
71C O M M U N I C A T I O N S    3 / 2 0 1 6   ●

1.	 Introduction

Forming technologies have long used various ways and 
methods based primarily on physical knowledge. For a  longer 
time, the method has been used of deep drawing using heating 
the active parts of drawing tools. The first person to describe this 
method was Romanovskij in 1968 (p. 191, and he published the 
process picture No. 114 B) [1]. In 1965, Srp, et al. published this 
solution (p. 132, Figure 199) [2]. This method is also presented 
by Cabelka, et al. in 1967 (pp. 261-262, Figure 3.509) [3], Blascik, 
et al. in 1988 (pp. 297-298, Figure 1298) [4] and Baca, in 2000 
(p.  131, Figure 108) [5]. This paper originated on the basis of 
the above information. We will discuss the possibility of using 
internal heating in metal sheet cutting using a cutting machine. In 
the past we have already published a paper on the propagation of 
heat in the cut zone, in which we dealt with this issue - Moravec 
in 2000 [6]. 

2.	 Theoretical part

First approximation of the problem
If a  cylindrical cutting punch is considered a  rod clamped 

at one end, then a first approximation can read as follows: rods, 
when heated, expand especially in length. When heating, the 
amplitudes of oscillating molecules increase and the  molecules 
fill a  larger space. Therefore, solids stretch in all directions. 
A  cylinder-shaped cutting punch can be considered the surface 
area S

1
, which is the area prior to a change in temperature. When 

performing calculations, we can understand surface expansion as 
linear expansion in two directions/dimensions (Fig. 1) [7].

Fig. 1 Scheme of a cutting punch with internal heating 
1 – punch body, 2 – heating body,
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gradient along the rod axis. Using this assumption/condition, we 
can execute the equation of rod heat conduction equation solving 
as a task with one-dimensional heat flux.

We execute an elementary layer of the thickness dx, and for 
this rod thickness we write an equation of heat balance. Heat flux 
in the elementary layer changes under stationary conditions due 
to the heat transfer on the outer surface:

Q
x
 = Q

x
 + dx + dQ

x       
or    S

dx
d
dx u dx2

2

$ $ $m aH H= ,

where θ = T(x) – T
0
 is the temperature difference between the rod 

and the environment.
In this way we arrive to a  differential equation of heat 

conduction along a rod:
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d
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2H H- =  is the equation’s dimensional 

parameter. 

The integral of this differential equation is in the form: 
x C e C emx mx

1 2H = ++ -^ h .  

3.	 Experimental part

A cavity is formed inside the cutting punch body. A heating 
body is placed into the cavity. The heating body heats the face of 
the cutting punch. It was necessary to find out what parameters 
correspond to the required temperature. A 40W tiny heating body 
(device) from a micro-solder proved to be suitable for experimental 
work. As shown in Fig. 3, we connected the assembly to a 230V 
source, which ensured heating of the active part of the cutting 
punch. Figure 4 shows a  view of the experimental workplace 
of temperature sensing. The ambient temperature was 26 °C. 
We found out the following: at U = 116 V, and after 25 minutes, 
we achieved the temperature of 97 °C, and after 40 minutes 
the temperature increased to 112 °C – the value that had to be 
obtained (to be more precise – we needed to achieve temperature 
between 100 and 110 °C). The real temperature in experimental 
conditions varied between 108 and 113 °C. We chose this 
temperature to avoid initiation of phase transformations. The 
voltage U

term 
= 4.435 mV →t = 110 °C, U

term 
= 4.280 mV →t = 105.7 

°C U
term 

= 4.404 mV →t = 109 °C. The final values were as follows: 
U = 116 V, current I = 78 mA, U

term 
= 4.404 mV.   
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Note: The coefficient α depends on temperature to a very limited 
extend only. Within the range 0 to 100 ˚C, the values apply as given 
in physical tables, and with sufficient accuracy.

                     

Heat conduction and transfer in a rod
The rod is made of a  mono-material, and is of a  constant 

cross-section. The base of the rod has heat conducted in a way 
that at all points of the initial cross-section the temperature 
T

a 
(Fig. 2) is the same. The rod is situated in an environment 

with the same unchanging temperature T
0
. Assuming that the 

material thermal conductivity coefficient as well as the heat 
transfer coefficient are constant all across the rod surface, we are 
to determine temperature distribution over the rod length, and 
determine heat transfer [8 and 9].

Fig. 2 Diagram for determining heat conduction  
and transfer through the rod

Solving can be done assuming a one-dimensional heat flow. 
This assumption will be all the closer to reality, the lower will be 
the following values:

Biot number for a  rod ( Bi 1/ %
m
adc m, α is the heat 

transfer coefficient from the rod surface into the environment; 
ô — the rod thickness; λ — the thermal conductivity coefficient of 
the rod material).

Biot number represents the ratio of values 
/m d
a

, which are 
characteristic of the intensity of heat removal from the rod surface 
into the environment, compared to heat input intensity to the rod 
surface from the rod material. The lower the Biot number, the 
lower heat removal from the cooled body surface, compared to 
a  possible heat supply from the inside. Due to the above facts, 
for Bi « 1 we can approximately consider, when solving heat 
conduction in a  rod, that the temperature gradient in the rod 
cross section be sufficiently small compared to the temperature 
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 Fig. 5 Workplace for cutting 

Technological aspect
Using a heated cutting punch, we identified some factors in 

experimental work that are instrumental in deeper understanding 
of the above issues. The condition is that heating does not replace 
the forming tool sharpening, alignment or repair, but only helps 
prolong the phase of economic wear (Fig. 6). The size of the 
production batch is of significant influence in the manufacture of 
blanks (Fig. 7) [10, 11 and 12].

Fig. 6 Criterion of the cutting edge wear
1 – sharp tool, 2 – economic wear, 3 – supercritical wear

Fig. 7 Optimum distribution of continuous production time  
and tool operation time

Fig. 3 Assembly of the experimental cutting tool

Prior to heating, the cutting punch diameter was 15.91 mm, 
and  after heating it reached 15.922 mm, which was measured 
directly and does not differentiate significantly from the 
calculated value. This laboratory verification was followed by 
incorporation of the modified cutting punch with internal heating 
into the cutting tool assembly. Since it is an open tool without 
any cutting punch guidance, we had to precisely adjust the tool 
and consistently clamp it on the press. Figures 5 and 6 show the 
experimental cutting tool and its clamping on the press. 

The presented tool was clamped on a  LESP 63 press, and 
used to cut 1-mm metal sheet. The metal sheet was made of 
conventional STN 41  1321 material, with the composition of 
0.10 % C, 0.45 % Mn, 0.035 %.P, 0.035 % S.  The other values 
included R

m 
= 420 MPa, R

e 
= 235 MPa, A = 26%. The number of 

blanks was chosen in thousands of pieces. The cutting punch was 
heated to 108 °C (± 5°). From this perspective, we can assess the 
cutting process with heating as stable. Attention was focused on 
the effect of heating during the cutting process.  

Fig. 4 Experimental workplace
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quality of the cutting surface with a  minimum exercised force 
and labour. A reduction in the cutting gap leads to an increase in 
cutting force as well as labour. Increase in the force is not large, 
but increase in labour can reach up to 40 %.

Fig. 8 Cutting gap and cutting tolerance

Since the size of the cutting gap changes during the operation 
due to the cutting edge wear, new tools are made with minimum 
acceptable cutting gap. Cutting edges gradually wear out, the 
cutting gap grows, and when it exceeds the region of economic 
wear, the forming force increases by 55%. It applies for the upper 
limit of the economic wear region that the cutting edge radius  
R = 0.1 a, where a  is the thickness of the material being cut  
(Fig. 6). Such wear is followed by a  necessary renovation of 
cutting edges [13 and 14]. 

However, the cutting gap size can be determined also 
theoretically from the following formula:

m
s
  = (a – h

v
) tg β

where:
h

v
  – 	 the indentation depth; h

v
 ≈ (0.2 to 0.5) a, 

β   – 	 the cutting surface angle relative to the direction of 
the cutting force acting, which has the following values 
according to the properties of the material being cut: mild 
(soft) steel β = 5 to 6°, medium-hard steel β = 4 to 5°, and 
hard steel β = 4°.

Fig. 9 Determining the cutting gap size

Figure 7 shows the optimum distribution of the continuous 
blank production time and the quality tool operation. The 
difference x enables re-sharpening and re-aligning of the tool in 
this section of time value difference. Therefore, it is important 
to determine the optimum size of the production batch, whereas 
it should apply that during the time of manufacturing a certain 
batch, the tool should ensure the quality of parts manufactured 
in the given batch:

 
t
Bv

 ≤ t
o
 ,				                            

where:	
t
Bv

 – the time for manufacturing a  batch with n pieces, 
t
o
 = t

pn
 the time of quality operation of the tool between two acts 

of re-sharpening or adjustment.
Condition: the degree of precision of the manufacturing 

process is directly dependent on the quality and precision of the 
forming tool.

When applying a heated punch in the process of metal sheet 
cutting, we have to consider what can be achieved with this 
solution. The following applies generally to sheet cutting, which is 
a common operation in the preparation of blanks, such as bending 
or deep drawing: cutting tolerance plays a  major role. This 
tolerance is directly dependent on the thickness and mechanical 
properties of the material being cut. Cutting gap (CG) is half the 
cutting tolerance. Optimal CG is an important measure of quality 
of the cutting tool, and it contributes significantly to the overall 
quality of the desired result of the cutting process. 

The geometry of punches and punching dies includes the 
shape, dimensions and tolerances of the working parts of the 
cutting tools. The following applies: the size of the punched hole 
determines the punch dimensions, and the blank size determines 
the punching die and punch dimensions. In hole-punching 
operations (openings and blanks), the part of material that falls 
from the opening (waste) determines the size of the cut-out hole, 
whereas the size of the punch and punching die is enlarged by the 
cutting tolerance. The size of a blank resulting from the cutting 
operation depends on the punching die size, therefore the cutting 
gap size is on the expense of the cutting punch. The cutting 
punch size will be smaller by the cutting tolerance value. Hence, 
it follows that the cutting tolerance is the difference in dimensions 
of the punching die and the punch in the corresponding point of 
cross-section. It is the distance of the punch from the punching 
die after its insertion at any point. The ideal cutting gap is uniform 
all along the punching die (punch) circumference, and is equal to 
half the cutting tolerance (Fig. 8).

Optimum cutting gap is an important measure of quality of 
cutting tools. It has a decisive influence on the durability of the 
cutting edge and the service life of the tool. Its size depends 
mainly on the thickness and mechanical properties of the material 
to be cut. An optimum cutting gap is considered the one that is 
uniform along the entire cut curve and that achieves the required 
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Quality of cutting surface
Field tests did not find any significant difference on the cutting 

surfaces between the quality of the surface being cut traditionally 
(without any heating), and with the applied heating of the active 
part. The above facts had been expected, and the assumption was 
fully confirmed. Surface roughness measurement was carried out 
using MITUTOYO Surftest. The surface roughness was R

a 
= 0.77 

μm (Fig. 11).

4.	 Discussion

Heat conduction and transfer in a hollow cylinder with heat sources
In a  hollow cylinder body there are evenly distributed heat 

sources with a specific output q
zdr 

[W/m3]. The wall of the cylinder 
transfers heat from the inside and the outside to the environment 
that is of unchanging (in time) temperatures T

1
 and T

2
. To solve 

this problem we need to use the following boundary conditions:
For internal heat exchange at r = d

1
/2:
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For external heat exchange at r = d
2
/2:   
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Due to the boundary condition of the third kind:
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According to Fig. 9, the punching die profile is characterised 
by relief grinding (clearance) by the angle α. This profile is used 
in blanks with lower shape accuracy requirements and in larger 
metal sheet thickness.

It follows from the above considerations that using a heated 
punch possibly results in quite properly corrected size of the 
cutting tolerance. As mentioned above, the increase in applied 
force at reduced cutting gap is small, but the labour increment 
is significant. This can be easily read in the graph in Fig. 6. 
Therefore, we are dealing with the maximum length of section 2 
that represents the economic wear. The amount of labour in this 
section increases rather gradually, not in leaps. Certainly, there 
is also a significant impact of the amount of heating of the active 
part of the cutting tool.

When applying a  heated cutting punch, one must consider 
such a  structure as early as in the design stage of the forming 
tool, with the economic aspect of the process coming to the fore 
here. According to Fig. 10, the appropriate cutting tolerance is 
exceeded at a certain stage of the cutting process. And it is exactly 
at this moment that a heated cutting punch can be applied so that 
the acting part of the forming tool gets heated and quite simply 
corrects the cutting tolerance in order to ensure that the process 
runs as if with a re-adjusted tool and corrected cutting tolerance. 
Using this solution can be generally recommended in the cases 
when the cutting tolerance increases to the extent that the blanks 
feature visible burrs with a height exceeding the permissible level 
of cut tolerance. The size (dimensions) of cutting punches also 
plays its role here, since the larger the size, the larger the linear 
expansion coefficient. Of course, the important in the process is 
only the direction in the x axis, elongation in the y direction does 
not affect the cutting process (Fig. 1).

Fig. 10 Change in the cutting gap resulting from the cutting punch wear
s

m1 
< 

 
s

m2  
> s

m3

Fig. 11 Surface roughness when hot cutting after 850 strokes
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i. e. the total heat transfer is equal to the aggregate source output 
in the cylinder volume.

5.	 Conclusion

This paper describes the issue of applying heating to the 
cutting process. We presented the theoretical background, 
construction solution (design) of an experimental tool, and 
the results of experimental tests. The discussion delivered an 
insight into the issue of using metal sheet cutting with heating 
the active component. Phase transformation is each qualitative 
change in the state of the same substance (in particular, steel), 
which occurs at least in a  certain part of the observed system 
due to changes in conditions (temperature, pressure, electric 
field, magnetic field). The above processes may after all result in 
complete disappearance of the initial matrix phase, to be replaced 
by a new phase. In the case of an active component such cutting 
punch, this actually becomes disabled since the required hardness 
is reduced. In thermo-mechanical terms, phase transformations 
constitute a transition from the state when it is characterised by 
a higher value of free enthalpy to a state with its lower value. The 
loss of energy is represented by labour involved in carrying out the 
contemplated conversion: 
- ΔG = (d A

max
)

neobj    

where: ΔG = ΔH - T ΔS,  (d A
max

)
neobj   

is the maximum non-volume 
labour, ΔH is the system enthalpy change, T is the temperature 
(K), ΔS is the system enthalpy change [15].

 

This paper adds new knowledge and conclusions to the large 
sphere of the issue of metal sheet cutting. 

The article was created in frame of VEGA 1/0551/14.
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the equation takes the following form:
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Using the two related equations of boundary conditions we 
determine the constants C
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The equation of temperature distribution in the cylindrical 
wall is in the following form: 

                               
lnT r

q
r C r C4
1zdr 2

1 2m
=- + +^ h .

The total amount of heat Q transferred from the inside and 
the outside cylinder surfaces to the environment, related to the 
cylinder length unit, is determined as the sum of:
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and after the adjustment it will be:
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