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Abstract: In industrial application of products made by sandwich composites polymeric materials it is important to
determine mathematical models of force and torque, when machining this. Thus, it would be possible to know optimum
process parameters values or to predict force and torque values, once process parameters values set. Machining, more
specifically milling process, for products made by materials sandwich composites polymeric, the existing data published on
this topic are very poor and, rather, quantitative ones. So, a study on products made by materials sandwich composites
polymeric has been done and the results presented by this paper, mainly considering the wide industrial application of this
material in Romanian industry.
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1. INTRODUCTION

In the 50’s the development was mainly concentrate on honeycomb materials. Honeycomb was mainly used as
core material in the aircraft industry. However, it had some limitations, for example there big problems with
corrosion, see figure 1. At the end of 50’s and during the 60’s and until this days different cellular plastics where
produced, suitable as core materials [1, 2, 3].
In the beginning rather soft materials were used because of their insulation properties, for example polystyrene
and polyurethane, see figure 2. Later it was possible to produced harder cellular plastics with higher densities
and by that time sandwich became a very useful and flexible concept, see figure 3.
In this paper the sandwich composite polymeric products are made of fiber glass and the core is polystyrene
extruded, see figure 3.

Figure 1: Example of honeycomb core

Figure 2: Example of polystyrene or polyurethane core
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Figure 3: Example of polystyrene extruded core

The combination of two composite faces and a lightweight core allows obtaining a high flexural stiffness with a
weak mass. The faces carry most of the tensile and compressive stress due to axial loading and bending whereas
the core carries most of the shear stress. A priori, the weaving of the sandwich structures should constitute a non
negligible value-added for the development of these structures. Every part has its specific function to make it
work as a unit.
The aim is to use the material with a maximum efficiency. Two faces are placed at a distance from each other to
increase the moment of inertia, and thereby the flexural rigidity, about the neutral axis of the structure [4,5,6].

2. RESEARCH APPLIED METHODS

Determining mathematical models for the relationship of parameters specific to a certain machining process,
based on experimental results, involves some steps to be followed, such as: -the “definition” of both independent
and dependent variables associated to this models [1]; -an appropriate experiments design type to be considered;
-the regression analysis, if available; -the fitted mathematical model to be obtained.
The mathematical models for axis cutting force and torque for milling process are mentioned by most of the
articles and books dealing with this problem, and are represented in relations (1) to (6).
 in milling process

Fx = f (vc, vf, ae, ap),     [N] (1)
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where:
Fx, Fy – represent the axial cutting force (dependent variable);
M – the torque (dependent variable);
vc – the cutting spead of the process [m/min] (independent variable);
vf – the cutting feed of the process [mm/min];
ae – axial depth of cutting process [mm] (independent variable);
ap – redial depth of cutting process [mm] (independent variable);
a1, a2, a3, a4 – polytropic exponents;
CF, CM, - constants.
In fact, the aim of this paper, meaning, presenting the steps followed and, specially, the new mathematical
models obtained for the axial force and torque in milling process.
For obtaining the constants and polytropic exponents’ values, relations (2), (4), and (6) must be of linear type
and, so, by logarithm they will “turn” into relations (7) to (9), as follows:
 in milling:
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So, it can be mentioned that the first method, REGS, applied was that of solving a four / five linear equations
system – as there were four / five constants to be determined (C, a1, a2, a3 and a4), five constants for the milling
process. The second method applied dealt with experiments design and regression analysis – done with a special
software, DOE KISS. [5] Due to limited license rights (as the authors have only the “student version”), there
could only be determined regression models with three independent variables, each of them with two “levels’.
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Table 1: The experiments design (Central Composite Design, CCD)
Central
Composite
Design (CCD)

Experiments Design
Run A B C

1 -1 -1 -1
2 -1 -1 +1
3 -1 +1 -1
4 -1 +1 +1
5 +1 -1 -1
6 +1 -1 +1
7 +1 +1 -1
8 +1 +1 +1

So, based on the results obtained by solving relations (7) to (9), for the regression analysis there have been
considered the three most “significant” variables – for axial force and torque values. The three most important
variables are: vc, vf and ae [9, 10]. The experiments design (Central Composite Design, CCD) is evidenced in
table 1.

Regression analysis performed by the software resulted in models like the ones mentioned by relations (10)
to (12):
 in milling:

efcfeecfcefc avvavaaavavvaaavavaaFx  1232313123210 ,[N] (10)

efcfeecfcefc avvavaaavavvaaavavaaFy  1232313123210 ,[N] (11)

efcfeecfcefc avvavaaavavvaaavavaaMz  1232313123210 ,[Nm] (12)
The relationship of “coded” variables, and “natural” ones, zj (zj=vc, vf, ae, ap) is (13):

(13)
where:
zmin - is the minimum experimental value;
zmax - the maximum experimental value.

Figure 4: Experimental stand – force and torque study for machining milling process

Figure 5: Special dynamometric device

Equipment and materials:
a) Computer Aided Process, special software;
b) Amplifier analog-digital;
c) Special dynamometric, type 9257B, device for 6 components, Fx, Fy, Fz, Mx, My, Mz. The

dynamometer has a great rigidity and consequently a hight natural frequency. Its hight resolution enables the
smallest dynamic changes in large forces to be measured.
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d) Studied material: Products made by materials sandwich composites products with two faces of fiber
glass and the core made by polyester extruaded, some plate characteristcs are presented in table 2 and some core
characteristics are presented in table 3.

Table 2: Plates characteristics

Material code
Plate

dimensions,
[mm]

Thickness,
[mm]

Density,
[kg/m3]

Tension
resistance,

[MPa]

Elastic
Modulus,
[N/mm2]

EC12-2400-P207 100x200 1.5/2/4 2,54x10-3 3450 5000

Table 3: Core characteristics

Material code Thickness
[mm]

Density,
[kg/m3]

Compression
Resistance de 10%

[N/mm2]

Conductivity,
[W/m.K]

AplaXfoamBT 20 28 0.30 0.018

Experimental values obtained for the forces Fx and Fy and torque Mz measurement are shown in the tables 4,
and table 5 as follows: - for the first method, REGS considered, that of solving the four / five linear equations
systems – see table 4; - for the second method studied, we use just 3 variables, because the program used was
DOE KISS with 3 variables and 2 levels that of experiments design (CCD) and regression analysis – see table 5.

Table 4: Experimental values obtained for the forces Fx and Fy and torque Mz

Table 5: Experiments design (CCD) and regression analysis

Observations: for each experience, replicates number equaled five.

3. MATHEMATICAL MODEL

A. For the first method considered, REGS, obtained experimental results were further “processed”, in order to
solve the four / five linear equations systems, required for models’ constants and polytropic exponents values
determination (C, a1, a2, a3 and a4), [5, 6].
Knowing that initial dependence relationships were exponential, – relations (7) to (9), there were obtained the
mathematical models of force and torque, for machining milling process for products made by materials
sandwich composites polymeric[7, 8].
So, in milling process, there are the final equations - see relations (13) to (15):

,[N] (13)082.0485.0809.0107.0073.0 pefc aavvFx  
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, [N] (14)

,[Nm] (15)

Some graphical representations of the obtained mathematical models can be noticed in figure 6a, b, c (for the
milling process for REGS- Fx, Fy and Mz) and in figure 7 (for the milling process for DOE KISS).

a) b) c)

Figure 6: Graphical representation of Fx-a, Fy-b and Mz-c with REGS models - relations (13), (14), (15).

As observation, there should be mentioned the fact that these graphs were plotted for the variables with higher
influence on force and torque values.
B. One can notice the fact that relations (13), (14) and (15) were obtained by solving classical linear equations
system.
It means, four / five unknown parameters and, consequently, the need for four / five linear equations systems to
be solved [10]. So, an “improvement” of the method to obtain mathematical models was considered to be right
[9, 10].
So, for the new sets of experiments, as mentioned before, there have been considered, both the Central
Composite Design of experiments and the regression analysis, performed with the special software, DOE KISS.
The only three independent variables studied were the ones that proved (by previously obtained mathematical
models) to strongly influence the dependent variable (axial force or torque).. All of these are evidenced by table
6.

Table 6: Independent variables values

Examples of the DOE KISS software results, are shown in figure 7. So, as result of this method, the obtained
mathematical models of force and torque, for machining milling process are the ones mentioned above – see
relations (15), (16) and (17):

, [N]        (15)
, [N]  (16)

, [Nm]    (17)

067.0338.0504.0209.0063.1 pefc aavvFy  

056.0477.0805.0028.0004.0 pefcz aavvM  

efceceffcefc avvavavvvavvFx  0000034.0036.000097.000005.0883.101009.00152.0857.2
efcfeecfcefc avvvaavvvavvFy  00001.000093.0004.0000065.0556.2031.0058.0064.3

feecfcefc vaavvvavvMz  00016.0006.000003.0207.00033.0002.0549.1
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Figure 7: Examples of the DOE KISS software results

Some graphical representation for Fx , Fy and Mz models - relations (15) , (16), (17) – see figure 8.

Figure 8: Graphical representation for Fx , Fy and Mz models - relations (15) , (16), (17)

Figure 9: Examples of DOE KISS software - marginal means plots

Figure 10: Examples of DOE KISS software – Pareto chart of coefficients

4. CONCLUSION

This study is about two methods REGS and DOE KISS, used for determining new adequate mathematical
models of the forces Fx and Fy and torque Mz in machining, milling process of products made by materials
sandwich composite polymeric. The machining procedures considered were milling process, while the material
studied is one of great importance for Romanian industry.
The first method, consisted in solving the four / five linear equations systems, required for models’ constants and
polytrophic exponents values determination (C, a1, a2, a3 and a4).
The second method, involved design of experiments (CCD) and regression analysis performed with a special
software.
There were obtained two independent variables polynomial type models and by plotting graphs, it was evidenced
their influence, as well as their interaction, on the forces and torque values.
All the steps carried in order to obtain the new mathematical models can be considered as parts of a “procedure”
to be followed / applied for any materials type and different machining procedures, whenever dependence
relations of machining parameters are worth to be determined.
Further research involves other process parameters and materials to be studied, as well as the application of
obtained models on real time control of the machining milling process.
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