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Abstract 

 

This paper presents the scientific understanding of cutting temperature and partitioned heat distribution in micro 
cutting based on experimental-based investigation on micro cutting titanium (Ti-6al-4v), Aluminium (Al 6082-T6) 
and  silicon. It is found the conductive heat partitions at the tool/tool tip - workpiece are 8/8.5 : 1 and 14/16: 1 in 
cutting aluminium and silicon respectively and 350/460 : 1.4 : 1 (tool/tool tip - chip - workpiece) in cutting titanuim.  
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1.     Introduction 
 

Cutting temperature in micro cutting can play a 
significant role in affecting the machining 
performance particularly on the tool wear, surface 
generation and integrity, and machining accuracy [1]. 
Even though the heat occurred in micro cutting is 
relatively in a small amount, it cannot be neglected 
because the temperature concentration is 
comparably high in the small cutting zone, area or 
volume. Many research works are concerned with the 
cutting temperature effects on the micro cutting 
process and correspondingly the tool wear, quality of 
machined surfaces, and machining accuracy. For 
instance, lkawa et al [2] stated that even a small 
increment of cutting temperature can cause an 
expansion of the tool shank and in turn, deterioration 
of the machining accuracy; and furthermore, it 
governs the wear rate of a diamond tool, which is 
fatal to the machined surface roughness. Kim et al [1] 
proposed the quality of micro cutting features can be 
maintained by reducing the tool wear and cutting heat 
generation in the micro cutting process under various 
cutting lubrication conditions. Moriwaki et al [3] stated 
that the machining error by the cutting heat is not 
negligible even in micro diamond cutting based on 
their experimental and theoretical analyses of the 
thermal deformation of the cutting tool and workpiece 
due to the cutting heat. Chen et al [4] studied a set of 
micro-cutting experiments carried out and measured 
the cutting temperature in the micro-cutting process 
with a fast-response high accuracy thermocouple 
supported with FE modeling and simulation 
validation. They also claimed that the effect of heat 
generation needs to be addressed especially when 
high machining accuracy is required. Therefore, it is 
essential and much needed to have a scientific 
understanding of the micro cutting temperature and 
the associated effects on a quantitative analysis 
basis. Especially, micro cutting heat partitioned 
distribution into diamond tool, workpiece, and chips is 
still not well understood which is so important in order 
for clearly interpreting how the generated heat effects 
on each component in micro cutting. 

In this paper, a quantitative investigation on 
cutting temperature and heat generation in micro 

cutting is presented particularly on the partition of the 
cutting heat into the cutting tool, workpiece and chips 
supported with experiments. The cutting temperature 
is measured by using a thermal imaging camera. The 
paper also presents the extensive discussion on the 
effects of cutting temperature on the tool wear, 
surface generation and machining accuracy. 
 
2. Experimental and measurement setup on 
cutting temperature and partitioned heat 
distribution  

 
The experiment setup shown in Figure 1 is used 

to cut 3 materials: titanium Ti-6al-4v, aluminium 
AA6082-T6 and single crystal silicon. The same 
cutting conditions are applied, i.e. depth of cut 10 µm, 
constant surface speed 100 m/min., and feed rate 5 
mm/min, cutting on all materials by a single crystal 
diamond tool with cutting edge radius 82.40 nm which 
approximately measured by SEM machine. The 
cuttings were conducted without coolants due to 
protection of the FTS system from any liquid, also the 
occurrences of cutting heat and temperature is 
generally not too high in micro cutting.    

In order to investigate on characteristics, the 
changing trends of cutting temperature, and 
correspondingly thermal effects for cutting on each 
material, the continuous cut was conducted 3 times 
repeatedly for each material. In other words, the 
trends of cutting temperature for all materials may 
different each other, accordingly different in each cut 
of each material as well. Thus, these changing trends 
were designed to be observed within 3 cuts, i.e., if 
thermal effects have significant influenced, it should 
be clearly observed in second or third cut basically.  

The Optris PI160 thermal imaging camera 
associated with specific calibration software package 
was used to conduct real-time measurement of 
cutting temperature at the cutting zone. Four areas at 
diamond tool, workpiece, chips and tool tip, are 
measured for titanium while only three areas namely 
diamond tool, workpiece and tool tip measured for 
aluminium and silicon. This is because chips 
generated by cutting aluminium and silicon are too 
small to be captured because of the limited capability 
of the thermal imaging camera. The cutting 



experiments and micro cutting temperature results 
are further illustrated in Figure 2. 

 

 
 
Fig. 1. Schematic of the experimental and 
measurement setup on cutting aluminium AA6082-
T6, silicon, and titanium Ti-6al-4v with same cutting 
conditions 
 

 
 

Fig. 2. Cutting temperature and the associated 
partitioned heat distribution in micro cutting process  
 
3.     Experimental results and discussions  

 
In order to get the maximums, minimums, and 

ranges between maximum and minimum values of 
each cutting area particular included diamond tool, 
workpiece, and tool tip, if the selected method, just 
select and subtract the highest and lowest points that 
is not reliable enough. Thus, in order to reduce or 
avoid the variances which caused by measuring 
errors and collection data errors, the best fitting curve 
has been applied. The reliable and optimal ranges of 
cutting temperature on each cut can then be 
calculated. Cutting temperature results, including 
their maximums, minimums and ranges for micro 
cutting these 3 materials, are further discussed below 
with observations. 

 

3.1. Micro cutting of aluminium AA6082-T6 
 
As shown in Figure 3, tool temperature level was 

increased higher and much quicker than workpiece 
with a few seconds of cutting time passed. This is 
possibly caused by the much higher thermal 
conductivity of diamond tool than aluminium. 
Meanwhile, inceasing temperature in workpiece quite 
took longer time but it kept rising until specific cutting 
time passed (about 3 minutes) in order for heating the 
workpiece temperature to be similar as tool 
temperature level. This is possibly due to the positive 
value of temperature coefficient of aluminium (0.0039 
ºK

-1
, ºC

-1
). It causes of increasing thermal 

conductivity when temperature of cutting process is 
getting increased [5]. Thus, workpiece temperature 
will then be increasing according to increasing of the 
thermal conductivity.  

 

 
 

Fig. 3. Micro cutting temperature against time interval 
of AA6082-T6; area 1: diamond tool, area 2: 
workpiece, and area 3: tool tip, in the top-down order 

 
The best fitting curves of micro cutting 

temperature on aluminium (also the others) by 
conducting polynomial eqaution at polynomial order 7 
(Figure 4). The comparision curves and its maximum, 
minimum and ranges values between raw signals 
graphs and curve fitting graphs are listed in Table 1.   

 

 
 
Fig. 4. The temperature partitioned distribution into 
diamond  tool (blue dash line), workpiece (red dash 
line), and tool tip (green dash line) for whole cutting 
time interval; cutting AA6082-T6 (ºC - min) 
 
3.2 Micro cutting of single crystal silicon 
 

As shown in Figure. 5, cutting tool temperature is 
always higher than that at the workpiece for the 
whole cutting period which differs from aluminium 
cutting. This is because the silicon has negative 
temperature coefficient (−0.075 ºK

-1
, ºC

-1
), which 

causes lower thermal conductivity while increasing 
cutting temperature in the process [5]. Thus, the 
workpiece temperature is just slightly increasing and 
it is almost the same level as room temperature at 
starting cut. The second observation is more 
interrupted cuts due to thermal effects and 



corresponding to cutting tool wear can be presumed. 
This can be observed on trends of temperature 
partitioned distribution lines between the first cut and 
the following cuts; i.e., more numbers of cuts, higher 
and more numbers of spikes on the tool temperature 
curves can be observed (Figure 5). Also more chatter 

marks on the workpiece can be obviously found for 
the whole cutting areas. Therefore, it can probably be 
supposed that tool can be gradually dulled due to 
even a few of continuously following cuts or machines 
are taken, and low tool temperature was also 
occurred

 
Table 1 
Comparision curves and its maximums, minimums and ranges between raw signal graphs and curve fitting graphs 
in cutting aluminium AA6082-T6 

 

Cutting temperature - Aluminium AA6082-T6  

 Cutting areas Raw signal curves (ºC) Polynomial fitting curves (ºC) 

Maxumum Minimum Ranges Maxumum Minimum Ranges 

1
st

 cut diamond tool 30.1 24.7 5.4 29.0 24.5 4.5 

workpiece 28.8 25.5 3.3 28.5 25.6 2.9 

tool tip 30.7 24.7 6 29.3 24.6 4.7 

2
nd

 cut diamond tool 29.6 24.2 5.4 28.7 24.5 4.2 

workpiece 28.5 25 3.5 28.2 25.0 3.2 

tool tip 30.4 24.3 6.1 29.2 24.6 4.5 

3
rd

 cut diamond tool 29.3 24 5.3 28.3 24.1 4.2 

workpiece 27.8 24.6 3.2 27.5 24.6 2.9 

tool tip 30 23.9 6.1 28.7 24.0 4.7 

 

 
 
Fig. 5. Micro cutting temperature against time interval 
of single crystal silicon; area 1: diamond tool, area 2: 
workpiece, and area 3: tool tip, in the top-down order 

 
There is surprising that even only 3 times cutting 

were taken, much higher increasing of spikes 
distributing over cutting tool temperature curves for 
the following cuts are observed. Thus, it should be 
noted that, the severe tool wear may observed by a 
few cuts on silicon even though low temperature are 
occurred. 

 

 
 
Fig. 6. The temperature partitioned distribution into 
diamond tool (blue dash line), workpiece (red dash 
line), and tool tip (green dash line) for whole cutting 
time interval; cutting silicon (ºC - min) 
 
  3.3 Micro cutting of titanium Ti-6al-4v 
 

Titanium cutting was only one has huge and 
continuous chips enough to capture and measure 
chip temperature while the others were impossible. 
Even though less spikes distributed on the tool 
temperature lines than silicon cutting, it was much 
higher cutting temperature (table 3) occurred 
especially on cutting tool and tool tip. Aslo it was 
unstable trends (fig. 7) when did more cuts like silicon 
cutting ones. Thus, the highest micro cutting 
temperature is cutting on titanium. It may easily 
destroy cutting tool tip by thermal effects if very small 
cutting area/volume and cutting depth are employed. 

Table 2 
Comparision curves and its maximums, minimums and ranges between raw signal graphs and curve fitting graphs 
in cutting single crystal silicon  
 

Cutting temperature – Single crystal Silicon  

 Cutting areas Raw signals (ºC) Polynomial fitting curves (ºC) 



Maxumum Minimum Ranges Maxumum Minimum Ranges 

1
st

 cut diamond tool 28 23.5 4.5 27.1 23.2 3.9 

workpiece 25.4 23.4 2 25.3 23.4 1.9 

tool tip 28.6 23.4 5.2 27.8 23.3 4.5 

2
nd

 cut diamond tool 30 23.7 6.3 29.2 23.0 6.2 

workpiece 26.7 23.5 3.2 26.5 23.5 3.0 

tool tip 31.1 23.6 7.5 30.1 23.0 7.1 

3
rd

 cut diamond tool 31.2 23.7 7.5 30.4 23.0 7.3 

workpiece 27.1 23.6 3.5 26.9 23.5 3.4 

tool tip 32.7 23.6 9.1 31.5 23.1 8.4 

 

 
 
Fig. 7. Micro cutting temperature against time interval 
of titanium Ti-6al-4v; area 1: diamond tool, area 2: 
workpiece, area 3: chip, and area 4: tool tip, in the 
top-down order 

 

 
 
Fig. 8. The temperature partitioned distribution into 
diamond tool (blue dash line), workpiece (red dash 
line), chip (brown dash line), and tool tip (green dash 
line) for whole cutting time interval; cutting Ti-6al-4v 
(ºC - min) 
 
4.    Analysis on heat distribution and partition in 
micro cutting  

 
Basically, heat transfer is critical issue when 

cutting temperature is considered. The excessive 
heat generated onto cutting process can deteriorate 
tool or surface integrity, e.g., thermal effects can  

Table 3 
Comparision curves and its maximums, minimums and ranges between raw signal graphs and curve fitting graphs 
in cutting titanium Ti-6al-4v 

 

Cutting temperature – Titanium Ti-6al-4v  

 Cutting areas Raw signals (ºC) Polynomial fitting curves (ºC) 

Maxumum Minimum Ranges Maxumum Minimum Ranges 

1
st

 cut diamond tool 53.5 19.1 34.4 54.2 18.6 35.6 

workpiece 34.9 19.1 15.8 33.9 18.9 14.9 

chip 41.2 19.3 21.9 38.1 19.2 18.8 

tool tip 62.8 19 43.8 62.3 18.1 44.3 

2
nd

 cut diamond tool 58.8 24.1 34.7 58.7 17.9 40.8 

workpiece 42.1 24 18.1 39.6 21.9 17.7 

chip 52.2 24.3 27.9 45.3 18.5 26.8 

tool tip 75 24.1 50.9 74.1 18.7 55.4 

3
rd

 cut diamond tool 58.7 24.2 34.5 58.6 19.3 39.3 

workpiece 42.1 24 18.1 39.4 22.3 17.0 

chip 48.8 24.4 24.4 45.1 19.4 25.7 

tool tip 75.4 24.2 51.2 74.3 21.1 53.1 

 

cause tool wear and breakage, poor quality of 
machined surfaces, and reduced machining 
accuracy. Thus, the tool-workpiece-chip heat partition 

and heat transferring into each of them are needed to 
investigate in order to scientific understanding the 
heat effects on each part of cutting process 



composition, i.e., tool, workpiece and chip. 
Consequently, the severe effects on each of them 
can then be avoided or minimised. Therefore, the 
conductive heat transfer i.e., the transferring heat 
energy by microscopic diffusion and collisions of 
particles between solid bodies in contact due to a 
temperature gradient [6] is selected to use for 
determining heat generated partition in the cutting 
process elements. The conductive heat transfer can 
be expressed based on Fourier's Law as following 
equation: 

 

            [
     

 
]                                                 (1)             

Where q is the rate of heat transfer in 
considering direction (W, J/s), A is heat transfer area 
(m

2
), k is thermal conductivity of the material (W/m.K 

or W/m 
o
C), dT (or T2-T1) is temperature difference 

across the material (K or 
o
C), s is material thickness 

(m) respectively. The minus sign is a consequence of 
energy transfer in the direction of decreasing 
temperature.  

If         ,              ,   ,                 

are conductive heat transfer, thermal conductivity [7] 
[8] [9] [10], and differences or ranges of temperature 
across material in diamond tool, workpiece, chip, and 
tool tip respectively, the diamond tool-workpiece-chip 
teperature partition can be presented as the heat 
transfer across cutting process for instant time as 
follwing equation: 
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The assumsion of cutting area (A) and thickness 
(s) of the cutting zone are all equal due to single piont 
turning process. Thus, all A and s in above equation 
can be subtracted, therefore the equation will then 
be: 

 
                                    
                                                                              (3) 

 
The averaged ranges of cutting temperature on 

diamond tool, workpiece, chip and tool tip asscoiated 
with calculation of conductive heat transfer for 
aluminium, silicon and titanium can be presented and 
conducted in 4.1-4.3   
 
4.1 Aluminium  

From Table 1, cutting temperature on diamond 
tool, workpiece and tool tip can be averaged and 
presented as in table 4   
 
Table 4 
Ranges of polynomial curves fitting the  micro cutting 
temperature for aluminium 
 

Aluminium AA6082-T6 cutting temperature 

Cutting areas ranges of cutting 
temperature (ºC) 

Average 

1
st
 cut 2

nd
 cut 3

rd
 cut 

diamond tool 4.5 4.2 4.2 4.3 

workpiece 2.9 3.2 2.9 3 

tool tip 4.7 4.5 4.7 4.6 

                             = 1000 x (4.3) : 

180 x (3) : 1000 x (4.6) = 4,300 : 540 : 4,600 
         

        = 8 : 1 : 8.5 
 
Table 4 illustrates the ranges of polynomial 

curves fitting the  micro cutting temperature in micro 
cutting  aluminium. They can be summarised that 
diamond tool/tool tip has conductive heat transfer 
against to workpiece of aluminium is about 8-8.5 
times. The cutting temperature on any areas are quite 
similar to each other for all cuts. Therefore, it should 
be noted that the continueing cuts on aluminium are 
quite more stable and predictable than others. The 
thermal effects would not be affecting on the cutting 
process of aluminium machining 

 
4.2 Single crystal silicon  
 

From table 2, cutting temperature on diamond tool, 
workpiece and tool tip can be averaged and 
presented as in table 5   
 
Table 5 
Ranges of polynomial curves fitting the micro cutting 
temperature for single crystal silicon  
 

Silicon wafer cutting temperature 

Cutting areas ranges of cutting 
temperature (ºC) 

Average 

1
st
 cut 2

nd
 cut 3

rd
 cut 

diamond tool 3.9 6.2 7.3 5.8 

workpiece 1.9 3 3.4 2.8 

tool tip 4.5 7.1 8.4 6.7 

 
                             = 1000 x (5.8) : 

150 x (2.8) : 1000 x (6.7)  = 5,800 : 420 : 6,700 
 

                    = 13.8 : 1 : 16 
 

Table 5 shows the ranges of polynomial curves 
fitting the  micro cutting temperature in micro cutting 
single crystal silicon. As the results, they can be 
summarised that diamond tool/tool tip has conductive 
heat transfer against to workpiece of silicon wafer is 
about 14-16 times. It must be noted that this partition 
is just approximately estimated due to so different 
trends of temperature partitioned distribution between 
first cut and following cuts, i.e, it gets increasingly as 
linear trend for the continuously following cuts (Fig. 
5). Therefore, the heat generated on the tool/tool tip 
trends to be increaing for any following cuts. Also the 
averaging range of cutting temperature on silicon 
might have not suitable to be applied. 
 
4.3 Titanium Ti-6al-4v  
 

From table 3, cutting temperature on diamond 
tool, workpiece, chip and tool tip can be averaged 
and presented as in table 6   
 
Table 6 
Ranges of polynomial curves fitting the micro cutting 
temperature for titanium Ti-6al-4v 
 

Titanium Ti-6al-4v cutting temperature 

Cutting areas Polynomial fitting curves 
(ºC)  

Average 



1
st
 cut 2

nd
 cut 3

rd
 cut 

diamond tool 35.6 40.8 39.3 38.6 

workpiece 14.9 17.7 17 16.5 

chip 18.8 26.8 25.7 23.8 

tool tip 44.3 55.4 53.1 50.9 

 
                             = 1000 x (38.6) 

: 6.7 x (16.5) : 6.7 x (23.8) : 1000 x (50.9) = 38,600 : 
110.55 : 159.46 : 50,900 

 
= 349.2 : 1 : 1.4 : 460.4 

 
Table 6 shows the ranges of polynomial curves 

fitting the micro cutting temperature in micro cutting 
titanium Ti-6al-4v. The excessively generated heat 
can be occurred on titanium cutting which generated 
on tool tip about 460 times, and generated on chip is 
about 1.4 times of titanium workpiece. It also was 
observed that the sparking fire occurred when cutting 
titanium with the used tool. Therefore, cutting titanium 
should be not recommended for diamond machining.  
 
5. Conclusions 

 
In this paper, the micro cutting temperature is 

investigated by micro cutting three materials including 
Aluminium AA6082-T6, single crystal silicon and 
titanium Ti-6al-4v The analysis on conductive heat 
transfer in the micro cutting process is conducted to 
indicate the partitioned cutting heat distribution in 
diamond micro  turning process, into diamond tool, 
workpiece, and chip formation. It can be found that 
the heat generated at the diamond tool/tool tip is 
about 8/8.5 times that at the workpiece in micro 
cutting aluminium, 14/16 times that for cutting silicon, 
and 350/460 times that for micro cutting titanium.  

The authors are currently further developing the 
FE-based simulation on cutting temperature and heat 
generation in micro cutting, which is in good 
agreement with the experimental study presented 
above and will be reported in a separate paper 
shortly.  

 
References 

 

[1]  G.-H. Kim, G.-S. Yoon, J.-I. Son and M.-W. 

Cho, "Investigation on the Effect of Low 

Temperature Micro Cutting Process for Mold 

Core Material," International Journal of 

Precision Engineering and Manufacturing, vol. 

13, pp. 783-788, 2012.  

[2]  N. lkawa, R. R. Donaldson, R. Komanduri, W. 

Konig, P. A. McKeown, T. Moriwaki and I. F. 

Stowers, "Ultraprecision Metal Cutting - The 

Past, the Present and the Future," Annals of the 

CIRP, vol. 40/2, pp. 587-594, 1991.  

[3]  T. Moriwaki, A. Horiuchi and K. Okuda, "Effect 

of Cutting Heat on Machining Accuracy in Ultra-

Precision Diamond Turning," Annals of the 

ClRP, vol. 39/1, pp. 81-84, 1990.  

[4]  G. Chen, C. Ren, P. Zhang, K. Cui and Y. Li, 

"Measurement and finite element simulation of 

micro-cutting temperatures of tool tip and 

workpiece," International Journal of Machine 

Tools & Manufacture, vol. 75, pp. 16-26, 2013.  

[5]  R. Perret, Power Electronics Semiconductor 

Devices, John Wiley & Sons, 2007.  

[6]  Michael J. Moran, Fundamentals of 

Engineering Thermodynamics, John Wiley & 

Sons, Inc., 2006.  

[7]  W.J. Zong, et al "FEM optimization of tool 

geometry based on the machined near 

surface’s residual stresses generated in 

diamond turning," Journal of Materials 

Processing Technology, vol. 180, pp. 271–278, 

2006.  

[8]  P. Maycock, "Thermal conductivity of silicon, 

germanium, III–V compounds and III–V alloys," 

Solid-State Electronics Pergamon Press, vol. 

10, pp. 161–168, 1967.  

[9]  E.O. Ezugwu, et al "Evaluation of the 

performance of CBN tools when turning Ti–6Al–

4V alloy with high pressure coolant supplies," 

International Journal of Machine Tools & 

Manufacture, vol. 45, pp. 1009–1014, 2005.  

[10]  G. B. Livan Fratini, "CDRX modelling in friction 

stir welding of aluminium alloys," International 

Journal of Machine Tools & Manufacture, vol. 

45, pp. 1188–1194, 2005.  

 

 


