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Ra-avg
Average surface roughness considering all replications mm

Vc
Cutting speed m/min

x x dynamometer direction (axial) -
y y dynamometer direction (radial or thrust direction) -
z z dynamometer direction (tangential or main cutting 

direction)
-

g Rake Angle degrees

a Clearance Angle degrees

Nomenclatura

Symbol Description Units

ap
Width of cut (grooving operation) mm

fn
Feed per revolution mm/rev

Fc
Cutting force (tangential direction) N

Ft
Thrust force (radial direction) N

h Uncut chip thickness

Kc
Specific cutting force (tangential direction) MPa

Ra
Surface roughness mm
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Resumen

Recientemente, existe un interés por utilizar operaciones de maquinado para la generación de prototipos para productos basados 
en elastómeros. Sin embargo, la flexibilidad de estos materiales impone retos para las operaciones de maquinado. Este artículo 
presenta un estudio experimental sobre la influencia del enfriamiento con CO2 en las características de la pieza de trabajo y el 
proceso de maquinado, utilizando elastómero tipo SBR 1502 (6.0 MPa de resistencia a tensión y 71 de dureza Shore A). La ope-
ración de maquinado utilizada fue corte ortogonal, obtenida con base en un pieza de trabajo en forma de tubo y una operación 
de ranurado con avance en la dirección radial. Las pruebas se realizaron con tres factores experimentales: temperatura (ambiente 
y enfriamiento con CO2), velocidad de corte y avance por revolución. Cada factor tuvo dos niveles. Se utilizaron cuatro réplicas 
para cada combinación de condiciones de maquinado. El uso del enfriamiento con CO2 produjo una influencia significativa sobre 
las dimensiones de las ranuras y sobre la rugosidad superficial (mejorando Ra en al menos 75%). Bajo las condiciones de enfria-
miento con CO2, la componente de fuerza en la dirección de corte (tangencial) se incrementó, mientras que la componente de
fuerza en la dirección de reacción (radial) se redujo. La fuerza de corte específica tuvo un rango de 54 a 106 MPa, en orden de
magnitud similar a estudios previos.

Abstract

In recent years, there has been an interest in using machining operations as a means of producing prototypes for products using 
elastomers. However, the flexibility of these materials imposes challenges for the machining operations. This article presents an 
experimental study on the influence of CO2 cooling in the workpiece features and machining process for SBR 1502 elastomer 
(6.0 MPa of tensile strength and 71 Shore A hardness). The machining operation used was orthogonal cutting, obtained with a 
tube workpiece and grooving operation with feed rate in the radial direction. Testing was conducted with three experimental 
factors: temperature regime (room temperature and CO2 cooling), cutting speed and feed per revolution. Each factor had two 
levels. Four replications were conducted for each combination of machining conditions. The use of CO2 cooling produced a sig-
nificant influence on the workpiece groove dimensions and surface roughness (improving Ra in at least 75%). The cutting force 
component (tangential) was increased, but the thrust force component (radial) was reduced, under CO2 cooling conditions. The 
specific cutting force was in a range between 54 and 106 MPa, with similar order of magnitude as previous studies.
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INTRODUCTION

Most products based on elastomers are produced by some 
kind of molding and curing process (i.e., typical products 
such as automotive tires, vibration absorbers, bushings and 
shoes).  However in the last few years there has been an in-
terest in the machining process for elastomers, manly with 
the objective of creating prototype products or custom-made 
products [1-9].  In terms of prototyping, machining repre-
sents a convenient option because it is a quick and versati-
le process, allowing the generation of complex geometries 
without requiring the fabrication of special tools or molds. 
Currently, still much knowledge is needed about the beha-
vior of elastomers during machining.  The mechanical pro-
perties and flexibility of elastomers impose significant cha-
llenges on the machining process, particularly in regards to 
part dimensions and surface finish.  Therefore, cooling the 
elastomer workpiece is one option to improve the machining 
process, similarly to various other applications of cryogenic 
machining [10-11].

Related Work

Dhokia et al. [1-2] have reported an experimental setup for 
machining shoe sole prototypes, through milling operations.  
The materials tested include cooled neoprene and EVA 
(ethylene vinyl acetate).  Detailed data on cutting forces, part 
dimensions and surface finish is not reported in that study.

Kakinuma et al. [3] report an experimental setup for elas-
tomer microfluidic prototypes, through micromilling opera-
tions.  The workpiece material used is cooled PDMS (po-
lydimethylsiloxane).  Testing was conducted under varying 
conditions of microtool diameter, axial depth of cut, cutting 
speed and feed per tooth.  Detailed data on cutting forces and 
surface finish is reported.  Kakinuma et al. [3] indicate that 
surface finish is improved as feed per tooth is increased for 
grooving operations with micro end mill.

Nayak et al. [4] report on experimentation with cooled elas-
tomer (tensile strength of 15 MPa and Shore A hardness of 
80).  The machining operation is orthogonal cutting based 
of tube workpiece (60 mm in diameter and 15 mm in wall 
thickness) and a lathe.  Chip morphology is examined, but 
there is no detailed data reported regarding cutting forces 
and surface finish.

Shih et al. [6-7] worked in milling operations of cooled KM 
rubber (mixture of synthetic and natural elastomer for tire 
thread applications).  Different cutting tool designs and ma-
chining conditions were tested (cutting speed and feed per 
tooth).  Shih et al. [6-7] report that higher cutting speeds pro-
duce milled grooves with improved dimensional variations 
(i.e. edge cleanliness).

Yang and Strenkowski [9] report experiments with orthogo-
nal cutting conditions on room temperature rubber (11 MPa 
in tensile strength).  Orthogonal cutting conditions were 
achieved through a tube workpiece and a lathe.  Several le-

vels of rake angles and feed per revolution were tested.  De-
tailed data on cutting forces and surface finish are reported.  
Yang and Strenkowski [9] conclude that a larger rake angle 
produces a better surface finish.

This review of previous work shows the limited research 
regarding the machining of elastomers under part cooling 
conditions.  Only Kakinuma et al. [3] have reported a quan-
titative study with focus on cutting forces and surface finish 
for micromilling operations on cooled PDMS.

Objective

The aim of this study is to establish an experimental setup 
to evaluate the influence of cooling on process conditions 
and part features.  Orthogonal cutting conditions were cho-
sen in order to have a basic understanding of the elastomer 
machining process.  In terms of part features, there is parti-
cular interest in dimensional variations and surface finish.  
The process conditions to evaluate are focused on the cutting 
forces, given their potential implication on part features. 

EXPERIMENTAL SETUP 

Material

For this study, a material based on SBR 1502 (Stiren Buta-
dien Rubber) was selected. The material is classified as an 
elastomer, with application in tires, shoe soles, mats, pads, 
toys, etc. Tables 1 shows the mechanical properties based 
on standard ASTM testing.  The selected geometry for the 
experiments was a tube workpiece with 25.4 mm in internal 
diameter, 50.8 mm in outer diameter and 60 mm in length. In 
order to study the effect of low temperature under material 
machinability, some samples were cooled through immer-
sion in a container with solid CO2.

Tabla 1. Mechanical properties of SBR 1502 elastomer.

Mechanical Property ASTM StandarValue

Tensile strengt D412 6.0 MPa

Shore A hardness D2240 71

Orthogonal Cutting Operations

The machining was carried out in a MILLTRONICS CNC 
lathe model ML-14, using the set up shown in Figure 1. The 
elastomer tube is fixed to a mandrel with through screws for 
workpiece stability. The lathe chuck grabbed the mandrel 
in order to avoid deformation of the flexible workpiece.  In 
order to have the orthogonal cutting conditions, the selec-
ted cutting tool (rectangular shape with 4 mm in width) was 
arranged to approach the workpiece in a radial direction and 
perform grooving (or cut-off) type operations, down to 5 mm 
below the original surface (see Figure 1). Orthogonal cutting 
was selected aiming to eliminate one of the three compo-
nents of the machining force, reducing the complexity of the 
analysis.
a)   b) 
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Based on previous studies, such as Rivera [5] and Toscano 
et al. [8], the machining parameters were selected with three 
(3) factors and two (2) levels per factor, as indicated in Ta-
ble 2.  The selected cutting tool for this study (see Table 3 
and Figure 2) provided the fixed experimental conditions.  
Therefore, a rake angle of -10 degrees was used in all expe-
riments, using unworn grooving inserts in order to avoid the 
effect of tool wear on surface roughness.

In order to facilitate the statistical analysis, four replications 
for each combination of process parameters were carried 
out.  Therefore, a total of 32 experiments were executed. The 
sequence of experiments was randomized in order to mask 
other potential environmental factors.

Table 2. Set of variable machining parameters.

Factor Levels

Cutting speed Vc (m/min) 60 120

Feed rate fn (mm/rev) 0.25 0.50

Temperature Regime 25 ºC
Room Temperature

-25 ºC 
C02 Cooling

Table 3. Set of fixed machining parameters.

Maching Operation Grooving

Width of Cut ap (mm) 4 mm

Grooving Insert

SECO LCMF 160404–0400–MT TP200

Rake Angle g -10º

Clearance Angle a 7º

Tool Holder SECO CFMR 075 04B

Figure 2. Cutting tool holder and grooving insert.
Metrology

The product features of interest were dimensional variations 
and surface finish.  After the machining experiments, the di-
mensions of the grooves were measured using a stereoscope, 

and were compared to the tool width, in order to evaluate 
the dimensional variations under the different conditions.  
The surface roughness was measured at the bottom surface 
of each groove using a surface profilometer CARL ZEISS 
Surfcom 1500 with measurement capability between 0.01 
and 100 μm.

For each experiment, a KISTLER piezoelectric dynamo-
meter (model 9257B) was used to measure and register the 
components of the machining force, according to the dyna-
mometer axes shown in Figure 1.  The temperature of the 
workpiece was monitored with pyrometer IMPACT just be-
fore the machining process, and aiming to start the process at 
25±5 °C or at -25±5 °C, according to the selected tempera-
ture regime (room temperature or under cooling with CO2).

RESULTS AND DISCUSSION

Part Dimensional Variations

The CO2 cooling regime has a significant influence on the part 
dimensions. Figure 3 shows an example of dimensional varia-
tions.  The grooving insert has a nominal with of 4 mm.  Due 
to the material flexibility, at room temperature the final grooves 
have approximately 3 mm in width.  Under the CO2 cooling 
regime the grooves have dimensions approaching the nominal 
value of 4 mm.  From a qualitative point of view, the surface 
finish observed is also greatly influenced by the CO2 cooling.

Part Surface Roughness 

A more detailed analysis of the machined samples provides 
important insights regarding the influence of the CO2 cooling 
regime on surface finish. As indicated in Table 4, four (4) repli-
cations were used for each combination of cutting speed (Vc), 
feed per revolution (fn) and temperature regime.  Figure 4 sum-
marizes the findings for surface roughness (Ra) considering the 
four (4) replications for each combination of machining para-
meters. The results showed that surface roughness largely de-
creased due to CO2 cooling, while it is not significantly affected 
by the cutting speed or feed per revolution, which corroborates 
the trends observed by Yang and Strenkowski [9]. Under the 
tested experimental conditions, the surface roughness reduction 
due to CO2 cooling was at least 75%.
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  Figure 1 Experimental setup: a) dynamometer axes definition and main elements and 
b) example of grooving operation of elastomer SBR 1502 under CO2 cooling regime.
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Experiment Sequence Cutting Speed 
Vc [m/min]

Feed per Revolution 
fn [mm]

Temperature 
Regime

Surface Roughness 
Ra [m]

Avg. Surface Roughness 
Ra-avg [m]

4 60 0.25 CO2 5.02

7.30
6 60 0.25 CO2 7.31

17 60 0.25 CO2 10.30

23 60 0.25 CO2 6.56

11 60 0.25 Room T 47.82

42.49
22 60 0.25 Room T 57.63

27 60 0.25 Room T 26.53

28 60 0.25 Room T 37.98

3 120 0.25 CO2 6.10

8.48
8 120 0.25 CO2 8.55

14 120 0.25 CO2 13.35

18 120 0.25 CO2 5.92

1 120 0.25 Room T 63.68

41.54
2 120 0.25 Room T 28.49

20 120 0.25 Room T 37.00

29 120 0.25 Room T 37.0

7 60 0.50 CO2 10.05

10.17
19 60 0.50 CO2 9.01

24 60 0.50 CO2 12.35

30 60 0.50 CO2 9.28

9 60 0.50 Room T 46.58

40.73
13 60 0.50 Room T 32.26

15 60 0.50 Room T 42.32

32 60 0.50 Room T 41.74

10 120 0.50 CO2 6.22

7.41
12 120 0.50 CO2 6.40

16 120 0.50 CO2 8.52

26 120 0.50 CO2 8.48

5 120 0.50 Room T 46.29

40.88
21 120 0.50 Room T 32.56

25 120 0.50 Room T 50.93

31 120 0.50 Room T 33.72
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Figure 3. Representative grooves machined under both temperature regimes: room temperature (a) and CO2 cooling (b).

Table 4. Experimental results for surface roughness.
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Figure 4. Experimental results for part surface roughness (Ra) considering 
the different machining parameters and temperature regimes

Cutting and Thrust Forces

After the measurement of the machining forces, the acquired 
data was processed to convert from the original signal to a sin-
gle force value, in order to facilitate the comparison between 
different machining conditions. Therefore, the machining for-
ce signal was filtered using MatLab software, and a portion 
of it was further selected to obtain an average value. The se-
lection criteria considered avoiding instability zones, utilizing 
only the data from the central millimeter, from the total 5 mm 
in radial depth of cut (i.e. data from 2 mm after the start of the 
cut and 2 mm before the end of the cut was discarded). Once 
the points were selected and averaged, a final average force va-
lue was obtained among the four (4) experimental replications.

The final average values from the dynamometer force compo-
nents are reported in Figures 5 and 6. The cutting force compo-
nent, Fc, corresponds to the z dynamometer direction.

The thrust force component, Ft, corresponds to the y dynamo-
meter direction. According to the characteristics of orthogonal 
cutting conditions, the force component in the x direction is not 
considered since its values were approximately two orders of 
magnitude lower than the values for the y and z components. 

As expected, the cutting force component Fc increases with 
feed per revolution fn, for both temperature regimes.  Under 
CO2 cooling, the cutting force component Fc increases with 
cutting speed Vc.  However, this influence of cutting speed is 
more pronounced when cutting at fn of 0.5 mm/rev.

Figure 5. Experimental cutting or principal force values Fc (in the z dynamome-
ter direction) for the different machining parameters and temperature regimes.

 

Figure 6. Experimental thrust force Ft values (in the y dynamometer direc-
tion) for the different machining parameters and temperature regimes.

At room temperature, the thrust force component Ft decrea-
sed about 10% with the increment in the cutting speed Vc, 
and practically did not changed with the increment of feed 
per revolution fn. In contrast, under CO2 cooling, the thrust 
force component Ft was not influenced by the change in 
cutting speed, but increased up to 37% with the increment 
of feed per revolution. Overall, the CO2 temperature regi-
me showed a strong influence by reducing the magnitude of 
Ft, compared to room temperature. Even when the material 
stiffness increases under CO2 cooling, the thrust force com-
ponent Ft decreases. It is presumed that this is caused by the 
reduction in friction between the tool and the chip, which in 
turn is caused by the adhesion reduction between the chip 
and the cutting tool. This phenomenon was reported before 
for cryogenic machining of metals [10-11].

Specific Cutting Force

The specific cutting force, calculated with Equation (1), can 
provide additional insights into the mechanical properties of 
the workpiece material under high strain rate conditions.  Fi-
gure 7 shows the overall trend of specific cutting force as a 
function of temperature regime, feed per revolution fn and 
cutting speed Vc.
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p n

=
          

(1)

As expected, the specific cutting force Kc has a significant 
decrease with higher feed per revolution fn, which is equiva-
lent to uncut chip thickness (h) due to the grooving operation.  
The temperature regime has a clear influence on the specific 
cutting force. Finally, the experimental data indicates that the 
specific cutting force has little sensitivity to the cutting speed.
 

Yan and Strenkowski [9] report cutting forces, at room tem-
perature and orthogonal cutting conditions, in the range bet-
ween 180 and 240 N for a cutting tool with 10 degrees in 
rake angle. The experiment is based on elastomer tube cut-
ting, with a wall thickness of 11.61 mm.  The elastomer has a 
tensile strength of 11 MPa. The cutting conditions are cutting 
speed Vc of 165 m/min (based on reported data of tube dia-
meter of 95.25 mm and spindle speed of 550 rev/min), with 
feed per revolution of 0.254 mm (cutting force of 240 N) and 
0.127 mm (cutting force of 180 N).  Therefore, under those 
experimental conditions, the observed specific cutting forces 
range between 81 and 122 MPa.

In the study reported here, an elastomer with tensile strength 
of 6.0 MPa was machined under orthogonal cutting condi-
tions, at room temperature and CO2 cooling conditions. The 
cutting tool has -10 degrees of rake angle.  The specific cut-
ting force Kc ranges between 54 and 106 MPa.  Therefore, 
these values are in the same order of magnitude as those 
found by Yang and Strenkowski [9].

Kakinuma et al. [3] report specific cutting forces between 
600 to 2,800 MPa in micromilling operations of cooled 
PDMS.  In that case, specific cutting forces are one order of 
magnitude higher (compared to the current study) due to the 
feed per tooth of 0.125 mm. In contrast, in the study reported 
here, the feed per revolution fn was set to 250 and 500 mm.

CONCLUSIONS AND FUTURE WORK

The proposed experimental setup, which involved the move-
ment of the cutting tool in a radial direction against the SBR 
1502 tube, showed good stability during the experimentation 
and allowed the evaluation of workpiece characteristics such 
as dimensional variations and surface finish, which are im-
portant features for product prototyping.

The influence of CO2 cooling in the workpiece features and 
machining process for SBR 1502 elastomer (6.0 MPa of ten-
sile strength and 71 Shore A hardness) was tested extensively. 
Testing was conducted with three experimental factors (tem-
perature regime, cutting speed and feed per revolution) and 
two levels per factor, considering four replications.  The use of 
CO2 cooling produced a significant influence on the workpiece 
groove dimensions and surface roughness (i.e. Ra improved 
in at least 75%). In terms of cutting forces, the cutting force 
component was increased, but the thrust force component was 
reduced, under CO2 cooling conditions. The specific cutting 
force was found to range between 54 and 106 MPa, with si-
milar order of magnitude as previous studies. These findings 
allow to consider the cutting force recording systems as an ac-
curate calibration equipment, when manufacturing elastomer 
components through machining processes. 

As future work, the research in cryogenic technologies for 
elastomer machining should continue in order to implement 
practical applications in industry. Improved experimenta-
tion methods will be designed, including the use of cooling 
chambers to achieve a better workpiece temperature control.  
Also, testing will be expanded to include applications bio-
compatible elastomers for medical devices and biotechno-
logy applications. For example, the process of machining 
elastomeric materials can be useful for customizing tracheal 
implants and other biomedical devices.
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Figure 7. Specific cutting force Kc for different experimental conditions.
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