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ABSTRACT. The machinability of polymer matrix composites with fibers
strongly depends on the type of fiber and dosage in question, having a high
influence on the selection of tools and cutting parameters. The cutting
temperature depends of rotation speed and the feed cutting tools and is
significantly influencing on the quality of the machined surfaces and tool life.
This paper presents the results of a current study concerning the effect of the
rotation-cutting speed on the cutting temperature, roughness and tensile
strength of short carbon fiber reinforced epoxy composites, potentially used
in automotive and aeronautic industries. Composite plates were manufactured
by compression molding, using short carbon fibers with 0.5 mm and 6 mm
length. The increasing of the rotation-cutting speed increases significantly the
temperature generated in the tool and slightly increases surface roughness.
Tensile strength and Young’s modulus are little sensitive to drilling speed.
However, above 3000 rpm it was observed significant loss of stiffness,
associated with the developed temperature in the machining process.
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INTRODUCTION

particular, short-fiber Reinforcement Polymer (SFRP) composites are easy to manufacture, have low production

I ) olymer Matrix Composites are widely used in the manufacture of components for engineering applications [1,2]. In
costs and good mechanical properties. In general, the addition of short fibers in a polymer matrix aims to obtain
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high performance composites, with the increase of the fiber fraction leading to an increase in modulus and strength of the
processed material [3]. However, for a high dosage of reinforcing the homogeneous distribution of the fiber becomes very
difficult and the porosity drastically increases, which justifies more detailed studies of this subject.

Machining of fiber-reinforced composites differs significantly in many aspects from the machining of conventional metals
and their alloys. In the machining of fiber-reinforced composites the behavior of the material is not only inhomogeneous
but it also depends on diverse fiber and matrix properties, fiber orientation, and the relative volume of matrix and fibers
[4]. The cutting tool alternately cuts the matrix and the fibers which machining response may be entirely different [4]. In
the manufacture of engineering components from composite material, it is sometimes necessary to perform drilling and
milling operations. In the case of manufacturing components in a composite material with short fibers, milling operations
may be performed to obtain the desired a local geometry of the components. The machinability of polymer matrix
composites with fibers strongly depends on the type of fiber and composite dosage and their mechanical and physical (for
instance, thermal) properties. However, the type of fiber used in processing of these materials has a major influence on
the selection of tools and cutting parameters [5].

The cutting temperature is also a factor that has a significant influence on the quality of the machined surfaces and tool
life. In turn, temperature around cutting point and the final surface roughness depend on rotation and feed cutting tools.
During the milling of short-fibber-carbon-reinforced composites (SCFC), the temperature on cutting point can cause
damage or degradation to the composite’s surface.

The surface roughness of the machined area greatly influences the mechanical performance of the dimensional precision
and manufacturing costs [5]. Therefore, surface roughness and degradation of the composite’s surface require study to
ensure the use of an industrial process. This is the first step to study machinability involving a specific composite.

Milling in composite materials is a rather complex task due to its heterogeneity and the emergence of some problems such
as surface delamination appearing during the machining process, associated with the characteristics of the material and
cutting parameters. Milling is the machining operation most frequently used in the manufacture of fiber-reinforced plastic
patts, as a corrective operation to produce well-defined and high-quality surfaces that often require the removal of excess
material to control tolerances. Therefore, the ability to predict the cutting forces is essential to select process parameters
which atre necessary for an optimal machining. Mechanical performance of SCFC depends mainly on the capacity to
obtain good fiber dispersion, usually evaluated by nondestructive methods such as ultrasonic C scanning and acoustic
emission [6,7].

This paper studied the effect of cutting conditions during milling machining on roughness, cutting temperature and
mechanical properties, with the purpose of contributing for a better understanding of the interdependence of these
parameters, especially in the case of composites with high dosage.

MATERIALS AND SAMPLES

or this investigation two composite batches were manufactured:

a) a 6mm length fiber, and using Biresin® CR120 as matrix, formulated by bisphenol A - epichlorhydrin epoxy

resin 1,4 - bis (2,3-epoxypropoxy) butane, combined with the hardener CH120-3, with 40% (in volume fraction)
of carbon fibers.
b) 0.5 mm % 0.15 in length and 7 um * 2 @ monofilaments, using Biresin® CR83 matrix reinforced with 17.5% (in
volume fraction) of carbon fibers.
Resins were supplied by Sika, Stuttgart, Germany, while the company Sigrafil, SGL Group, Germany, supplied the fibers.
Composite plates were manufactured by manual molding process, pressing the mold in a servo mechanical machine,
Mazzola W15. The compression was applied such as it is shown schematically in Fig. 1, which also shows the mold and
the positioning of the pressure transducer used to monitor inside pressure during the cure process. The desired amount of
fibers previously subjected to the fiber separation treatment was added to the resin. Then, the materials were mixed and
placed in the mold cavity. Afterwards, the mold was closed and placed in the mechanical compression load at 7600 daN,
with corresponding pressure of about 50.7 bar. The processed plates were then subjected to cure and post cure processes.
Fig. 2a) shows the mold design and a final composite plate. From this plate, test specimens were later machined according
to the scheme and dimensions indicated in Fig. 2b).
Composite plates were subjected to a cure process done at room temperature for 20 hours in the mold, and a post cure
was carried out at 70° C for 12 hours. The pressure during the curing process was monitored by the pressure transducer
shown in Fig. 1. As shown in Fig. 2¢) the pressure remains nearly constant for the entire duration of the cure process.
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The specimens were machined according to the geometry and dimensions indicated in Fig. 2b) from the plates with
dimensions 150x100x5 mm*3 using a Computer Numerical Control (CNC) milling machine, Hass Mikron VCE 500 and a
Sandvik carbide tool with a diameter of 20 mm, part number SANDVIK R390-11T308E-NL H13A. The machining
parameters used are indicated in Tab. 1. Fig. 3 presents the most relevant details of track strategies for the plate machining
to increasing cutting speed.

Spindle speed, (rpm) Cutting speed, (mm/min) Axial increment, (mm) Inclination angle axis, (°)
750 50 1.0 0
1500 100 1.0 0
2250 150 1.0 0
3000 200 1.0 0
4500 300 1.0 0

Table 1: Cutting parameters used in the machining of composite plates.
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Figure 1: Scheme of molding apparatus: (a) Composite plate. (b) Rubber base. (c) Pressure transducer. (d) Steel upper die part. (¢)
Steel lower die part. (f) Aluminum base.
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Figure 2: a) Molding cavity; b) Final specimen dimensions (units in mm); ¢) Curing pressure.

[

L]

Time jij

251



¢
¢/
. E. Oliveira et alii, Frattura ed Integrita Strutturale, 48 (2019Y) 249-256; DOIL 10.3221/IGF-ESIS.48.26 (l

_ “.'l‘:i(}]}aIIZ
@ :

FEED

[

{c)
+TRACK 1
Iy
|} ]

Figure 3: Schematic view of the plate machining: (a) Composite plate; (b) Fittings; (c) Double Adhesive Band; (d) Plane-end mill set.
EXPERIMENTAL TESTING

temperature around the cutting tool was monitored using a Thermographic camera, Testo 875, as shown in

T emperature profile is important to determine the limits for cutting speed. During the drilling process the
exemplary Fig. 4.

1350°C

1250
100,0
750
500

250

21,9°C

Figure 4: Surface drilling and temperature measurement. Sample manufactured with fiber length 6 mm and spindle speed 4500 rpm.

Surface roughness was quantified using the standardizing parameter Rz, which is the arithmetic average of five distances
values between the highest peak and lowest valley in each sampling length measures at 15 mm. Roughness measurements
were carried out using the equipment Surface Measuring Instrument Mitutoyo Surftest SJ-500.

Tensile tests for the characterization of the mechanical properties, tensile strength and Young’s modulus were performed
using a Machining INSTRON model 4206, monitoring the load and the displacement through an axial extensometer.
Fiber dispersion into composite was checked using optical equipment [8], the scanning electronic microscopy (SEM)
Philips XI.30. After carrying out tensile tests, the fracture surfaces in some specimens were gold sputtered and then
observed in SEM to understand the fiber adhesion failure mechanisms. Fig. 5 shows a SEM low magnification
characteristic micrograph of the fracture of an external face of a specimen with 0.5 mm length fiber, in which a reasonable
dispersion was observed, only with partial separation of the fibers. This kind of microscopic structure was observed in
other specimens and cannot be classified as an isometric structure.
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RESULTS AND DISCUSSION

urface roughness was analyzed to verify the adequacy of the machined processing under development. Fig. 6 shows

the results obtained for both material batches: length fiber 0.5mm and 6mm, presenting the average values and the

dispersion range of the experimental tests. The analysis of the figure shows that the experimental results are in good
agreement with the usual values in the manufacturing industry, particularly to metallic materials. These results indicate that
the parameter Rz increases slightly with the drilling speed, in spite of the natural dispersion of the results. Composites
with lower fiber length and content exhibit much higher roughness Rz, probably a consequence of the lower glass
transition temperature, Tg, of the polymer resin, and consequently in this case it is easier for the temperature on the
surface of the tool to reach a value close to or greater than Tg during the cutting operation. The analysis of the data
indicated that the speed cutting up to 2250 rpm and feed 150 mm per minute presents smaller values of surface
roughness.
The temperature on the surface of the carbide tool during the cutting of the SCFC plates was measured with an infrared
thermograph camera, as shown in Fig. 4. The values of the maximum observed temperature in the cutting tool during
face machining are plotted against the rotation speed for both composites in Fig. 7. In both cases, a significant increase of
the temperature with the increase of cutting speed was observed. The temperature profile reveals that in some cases
(above 3000 rpm) its values reach the glass transition temperature, Tg, of the polymer matrices. For the 6mm fibers
composites the Tg of the resin (113 °C [9]), while for Biresin® CR83 resin, Tg 84 °C, according the manufacturer.

Figure 5: SEM low magnification characteristic micrograph of the fracture surface.
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Figure 6: Surface roughness, Rz, against drilling speed.

The results of the tensile tests are summarized in Figs. 8 and 9, which present the tensile strength and the Young’s
modulus, respectively, against drilling speed. Tensile strength is the axial stress for the load peak of the load versus
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displacement curves. The stiffness modulus was calculated using the linear elastic Hooke’s law in the linear region of load
versus displacement plot. The collected values presented a correlation coefficient at least 0.99. Contrary to the reported on
scientific literature [3], a decreasing of the tensile strength with the increasing of both fiber content and length was
observed. These results are justified by the poor fiber disttibution, poor fiber/matrix adhesion and increasing porosity for
higher fiber dosage composites. On the other side, and despite high dispersion of the results, rotation-cutting speed seems
to play a reduced effect on composite tensile strength, for both materials.
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Figure 7: Maximum temperature around carbon tool against drilling speed.
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Figure 8: Tensile strength against rotation-cutting speed.

The analysis of the stiffness modulus, shown in Fig. 9, indicates that in this case the results are in accordance with the
reported on literature [3], as it was observed an increasing of the stiffness with the increasing of both fiber content and
length. The results mean that fibber distribution and porosity play a less significant role on composite stiffness than in
tensile strength. The analysis of the figure also shows significant dispersion (with standard deviations from 0.25 to 2.65
GPa), but an important aspect must be stated for both materials: above 3000 rpm there is a significant loss of stiffness.
This loss of rigidity may be associated with the temperature developed in the machining process and consequent
degradation of the matrix.
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Failure surface of some samples was observed in the Scanning Electron Microscope. Fig. 10 shows a SEM micrograph
feature for 6mm length fiber composites fiber composites, which reveals a fair adhesion between resin matrix and fibers.
It can also be observed some lack of polymers between the fiber and the fiber pullout, as reported in literature for high
dosage composites [8, 10]. On the other hand, as shown in Fig. 5, the composites with 0.5mm fiber length shows much
better fiber dispersion and lower resin lacks.
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Figure 9: Stiffness modulus against drilling speed.
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Figure 10: SEM observations of fracture surfaces for 6mm fibers composites.

CONCLUSIONS

his work studied the effect of rotation-cutting speed on the cutting temperature, roughness and tensile properties
of two epoxy based composites reinforced with 17.5% and 40% in volume fraction short carbon fiber. The main
conclusions drawn can be summarized as follows:

- The increasing of rotation-cutting speed significantly increases the temperature generated in the tool reaching the

glass transition temperature, Tg of the polymer matrices.

- The surface roughness (Rz) only slightly increases with the drilling speed.
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- Mechanical properties such as tensile strength and Young’s modulus are not very sensitive to drilling speed.
Nonetheless, the high dispersion of the results for rotation-cutting speed seems to play a reduced effect on composite
tensile strength and stiffness for both materials. In any case, above 3000 rpm a significant loss of stiffness was observed,
which may be associated with the temperature developed in the machining process, which reached values above the glass
transition temperature (Tg) of the resin.

- Tensile stiffness increases significantly with the simultaneous increasing in the fiber content and length. In fact,
tensile strength decreases with the increasing of the fiber content and length, in consequence of the poor fiber
distribution and very high porosity for the too high fiber dosage composites.
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