated area and provoking a gap between of a single 
spot and of the continuous groove (those should be 
constant at the same ). Althought the only varied 
parameter is a kinematic one, the 
topographical/microscopical effect on the ablated area is 
very similar to the increase in .   
 
3.2 EDX analysis in test3. 
 
This section focuses specifically on chemical 
compositional analysis of the single spot and continuous 
groove ablated composites allowing a complete 
overview of the laser ablation process both in term of 
surface integrity and in the chemical analysis of the 
composites components. Test 3 aimed at comparing the 
variation of  (in single spot/groove cross section) 
versus the chemical binder percentage. A of 60 W 
was chosen as energetic parameter to achieve an ablated 
single crater (Fig. 9a), while a  of 100  was 
selected as kinematic parameter to achieve an ablated 
continuous groove (Fig. 9b).  
Five areas for EDX analysis were chosen, corresponding 
to different  on the laser spot, which are shown in the 
cross sections depicted in Fig. 9, with the label 1,2,3,4 
and 5. For each of the chosen areas (corresponding to a 
different ) the calculated values for  and are 
reported in Table 3: those values are chosen/measured as 
shown in Fig. 9. The selected areas for EDX analysis are 
shown in the EDX images in Figs. 10-11, each one 
corresponding to the diameters reported in Table 3. 
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Table 3. Values of fluence and power density for the chosen areas. 
 

  

1 10 7369 382 
2 15 3395 169 
3 25 1222 61 
4 30 849 42 
5 35 623 31 

 
The depth of crater resulted from the single spot ablation 
was found to be 50% smaller than the one resulted from  
the continuous groove ablation.  
 

 
 a)                                                     b) 
 
Fig. 10. ESEM imaging showing the EDX areas of analysis for 
CTH025: a) single spot crater; b) continuous groove.  
 
Chemical analyses conducted on specimens CTH025 
(Fig. 10b) have shown that for the area of higher  (Area 
1) a higher presence of Co is found (Table 4), while this 
is decreasing moving towards Area 5, area with lower . 
The same result was found for specimen CTC002, 
where, for higher  the Co percentage was higher than 
in the low  area (Tables 6-7).  
 

 
a)                                                       b) 
 
Fig. 11. ESEM imaging showing the EDX areas of analysis for 
CTC002: a) single spot crater; b) continuous groove.  
 
Preliminary chemical analyses have shown that the 
initial percentage of Co before pulsed laser ablation is 
8% for specimen CTH025 (line blue Fig. 13a-b) and 
15% circa for specimen CTC002 (line red Fig. 13a-b). It 
has been found that after single spot pulsed laser 
ablation, the Co percentage is higher than the initial 8% 
in four of the five analysed areas for specimen CTH025 
(points 1, 2, 3, 4 above the blue line in Fig. 13a); 

whereas the Co percentage is higher only in 2 of the five 
analysed areas for specimen CTC002 (points 1, 2 above 
the red line in Fig. 13a). 
 
Table 4. EDX results for the continuous groove ablated in Test 2 
( 60W, τ20μs, f10kHz, v100  for CTH025 composite. 
 

Element (%) C O Co 
Area 1 66.21 3.77 30.02 
Area 2 76.96 - 23.04 
Area 3 84.29 - 15.71 
Area 4 98.43 - 1.57 
Area 5 92.08 5.65 1.48 

 
Table 5. EDX results for the single spot ablated in Test 2 ( 60W, 
τ20μs, f10kHz, v500 ) for CTH025 composite.  
 

Element (%) C O Co 
Area 1 80.73 - 19.27 
Area 2 75.99 3.20 17.23 
Area 3 81.81 - 16.88 
Area 4 86.58 2.67 8.63 
Area 5 89.80 3.37 5.14 

 
Table 6. EDX results for the single spot ablated in Test 2 ( 60W, 
τ20μs, f10kHz, v500 ) for CTC002 composite.  
 

Element (%) C O Co W 
Area 1 50.45 27.40 20.13 2.02 
Area 2 79.50 3.29 15.77 1.44 
Area 3 74.40 9.68 14.74 1.19 
Area 4 81.53 5.49 9.52 3.46 
Area 5 62.70 26.98 8.29 2.03 

 
Table 7. EDX results for the groove ablated in Test 2 ( 60W, τ20μs, 
f10kHz, v100  for CTC002 composite.  
 

Element (%) C O Co W 
Area 1 45.96 3.80 38.74 11.50 
Area 2 54.58 4.64 36.88 3.90 
Area 3 56.29 11.83 27.76 4.11 
Area 4 75.71 3.25 17.05 3.99 
Area 5 83.19 - 15.70 1.11 

 
The chemical analyses performed after the continuous 
groove was ablated have shown that the Co percentage is 
higher than the initial 8% in three of the five analyzed 
areas for specimen CTH025 (points 1, 2, 3 above the 
blue line in Fig. 13b); whereas the Co percentage is 
higher in all of the five analyzed areas for specimen 
CTC002 (points 1, 2, 3, 4, 5 above the red line in Fig. 
13b).  
In all of the cases it was found that the higher percentage 
of binder after ablation was corresponding to the areas of 
higher . As previously shown in Fig. 4, the 
representation of the laser beam following a Gaussian 
distribution, proved to have high  in the area 
corresponding to the peak of the crater, which is 
representative of Area 1 for EDX analysis. During PLA, 
for the higher , the temperature reached in Area 1 is 

1 2 3 4 5 1 2 3 4 5

1 2 3 4 51 2 3 4 5
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higher than the temperature in Area 5 and this resulted in 
material ablation through vaporization/ sublimation.  
 

 
     a) 

 
  b) 
 
Fig. 12. Comparative graphs showing the variation of binder 
percentage in areas 1 to of specimens CTH025 and CTC002: a) laser 
ablated single spot; b) laser ablated continuous groove.       
 
4. Conclusion  
 
In this experimental study the effects of energetic and 
kinematic parameters are investigated and discussed for 
the pulsed laser ablation of composite polycrystalline 
diamond target surfaces. The study could be summarised 
as follows: 
1. After pulse laser ablation of a single spot, the 
difference in binder percentage, evaluated on the beam 
footprint, between the two specimens decreases. Since 
the process is fast (feed speed, 500  ), and the 
fluence is constant in every analysed area, there is no big 
difference in pulsed laser ablation of fine or coarse 
polycrystalline diamonds.  
2. In the ablation of a continuous groove, the difference 
in binder percentage between the fine and coarse grain 
PCD is increased with the laser fluence. In particular, 
since the speed is at the minimum chosen (100 ) 
the difference in ablation of fine and coarse grains 
polycrystalline diamond is evident; the lower speed, by 
producing overlapping energies in every single spot, 
provoked an increased fluence causing higher quantity 
of Cobalt to melt and redeposit.  
3. The comparative results of chemical analysis 
before/after PLA have shown an increased percentage of 
Cobalt in particular in the areas of highest energy 
density/fluence. In conclusion, like the fluence, also the 
laser feed speed proved to make a difference in the laser 
ablation of fine and coarse grains diamond. By 

considering energetic and kinematic thresholds, the 
reaction of the two specimens have been changing, 
showing that the coarse grain diamond might be used 
when prediction of ablation is difficult to achieve prior 
the process, since the fine grain diamond demonstrated 
to have a higher Cobalt percentage after ablation due to 
higher melting/redeposition at overlapped fluencies.  
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