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Abstract. Carbon fiber reinforced plastic (CFRP) composites are being used at
a greater scale which is increasing the demands on automated production to
improve productivity. These types of materials can be stronger than steel, about
40% lighter than aluminium, up to 80% lighter than steel and as stiff as titanium.
Composite materials represent a good alternative to engineering materials,
providing several important advantages in comparison to conventional materi-
als, such as: light weight, mechanical and chemical resistance, low maintenance
costs, high specific strength, higher stiffness and temperature stability, allowance
of free forms modelling and specific design. Surface roughness evaluation is
very important for many fundamental problems such as friction, contact
deformation, heat and electric current conduction, tightness of contact joints and
positional accuracy. For this reason, surface roughness, has been the subject of
experimental and theoretical investigations for many decades. Also, surface
roughness imposes one of the most critical constrains for the selection of
machines and cutting parameters in process planning. In order to economically
machine these materials with high part qualities, improvements in machining
strategies must be made. This chapter presents the researches regarding different
milling and drilling strategies in order to determine the best quality of the
finished product. Flatness, parallelism, cylindricity, roughness and dimensional
tolerances were measured using 3D CMM and the results were analysed using
the Design Expert software.

Keywords: CFRP - Machining strategy * Design of experiments - Roughness -
Infrared thermography - Education

1 Introduction

Composite materials represent a good alternative to conventional materials, providing
several important advantages, such as: light weight, mechanical and chemical resis-
tance, low maintenance costs, high specific strength, higher stiffness and temperature
stability, allowance of free forms modelling and specific design.

Benefits from composite materials are especially important where weight control is
critical, for example in the aerospace industry. They are also utilized at a greater extent
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due to its beneficial properties in the wind power industry, automotive, electronics and
medicine (implants realized using advanced composite materials.

In industry, there are many discussions regarding the use of composite materials.
The study of VDI (Association of German Engineers) shows an increased use of these
type of materials from 28000 to/year in 2008 to 42000 to/year in 2012. The study
expects an increase up to 130000 to/year in 2020 [7].

The challenges for automotive engineering are the reduction of gas emissions pre-
scribed by the EU. Lightweight construction is an important lever for reducing fuel
consumption. For this reason, automotive manufacturers are providing their developers
and suppliers with quantitative guidelines for the continuous weight reduction of the
components.
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Fig. 1. Time evolution of types of materials used in a car (according to VDI)

Lightweight construction materials such as carbon fiber reinforced composites are
increasingly replacing conventional steel, which thus loses its dominant role as a recent
study of VDI also shows (see Fig. 1).

Nationally, for the moment at least, composite materials are not used in the man-
ufacturing of the frames of mechanical machines, but internationally there are studies
and researches regarding the replacement of classic materials of which mechanical parts
of the machines are manufactured with components manufactured from carbon fiber
reinforced composite materials. Analysing the published articles and the state of the art
regarding the machining of composite materials, there are a few, but representative
studies, in these areas [9, 15]. The researches presented in this chapter will be used in
lecturers in higher education [16, 17].

The demand for high strength fiber composite components is set to increase across
many industries until 2020, leading to solid market growth. According to VDMA (Ver-
band Deutscher Maschinen und Anlagenbau, Mechanical Engineering Industry Associ-
ation) the study of the demand for high-strength carbon-fiber composite components is
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rising by 17% a year. The results of this study present also the explicit demand of the
companies to accelerate the research in this area. Another attractive aspect beside their
performant mechanical properties is that the experts expect that the costs of fiber com-
posite components will come down by around 30% by 2020. A conclusion of the studies
indicates that there will be a strong growth in demand for these products, with the growing
importance of lightweight construction across various industries. Challenge for engi-
neering would be to drive down production costs through technological development,
indicating a clear wish of the companies (sectors of industry, like automotive, aeronautics
and wind energy), to intensify the researches in order to gain new knowledge in machining
of carbon fiber reinforced composites [10].

2 Research Methodology

The methods of investigation involve solving the existing problems, such as: reduction
of working times, increased productivity, cost reduction and improvement of the
quality of the processed part.

First stage of this research has the role to identify and generate in working
hypotheses. The existing researches were analysed and the relevant studies for the
proposed theme were identified. After a detailed examination of the publications and of
the knowledge existing in production, the work was focused on a step by step docu-
mentation of the information needed for identifying the machining parameters, which
have influence on the quality of the machined carbon fiber reinforced composites.

Due to the variety of the machinability characteristics of different types of carbon
fiber reinforced composites, an optimization of the process parameters is necessary for
each type of material. Currently, the process parameters are experimental optimized by
the users, which implies bigger costs.

The research was focused on three different tool paths for milling and drilling
operations (Helical-Figs. 2 and 3, Zig-Zag Figs. 4 and 5 and iMachining, Figs. 6 and 7).

The three different tool paths were selected with the role of highlighting the degree
of influence of the material removal method as well as of the tool trajectory on the
quality of the material. The used strategies for this chapter are presented above.

Fig. 2. Helical strategy for drilling
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The Helical milling strategy uses a helical path for machining parts, while rotating
around its own axis. The strategy combines the movement of the vertical z-axis with
the horizontal x-y axis. The strategy has the advantage of generating low cutting forces
while reducing the tool wear.

Fig. 3. Helical strategy for milling

Fig. 4. Zig-Zag strategy for drilling

The Zig-Zag strategy uses parallel-linear paths for the material removal. The
material is removed both in forward and backward movement, using a combination of
two axis movement: the z axis with x or y axis.

Fig. 5. Zig-Zag strategy for milling
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Fig. 6. iMachining strategy for drilling

Fig. 7. iMachining strategy for milling
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Fig. 8. Tool path strategy for each processed hole and slot (Blue-Helical, Red-Zig-Zag, Black-
iMachining)
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iMachining involves the establishment, by the program, of the optimal route nec-
essary to be machined in order to remove the material with constant volume thus
allowing a shorter processing time and a longer tool life (Fig. 8 and Table 1).

Table 1. Process parameters for each strategy

Operation | Helical Zig-Zag iMachining
Speed Feed Speed Feed Speed Feed
(rot/min) (mm/min) (rot/min) (mm/min) | (rot/min) (mm/min)
1 11500 690 11500 690 11500 690
2 6500 390 6500 390 6500 390
3 7500 450 7500 450 7500 450
4 8500 510 8500 510 8500 510
5 7000 420 7000 420 7000 420
6 10000 600 10000 600 10000 600
7 9500 570 9500 570 9500 570
8 8000 480 8000 480 8000 480
9 10500 630 10500 630 10500 630
10 12000 720 12000 720 12000 720
11 5000 300 5000 300 5000 300
12 6000 360 6000 360 6000 360
13 5500 330 5500 330 5500 330
14 9000 540 9000 540 9000 540
15 11000 660 11000 660 11000 660
16 4500 270 4500 270 4500 270
3 Results

Surface roughness evaluation is very important for many fundamental problems such as
friction, contact deformation, heat and electric current conduction, tightness of contact
joints and positional accuracy. For this reason, surface roughness has been the subject
of experimental and theoretical investigations for many decades. Also, surface
roughness imposes one of the most critical constrains for the selection of machines and
cutting parameters in process planning. Although many factors affect the surface
condition of a machined part, parameters such as cutting speed, work piece condition,
feed rate and depth of cut have more influences on the surface roughness for a given
machine tool and work piece set-up [1].

Dimensional positioning, and geometrical tolerances such as cylindricity, paral-
lelism and flatness [4], of each processed hole or slot was measured using the 3D
measuring machine Axiom Aberlink twoo (Fig. 9), and the results were printed as
shown in Fig. 10.
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Fig. 10. Flatness deviation measurement report

Based on the results, using Design-Expert software v12 the following correlation
charts were plotted in order to identify the influence of the process parameters on the
obtained surface quality, for each tool path strategy (Figs. 11, 12 and 13).
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Fig. 11. Correlation chart for Helical strategy

Correlation: 1.000
Color points by
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Flatness (mm)
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Fig. 12. Correlation chart for Zig-Zag strategy
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Correlation: 1.000

Color points by
Run
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Fig. 13. Correlation chart for iMachining strategy

The best results were obtained for the iMachining method, where the values were
constant for all the machining process parameters. The strategy that uses helicoidal
displacements is the one for which the highest measured value of the flatness deviation
was 0.027 mm. Removing material using only circular interpolation generates higher
values for the flatness deviation.

Further the 3D measurement reports were plotted in order to determine the dimen-
sional accuracy for each processed hole and the results are shown in Figs. 14 and 15.
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Fig. 15. Measurement report on y-axis

As for the milled slots the distances and parallelism between the flanks was also
measured, the results were plotted in Fig. 16.
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Fig. 16. Measurement report for parallelism deviation and thickness of the slots
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For each processed hole the cylindricity deviation and the diameter was also
measured, and the results were plotted into the correlation charts presented in Figs. 17,
18, 19 and 20.
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Fig. 17. Measurement report for cylindricity deviation and diameter
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Fig. 18. Correlation chart for Helical strategy
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Fig. 19. Correlation chart for Zig-Zag strategy
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Fig. 20. Correlation chart for iMachining strategy
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As in the case of the flatness analysis, the results obtained show that the iMachining
strategy generates the most constant values. This strategy allows a constant machining.
The biggest deviations were obtained for the Zig-Zag strategy, concluding that
machining only on two axis does not lead to good result in terms of cylindricality.

Further the roughness parameters were measured using a roughness tester from
Namicon, TR220. The evaluation length, In, was set to 12.5 mm and the sampling
length, Ir, was set to 2.5 mm according to ISO 4288. The results are presented in
Tables 2, 3 and 4.

Table 2. Measured roughness values for each processed slot

Nr op | Helical

Ra[pm] | Rq[pm] | Rz[pm] | Rt[pm] | Rp[pm] | Rv[pm] | Ry[pm]
1 0.67 0902 [3.667 | 5722|2101 |1.566 | 5.722
2 1.096 |1.329 |5.031 6.953 |2.484 |2.546 | 6.953
3 0.682 |0.873 |4.273 | 5.82 |1.789 [2.484 | 5.82
4 1.144 |1461 |6207 |10.05 |2.699 |3.507 |10.05
5 0.985 |1.235 |[5.21 6.894 |2.402 |2.808 6.894
6 0991 |1.229 |5421 748 2972 |2.449 | 7.48
7 10.594 0.79 3316 | 5.722 11.265 |2.05 5.722
8 1327 |16 6.421 8.808 [2.875 |3.546 8.808
9 0953 1203 (4835 | 791 |2531 (2304 | 791
10 [0.797 |1.012 |4.984 | 8.906 2.082 |2.902 8.906
11 0.871 |[1.13 4976 | 7.089 [2.292 |2.683 7.089
12 0835 [1.021 |4.48 6.289 | 1.878 | 2.601 6.289
13 1.195 [1.459 |6.269 | 8.261 |3.074 |3.195 8.261
14 1.164 |1.42 5.132 | 7363 12.64 2492 | 7.363
15 0.833 |1.08 5.171 7.148 |2.488 |2.683 7.148
16 0809 [1.04 4703 | 7.148 2339 |2.363 7.148

For the first 13 operations, of each tool path strategy shown, correlation charts were
plotted in order to establish the relation between the roughness values of Ra, Rz and the
process parameters (see Figs. 21, 22, 23, 24, 25, 26, 27, 28 and 29).

The Helical strategy seems to be more constant regarding the Ra parameter, having
7 values between 0.5—-1 pm. Comparing these strategies over the range of operations,
iMachining optimization strategy manages to obtain the best Ra values.
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Fig. 21. Correlation chart for Helical strategy, Ra values
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Fig. 22. Correlation chart for Helical strategy, Rz values
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The Zig-Zag method involves surface machining using the maximum tool path
length and maximum cycle time. For that reason, using the same tool and tool param-
eters, the Zig-Zag strategy generates constant values for Ra parameters, values that are
higher than the one obtained for the other strategies, partly due to the large surface area
to be milled in a single pass.

Table 3. Measured roughness values for each processed slot

Run | Zig-Zag
Ra[pm] | Rq[pm] | Rz[pm] | Rt[pm] | Rp[pm] | Rv[um] | Ry[pm]
1 10.628 |0.839 |3.082 6.132 | 1.671 1.41 6.132
2 10971 1.193 4.554 7.167 | 1.656 2.898 7.167
3 10816 |0.986 |4.496 6.035 | 2.097 2.398 6.035
4 10.766 |0.998 4.285 6.367 | 2.109 2.175 6.367
5 10.623 |0.811 4.125 6.894 | 1.789 2.335 6.894
6 | 0.857 1.143 4.941 10.39 | 2.117 2.824 10.39
7 10.654 |0.826 |4.527 5.976 | 2.132 2.394 5.976
8 |0.698 0922 |5.121 7.656 | 1.953 3.167 7.656
9 |1.522 1.947 | 9.558 1292 | 4.07 5.488 12.92
10 | 1.475 1.838 8.679 1328 |4.089 |4.589 13.28
11 ]0.84 1.04 4.777 7.441 | 2.007 2.769 7.441
12 10.765 |0.973 5.289 6.601 | 2.199 3.089 6.601
13 10574 |0.722 | 4.769 8.242 | 2.363 2.406 8.242
14 10917 1.255 7.335 14.68 |3.167 |4.167 14.68
15 |0.648 |0.898 4.402 7.812 | 1.664 | 2.738 7.812
16 |0.934 1.174 | 4.906 7.851 | 1.914 | 2.992 7.851

Correlation: 1.000
Color points by
Run

1

Ra[um] (um)

B:Feed ((mm/min))

Fig. 23. Correlation chart for Zig Zag strategy, Ra values
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Fig. 24. Correlation chart for Zig Zag strategy, Rz values

The iMachining strategy uses constant volume removal of the material. Taking into
consideration the amount of material that needs to be machined would be the reason for
obtaining the smallest results. In this way, we obtain a shorter processing time and a longer
tool life.

Table 4. Measured roughness values for each processed slot

Run | iMachining

Ra[pum] | Rq[pm] | Rz[pm] | Rt[pum] | Rp[pum] | Rv[pm] | Ry[pm]
1 (0472 10.619 2734 | 4.199 [1.058 | 1.675 4.199
2 10635 0.787 3382 | 5.253 (1507 |1.875 5.253
3 10722 |0.938 3781 | 6.621 [1.73 2.05 6.621
4 10541 0.683 2945 | 4707 [1.21 1734 | 4.707
5 10513 |0.703 3.781 | 6.171 | 1.359 |2.421 6.171
6 0664 0.868 5.425 | 9.863 [2.605 |2.82 9.863
7 10593 |0.754 2902 | 5.839 [1.687 |1.214 | 5839
8 10.636 |0.792 3.945 | 6.132 (1925 |2.019 6.132
9 12239 2837 |[13.07 2878 [6.039 |7.035 |28.78
10 |1.773 [2214 |10 15.15 |4.015 5988 |15.15
11 0458 |0.665 3425 | 7421 (1562 | 1.863 7.421
12 106 1.434 8.398 | 10.66 |2.82 5.578 | 10.66
13 1216 |1.598 8304 | 11.52 [3.039 5265 |11.52
14 122 1.549 | 7363 | 9.765 |3.679 |3.683 9.765
15 1.026 |1.29 5703 | 8.769 [2.867 |2.835 8.769
16 1169 |1.527 7.128 | 12.69 |4.105 [3.023 |12.69
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Fig. 25. Correlation chart for iMachining strategy, Ra values
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Fig. 26. Correlation chart for iMachining strategy, Rz values
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Fig. 27. Thermal image registered during the milling process

When analysing the feed and speed of the process, the surface roughness values
increase whit the feed and speed rates. Therefore, all the parameter combinations and
tool path strategies studied in this chapter influence the surface quality of the machined
part.

Previous research show that the thermo-physical properties of the fibre reinforced
polymers causes high temperatures at the tool tip when machined [13]. Another reason
that must be considered is the fact that especially thermoplastic polymers have a glass
transition temperature ranging from 150-250 °C, meaning that the heat formation
during the milling process can lead to plasticizing of the polymer matrix [13]. The
machining of fibre reinforced polymer materials presented in this chapter was per-
formed without cooling lubricant. The coolant can imbue the plastic material and can
induce chemical reactions with certain functional groups of the macromolecules [13].
Process temperatures have been recognized as an important factor influencing the tool
wear rate and tool lifetime [14]. The process temperatures were also measured, for each
machining operation, using a thermal camera, Flir ThermaCam E50. An example of a
registered thermal image is presented in Fig. 27. During the experiments the temper-
atures did not exceed 113 °C.
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4 Conclusions and Further Research Strategies

The researches presented in this chapter were focused on experiments to determine the
process parameters that have influence on the quality of the finished product (form
deviations, positional accuracy and roughness parameters).

Correlation charts were plotted using Design Expert v12 software in order to
identify the best suited strategy and process parameters, to obtain the best quality of the
finished products.

The measured values were linked to the process parameters used for machining and
the aim was to determine the optimal process parameters and tool geometries in order
to obtain the best quality of the processed parts.

The Zig-Zag strategy. generated, as expected, the lowest results of the measured
parameters for all strategies.

iMachining strategy generates the best quality compared to Zig-Zag and Helical
strategy, due to the constant machining of the tool.

The process temperatures were also be measured for each machining operation,
using infrared thermography. The aim of these research is to further investigate if there
is a relation between the process temperatures and the machined surface quality.

Testing and analysis of the proposed solutions and identifying the improved
directions can give relevant results that can be used in further researches in this domain.

As for further research strategies based on the measurements presented in this
chapter we can conclude:

e Mathematical models will be developed, equations that will correlate the important
machining parameters with the values of the obtained roughness parameters and the
measured dimensional and geometrical tolerances. These equations will be able to
predict the values of the roughness parameters and the dimensional accuracy when
machining these types of materials.

e Machining of different types of carbon fiber reinforced materials, having different
thickness, containing different amounts of fibers, and different fiber orientation,
using tools with different geometries. Afterwards, tool wear, delamination,
dimensions, geometrical deviations and surface roughness parameters should be
measured.

e Validating the generated equations by experimental researches. The values obtained
with the developed equations will be compared with the values obtained by
experimental measurements.
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