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Abstract

This paper reports on the development of an original chip breaker in metal-matrix polycrystalline diamond 
(MMPCD) insert brazed into a milling tool. The performance of MMPCD material was characterised under a wide 
range of ablation conditions (laser power level, pulse duration and frequency) and feed speed, by ablating single 
trenches. The results, in terms of ablation rates and profiles of the trenches generated were processed and fed into a 
simulation tool that was developed based on the recently published work of Cadot et al., (2016). This made it possible 
to examine the outcomes (e.g. the resultant thickness of ablated layers) when applying different process conditions, 
and to predict the obtainable shape when ablating multi-layers. Next, the geometry of the designated chip breaker 
was sliced into a number of layers to be ablated sequentially. Different ablation scenarios, layer thickness, ablation 
strategy and setting of the focal plane, were investigated to identify the processing conditions for optimum 
performance of the laser ablation process. The preliminary results showed that a ns-laser was successfully utilised in 
a controllable and repeatable manner to produce the necessary 3D features of an intricate chip breaker with high 
surface quality (Ra was in the sub-micron range) and tight dimensional accuracy (maximum dimensional error was 
less than 4%) and in an acceptable processing time (≈51 seconds). 
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1. Introduction

Its unrivalled hardness and high abrasive 
resistance under severe working conditions has made 
polycrystalline diamond (PCD) an essential tool 
material for a wide range of applications particularly in 
the aerospace and automobile industries [1, 2]. It is 
used in the high quality machining of a wide range of 
engineering materials, especially non-ferrous metals 
such as aluminium alloys, and non-metallic materials, 
i.e. ceramics and composites [1-5].

Metal-matrix PCD is composed of granular 
diamond crystals randomly oriented in a metal matrix, 
typically cobalt [4, 5]. For the manufacture of cutting 
inserts, the MMPCD disc is “diced” into inserts of the 
desired shape using either Electrical Discharge 
Machining (EDM) or laser cutting. Then, the inserts are 
soldered into the carbide substrate followed by a 
precision wire EDM operation to finalise the insert 
shape [4], see Fig. 1. 

Fig. 1. Manufacturing process of PCD tools [4]

These inserts are either clamped or brazed to the 
flutes of the tipped tool. However, milling tools of the 

clamped “throw-away” type are generally associated
with a limited number of flutes because of the need to 
mechanically clamp the components, this is in contrast 
to the brazed type which allows more cutting flutes on 
tools of the same tool diameter. Thus, the brazed type 
is preferred when milling ductile metals that need high 
cutting speeds which can be effectively increased by 
increasing the number of cutting flutes.

In case of brazed type, the inserts need vacuum 
brazing into the tool body and this is followed by a 
further wire EDM operation to finalise the insert/tool 
shape and satisfy the tolerance limits on the nominal 
diameter of the tool. 

It is well known that chip breakers significantly 
improve the performance and extend the working life of 
the cutting insert, especially when machining ductile 
metals such as aluminium [6-7]. However, the 
production process of milling tools with brazed PCD 
inserts means it is not possible to finalise the geometry 
of the chip breaker prior to the brazing stage, where the 
alignment of the geometry of the chip breaker will be 
impossible to achieve. The only option for having PCD 
inserts with complex 3D shapes as chip breakers is to 
manufacture the chip breaker geometry after the
inserts have been brazed to the milling tool. Fig. 2
shows a case in point of such tools, namely Zubiola 
milling tool with MMPCD brazed inserts.

A review of the literature shows that the great 
majority of published work is on the production of non-
brazed “throw-away” inserts, where the insert with its 
chip breakers are fixed to the cutting tool with 
mechanical clamping system, for instance “Torx” 
screws. Thus the motivation for this research was to 
develop the know-how to achieve a successful 
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implementation of chip breaker in brazed inserts, 
especially in the case of a large number of flutes in one 
milling tool (typically, each milling tool comprises of ten 
flutes). In order to ensure the efficient functioning of the 
chip breaker, the proposed production methodology 
must produce intricate geometry within tight tolerances 
and high surface quality. Additionally, considerations of 
profitability means the process must be completed in 
minimum time. These constraints on both the 
fabrication methods used and tool/insert geometry of 
any new design of chip breaker pose serious 
challenges that need to be addressed.  

It is clear that the laser processing of ultra-hard 
materials, specifically diamond in the cutting tool 
industry, is becoming more widespread and offering 
increasing competition to conventional methods, e.g. 
grinding and electro-discharge machining, because it 
has demonstrated the possibility of fabricating products 
of superior quality in a shorter time [2, 8]. The major 
reasons are force-free processing, flexibility to 
generate 3D features, and reduced processing times 
[8]. Consequently, laser processing is attracting 
research and industrial interest. 

Technologically, the main characteristic of short 
pulse laser ablation is a high ablation rate per pulse [8] 
and in this project a ns-laser was used for the ablation 
process on the proposed chip breaker because of its 
high power and fast processing time.  

There has been a serious lack of previous 
research in this area, and this study attempts to 
address this gap. In particular, this work aims to utilise 
the particular capabilities of the laser process to 
produce 3D features in a controllable and repeatable 
manner to reliably produce chip breaker features.  

Following this section, the remainder of the paper 
is structured as follows. Initially, the simulation tool 
based on Cadot et al. (2016) model [9] is explained, 
with simulation trials. Next, the ns-laser processing 
experiments (including an explanation of why the given 
machining parameters and strategies were chosen) are 
outlined. Achievable results are then discussed. 
Finally, conclusions are drawn. 

 

 
 

Fig. 2: Zubiola milling tool with brazed MMPCD 
inserts  

 
2. Methodology 

 
Fig. 3 shows the selected chip breaker geometry 

based on the FE study of the chip breaker; no 
reinforcement, rake angle of 30° and a curvature of 3 
mm with a maximum depth of 260 μm and overall 
horizontal dimensions of 4.18 mm*2.14 mm. 

 

 
 

Fig. 3: Proposed geometry of chip breaker 

 
2.1 Simulation of ns-pulsed laser   

 
In this research the model developed by Cadot et 

al., (2016) was utilised to examine the performance of 
PCD when processed by a ns-pulsed laser. In contrast 
to the previous models that rely on pulse by pulse 
calculation to identify modification of the surface, this 
model proposed a new inexpensive experimental 
approach based on the so-called “continuous trench” 
[9]. In particular, for different power levels, trenches 
with varying depth, due to gradual changes of applied 
feed speed, are utilised to feed the model with the 
necessary data for calibration. The model has shown 
high potential to predict 3D shapes of overlapped 
trenches. The proposed model was experimentally 
validated for three different materials (graphite, 
polycrystalline diamond and a metal-matrix diamond 
CMX850) with low error. In this research, the proposed 
model was coded into Matlab to provide a reliable 
simulation tool to predict the ablated layer thickness for 
different pulse parameters and feed speeds. However, 
the proposed simulation tool was enriched in Matlab 
because it was allowed to read “dxf” files of multi-layers 
to be ablated sequentially. This enabled the prediction 
of the final generated shape, and thus helped to 
optimize the process numerically.  
 In order to utilise the adapted model, experimental 
trials were carried out to calibrate the model and to test 
the simulation predictions.  

 
2.2 Laser processing 

 
This section describes the experimental work 

carried out in this study. It begins by providing 
information about the workpiece material and shape. 
Then, the section provides details of the ns laser used 
for this experimental study, followed by the 
experimental conditions applied. Finally the section 
discusses the ablating strategies followed.   

 
2.2.1 Workpiece material 

 
The preliminary ablation trials were performed on 

metal-matrix PCD blanks supplied by Zubiola, as 
shown in Fig. 4.  The PCD composite blanks are 
composed of a 0.5-0.6 mm thick layer of PCD 
composite deposited on a tungsten carbide layer of 
nominal thickness 1 mm, resulting in an overall 
thickness of 1.6 ±0.05 mm. The final testing of the chip 
breaker was carried out on the real PCD insert brazed 
into the milling tool. 
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Fig. 4: Metal-matrix PCD blank 
 

2.2.2 ns-laser ablation 
 
The ablation trials were performed using a 

SPI-G4-HS nanosecond ytterbium-doped fibre laser 
delivering pulses with a maximum average power of 40 
W at a wavelength of 1064 nm. The pulse duration and 
applied frequency are tuneable in the range of 9-250 ns 
and 30-250 kHz, respectively. A guided collimator of 30 
mm and a 100 mm f-theta objective lens focused the 
laser beam onto the workpiece. The laser source 
emitted randomly polarised pulsed radiation of 
Gaussian distribution, where the attached scanner has 
the possibility of performing synchronised movement in 
3-axes throughout the ablation process. The laser 
beam was characterised using a laser beam diagnostic 
system over the entire caustic range. A beam quality, 
M2 ≈ 3.35, was identified over a Rayleigh length of 650 
μm, where the beam waist (minimum spot radius ω) 
was determined as 31.5 μm, Fig. 5. The entire system 
was installed on a Deckel Maho 3-axes milling machine 
to enable positioning and movement of the workpiece 
relative to the focussed laser beam, Fig. 6.  

Fig. 5: Characterisation of the laser beam 

Fig 6. Laser work station 
 

2.2.3 Ablation conditions 
 
In order to identify the appropriate working 

ranges of the laser parameters for the PCD material, 

single trenches were ablated using the ns laser and 
applying the entire available range of laser energy. In 
particular, energy levels from 1.33 mJ to 0.16 mJ 
(equivalent to laser fluence of 85.33 J/cm2 to 10.27 
J/cm2, respectively) were applied. Pulse durations and 
frequency varied for each energy level to maintain an 
average power of 40 W for the whole trials. The 
ablation parameters applied in this trials are shown in 
Table 1. For each energy level a range of feed speeds 
between 0.1 m/s and 1.2 m/s were applied. This 
enabled identification of working conditions in terms of 
fluence threshold and proper range of feed speed. In 
the second set of trials, the optimum working 
conditions, in terms of energy, pulse duration, 
frequency and feed speeds were applied at different 
values of average power, and the associated results 
were used to calibrate the model developed by Cadot 
et al., (2016) to better simulate the ablation process 
over the working ranges of the process parameters. 
Then, the optimum simulation predictions were 
validated during the third set of trials by ablating 
adjacent trenches with overlap distance similar to those 
used for the simulation. The objective here was to 
confirm the ablation conditions that the simulation trials 
predicted would produce layers with thickness similar 
to those measured experimentally. After that, the 
geometry of the proposed chip breaker was analysed 
and sliced into a number of layers to be ablated 
sequentially.  

 
Table 1: Ablation conditions for the initial trials 

 

2.2.4 Ablation strategies 
 
As previously stated, the removal of a range of 

layer thicknesses was simulated to obtain the apparent 
minimum surface roughness considering the geometry 
of the chip breaker to be ablated. In addition, different 
ablation scenarios and filling path strategies were 
implemented. This was done to identify the optimum 
procedure for the best possible performance of the 
laser ablation process in terms of the highest 
dimensional accuracy.  

Initially, in order to evaluate the influence of 
the filling path strategy on the burning in effect, three 
different approach were examined. First, ablation of the 
filling paths was applied in the same direction for the 
whole number of ablated layers. In the second set of 
trials, the direction was reversed for each two 
successive layers, forward for the first and backward 
for the second, and so on. The third trial was 
implemented by rotating the ablation direction 90° 
clockwise after each consecutive layer.  

For the second set of strategies, the ablation 
was performed by ablating the filling with and without 
the perimeter, to find out which method will give better 

Pulse 
Duration (ns) 

PRF 
(KHz) 

Emax 
(mJ) 

Fluence 
(J/cm2) 

250 30 1,33 85.33 
200 38 1,05 67.37 
130 47 0,85 54.54 
60 76 0,53 34.00 
40 108 0,37 23.74 
30 145 0,28 17.96 
20 230 0,17 10.91 
9 250 0,16 10.27 
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lateral dimensional accuracy. 
Finally, the performance of the ablation 

process was evaluated at three different settings of 
focal distance. Initially, the focal distance was set and 
maintained at the original workpiece surface. Secondly, 
the focal distance was set and kept at the vertical 
middle of the chip breaker. For the third trial the 
workpiece was moved vertically upwards after ablating 
each five layers so that the next layer to be ablated was 
again at the focal distance. The objective was to 
assess the obtained dimensional accuracy in vertical 
direction and processing time.  
 
3. Results and Discussion 

 
Initial set of ns laser experiments: Fig. 7 presents 
the sample results obtained for trenches ablated at 
different energy levels and feed speeds. It was found 
that, in order to obtain continuous trenches at the 
available range of frequency, the feed speed should 
not exceed 1 m/s and the laser fluence threshold 
equals 23.74 J/cm2. 
 

  

  
 

Fig. 7: Generated trenches for (a) high energy of 
1.33 mJ and low feed speed of 0.1 m/s and (b) high 
energy of 1.33 mJ and high feed speed of 1.0 m/s, 

(c) low energy of 0.37 mJ and low feed speed of 0.1 
m/s and (d) low energy of 0.37 mJ and high feed 

speed of 1 m/s 
 

Second set of ns laser experiments: Figure 8 shows 
the results of the second set of experimental trial that 
were performed under three different levels of average 
power, particularly 40 W, 32 W and 24 W. The results 
showed that the highest laser power gave the 
maximum trench depth and, in general, the maximum 
depth of the trench was proportional to the applied 
power. This is attributed to the increase of the laser 
beam intensity (fluence) when applying higher power to 
the same spot area. However, the applied feed speed 
had an inverse relationship with obtained maximum 
depth. This is understandable as the higher the feed 
speed the fewer laser pulses there were per unit length 
of the trench and the less the ablating effect. This is in 
good agreement with the findings of Cadot et al., 
(2016) [9].  
 
Initial simulation trials: to minimise processing time a 
high feed speed was selected for the ablation process, 

namely 0.8 m/s, which is high enough to minimise the 
ablation process while keeping the achievable trench 
as smooth as possible. Because ablation depth 
increases with applied laser power and decreases with 
feed speed this led to the choice of the laser pulse with 
the highest average power of 40 W, with low pulse 
duration 40 ns and high frequency 108 kHz to maintain 
the ablation depth as much as possible. 
 

 
 

Fig. 8: Results for average power of 40 W, 32 W and 
24 W at varying feed speed 

 
The preliminary simulation results, based on 

the work of Cadot et al., (2016), were used to simulate 
ablation trials with different overlapping distances. The 
overlap distance of 5 μm was applied, the maximum 
thickness of the ablated layer was approximately 13 
μm. When 10 μm overlap was applied, the overall 
thickness reduced to ≈7 μm. The greater the overlap 
distance the less the overall depth obtained. When the 
overlap distance was 15 μm the average overall depth 
was 4.5 μm, while variation in depth across the trench - 
the roughness of the resulting surface - was a 
minimum. When the overlap distance was increased to 
20 μm, 25 μm and 30 μ, the overall depth was reduced 
to 3.5 μm, 2.7 μm and 2.25 μm, respectively, but 
relatively large variation of the achievable surface 
roughness was predicted. As a result, an overlap of 15 
μm is selected as the optimum overlap condition giving 
an ablation layer about 4.5 μm depth with minimum 
surface roughness, see Fig. 9. This optimum conditions 
were validated experimentally. The Experimental 
results showed a good agreement with the simulation 
prediction, where the average depth was found to be ≈ 
4.8 μm, Fig. 10.  

 

 
Fig. 9: Simulation prediction when 15 µm overlap 

distance was applied 

(c) 

(a) (b) 

(d) 
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Fig. 10: Experimental Result when 15 μm overlap distance 
was tested 

   
Based on an ablation layer of 4.5 μm the chip 

breaker design was sliced into 57 slices, where each 
slice has a thickness of 4.5 μm. This was done using 
the NX8.5 software package, Fig. 11. Each slice was 
hatched with parallel lines with a distance of 15 μm 
between each two lines. The cad file was then saved in 
dxf format that is readable by the proposed simulation 
tool. Fig. 12 shows the result when simulating five 
succeeding layers.  

 

 
Fig. 11: Slices through proposed chip breaker geometry 

 
 
 
 
 
 
 

 

 

 

 

 
Fig. 12: Simulation of ablating five subsequent layers 

 
The simulation illustrates that the maximum 

thickness of the five ablated layer was approximately 
22 μm when the overlap distance was 15 μm with a 
good surface roughness at the bottom surface. In 
addition, the rake angle found from the simulation was 
≈29 , where the target angle is 30 , which considered 
acceptable. Based on these results, one can argue that 
the simulation helped to identify the optimal ablation 
conditions with minimum number of experimental trials.  
 

Ablation strategies: the proposed approaches of 

ablation strategies, proposed in this study, were 
examined under real ablation process. The results 
assessed using a 3D laser scanner, Fig. 13. The 
results shows that rotating the ablation direction 90° 
clockwise for each consecutive slice enabled 
minimising the burning in effect. Also, ablating the 
hatching lines only gave better dimensional accuracy in 
the horizontal direction, especially when including the 
perimeter, the dimensional error was increased. Finally, 
moving-up the workpiece vertically in Z-axis after each 
5 layers to maintain the focal distance as constant as 
possible, showed the best dimensional accuracy in the 
vertical direction. In particular, the maximum depth 
varied from 220 μm to 243 μm when the focal plane set 
on the top surface of the workpiece, and when set in 
the vertical middle of the workpiece, respectively. The 
ablation process was performed in 43 s for both 
strategies. However, the obtainable maximum depth 
increased to 251 μm with the increase of ablation time 
to 51 s, when the workpiece was moved-up vertically in 
Z-axis after each 5 layers to maintain the focal distance 
as constant as possible.     

 

 
 

Fig. 13: Results of ablated chip breaker geometry 
under different strategies 

 
Fig. 14 shows the result obtained, measured with 

the confocal microscope, when the best conditions 
identified previously were applied. The optimum 
parameters were utilised to generate the chip breaker 
in the MMPCD insert brazed into the milling tool as 
shown in Fig. 15 (a and b). With the aid of attached 
camera system the chip breaker was properly aligned 
and allocated in the insert attached to the milling tool, 
as seen in Fig. 15c.  

 

Fig. 14: The results obtained for the chip breaker 
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Fig. 15: Implementation of the chip breaker in the 
milling tool; (a) milling tool, (b) MMPCD brazed insert 

and (c) the insert after ablating the chip breaker 
 

The chip breaker was produced with high 
surface quality (Ra was in a range of sub-micron, 0.2 
μm close to the tool edge, and ≈ 0.8 μm generally) with 
acceptable dimensional accuracy (maximum 
dimensional error was less than 4%) and in a 
reasonable processing time (51 sec).  

It is worth stating that this paper reports on the 
implementation of a chip breaker in a single MMPCD 
insert attached into the milling tool, which will be 
evaluated under real machining test first before further 
advancement. However, in the next step, the chip 
breaker geometry will be generated in the whole 
number of inserts attached into the milling tool, where a 
controllable rotary device will be synchronised to 
undertake the ablation process for each flute and rotate 
to the succeeding one automatically and so on.  

 
4. Conclusions 

 
This study focused on the development of a 

new chip breaker geometry in a metal-matrix PCD 
insert, brazed into a milling tool. The model proposed 
by Cadot et al., (2016) was used to develop a 
simulation tool to predict complex 3D geometry to be 
ablated via sequential layers coded in a dxf file.  

To produce the pre-designed chip breaker 
geometry, the chip breaker geometry was sliced into 57 
layers each with a thickness of 4.5 μm. Laser ablation 
conditions were: Power 40 W, Pulse duration 40 ns, 
pulse repetition rate 108 kHz, and feed speed of 0.8 
m/sec. Ablating was conducted using a filling model but 
without the perimeter, and with distance between each 
two adjacent lines of 15 μm. The successful strategy 
followed for ablation was to rotate the ablating direction 
through 90° at the end of each layer that helped to 
minimise the burning in effect. Also, after each 5 
layers, the workpiece moved-up vertically in Z-axis to 
keep the focal distance as constant as possible during 
the entire ablation process. 

The results showed that a ns-laser was 
successfully used to produce 3D features, a chip 
breaker with high surface quality, tight dimensional 
accuracy and an acceptable processing time. 

One can conclude that, the simulation tool 
proposed in this research study enables predicting the 
performance of ns-pulsed laser ablation precisely. This 
helps to minimise the number of “trial and error” 

experimentations normally carried out to optimise the 
process conditions.    
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