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INTRODUCTION

The constant development of technology 
forces the search for new engineering materials. 
Currently, composite materials and sandwich 
structures are very popular. To meet the new 
requirements for engineering materials, a new 
group of composite materials – fiber metal lami-
nates (FMLs) – has been introduced. These ma-
terials belong to the family of structural compos-
ites, formed by combining thin layers of metals 
and polymer composites. The layers are joined by 
hot pressing and then cured, usually by vacuum 
impregnation. This combination results in mate-
rials with very good mechanical properties with 
the effect of reducing the weight of the construc-
tion [1]. Light metal alloys, such as aluminum, 
titanium and magnesium alloys, are usually used 

as metal layers. As composite layers, fiber rein-
forced plastics (FRPs) such as carbon fiber re-
inforced plastics (CFRP), glass fiber reinforced 
plastics (GFRP) or aramid fiber reinforced plas-
tics (AFRP) are usually applied [2].

FMLs are a group of structural materials that 
combine the properties of metals and plastics – 
high mechanical strength, impact resistance, abil-
ity to absorb vibration and sound, high stiffness, 
reduced weight, high fatigue resistance and resis-
tance to cracking of the composite layer. Due to 
the above properties and the fact that these ma-
terials meet the tough conditions of the aviation 
industry, FMLs are often used for aircraft compo-
nents (wings, skins, tails) [3, 4].

FMLs can be divided taking into account 
several subdivision criteria, for example us-
ing the criterion of metal materials used (e.g. 
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Aluminum-Based FMLs, Titanum-Based FMLs, 
Magnesium-Based FMLs), composite material 
reinforcement used (e.g. carbon-based FMLs, 
glass-based FMLs, aramid-based FMLs), lami-
nation lay-up (e.g., 2/1 lay-up FMLs, 3/2 lay-up 
FMLs, 4/3 lay-up FMLs) and direction of the 
laminate (unidirectional hybrid laminates, cross 
ply hybrid laminates). In addition, aluminum-
based FMLs can be divided into carbon fiber re-
inforced aluminum laminate (CARALL), glass 
fiber reinforced aluminum laminate (GLARE) 
and aramid fiber reinforced aluminum laminate 
(ARALL) [5, 6]. The main problem limiting the 
application of FMLs is the difficulty in machin-
ing them, mainly due to their anisotropy. High di-
mensional and form accuracy requirements in the 
aerospace industry require components with high 
surface quality and the absence of typical forms 
of damage to fiber composites, such as delamina-
tion, matrix burnout and fiber extraction [7, 8]. 
In addition, FMLs used in aircraft construction 
are often joined to form larger structures. If the 
deviations of the components are not correct, the 
joining process is hampered. The final stage in the 
production of such structures is to give them their 
final shape and dimensions, usually using mill-
ing or trimming processes. Many times protec-
tive and decorative coatings are applied to their 
surface. All this means that the quality of FML 
surfaces has a very strong influence on their fur-
ther functioning, especially on the strength of the 
structure and its aesthetic qualities.

FMLs, like FRP and sandwich structures, are 
considered difficult materials to work with [9]. 
This is due to their non-uniform structure and 
highly abrasive components (the fiber reinforc-
ing polymer composite). The machining of such 
materials is associated with rapid wear of cutting 
tools, the occurrence of forms of destruction of 
composite materials (delamination, matrix crack-
ing and smearing, fiber pulling-out), injection of 
metal chips into the composite layer. This leads 
to the creation of a component with an accuracy 
not within the established deviations [10, 11]. Be-
sides, machining FMLs containing aluminum al-
loys requires a balance between cutting speed and 
feed rate [12]. Therefore, it is very important to 
choose the right strategy for this type of materials.

A lot of academic papers focus on the effects 
of machining FMLs. However, the attention of 
the researchers has been mainly devoted to mak-
ing holes and mounting connections in this type 
of material. In [13] a hole diameter, circularity 

error and delamination at the entry zone of holes 
after drilling of CARALL composite were stud-
ied. The influence of technological parameters 
(cutting speed and feed rate) and the type of a tool 
(uncoated tool, TiAlN-coated tool and TiAl/TiAl-
SiMoCr-coated tool) on the quality of holes was 
described. Based on the experiment, it was found 
that the uncoated drill produced a hole diameter 
that was closest to the nominal drill diameter. It 
was also noted that an increase in cutting speed 
resulted in an increase in circularity error, while 
an increase in feed rate led to greater delamina-
tion. They showed that the uncoated tool led to 
the least material delamination during machin-
ing. Mani et al. [14] described the effects of drill 
diameter, spindle speed and feed rate on cutting 
forces, delamination and hole surface roughness 
when drilling in FMLs reinforced with BaSo4 
nanoparticles. They showed that among the con-
sidered machining conditions, the following pa-
rameters are the most suitable parameters for this 
type of material: spindle speed of 3000 rpm, feed 
rate of 10 mm/min and drill diameter of 6 mm. In 
[15], the effect of water-abrasive cutting param-
eters on the circularity, diameter of holes, surface 
roughness, types of damages and abrasive con-
tamination after machining of GLARE was pre-
sented. They also proposed the E index (power 
of erosion) for selecting machining conditions for 
which there is no delamination of the machined 
material. They showed that the use of high water 
pressure makes it possible to obtain a hole with a 
diameter close to its nominal value of diameter. In 
addition, the distance of the cutting nozzle from 
the machined surface affects the shape of the hole 
– the use of a distance equal to 5 mm improves a 
cylindricality of a hole, but contributes to the un-
dulation of its sidewalls. The processing param-
eters adopted in the experiment did not affect the 
roughness of hole surface, which confirmed that 
water-jet technology can be used as an alternative 
to the traditional drilling process.

Logesh et al. [16] presented the influence of 
drilling parameters (spindle speed, feed rate) and 
the type of matrix of the composite layer on the 
quality of holes made in GLARE. They showed 
that spindle speed had the greatest effect on the 
quality of the analysed material after processing. 
In [17], the results of a study of the ultrasonic-
assisted drilling (UAD) process of CARALL 
are described. The paper presents the effects of 
machining parameters (spindle speed and feed 
rate), and ultrasonic amplitudes on the flexural 
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strength and the delamination factor. It was noted 
that among the processing conditions considered, 
the best results were obtained for the following 
values of parameter: spindle speed of 1500 rpm, 
feed rate of 0.05 mm/rev and ultrasonic ampli-
tude of 10 µm.

One alternative to traditional hole drill-
ing in FMLs is helical milling [18]. Bolar et al. 
[19] compared the effects of drilling and helical 
milling of CARALL. Based on the results, they 
found that helical milling produced lower forces 
during machining. This process resulted in a bet-
ter chip formation mechanism, which ultimately 
translated into better hole quality and less ma-
terial delamination. A similar experiment was 
conducted by Wang et al. [20]. They compared 
hole quality after conventional drilling and heli-
cal milling of CFRP/Ti stacks. They showed that 
in addition to the optimal selection of machin-
ing parameters, an important issue is the control 
of cutting tool wear, which increases with the 
number of holes drilled, which directly affects 
the increase in cutting force.

The analysis of the literature presented re-
veals a lack of studies in the field of milling 
FMLs. Most of the available works refer to the 
properties of FMLs and their applicability [21–
23]. Some researchers have focused on the ac-
curacy of holes in parts made of this type of ma-
terial, but there is currently no research on the 
effects of milling FMLs. Therefore, the purpose 
of this article is to evaluate the effectiveness of 
CARALL milling and to determine the influence 
of cutting speed, feed rate and tool geometry 
(helix angle) on the surface quality and cutting 
forces accompanying the process.

MATERIALS AND METHODS

The subjects of the experiment were 3-layer 
FMLs. The shape and dimensions of the tested 
samples are shown in Figure 1. The material 
considered consisted of 3 layers: two outer lay-
ers made of EN-AW-7075 (Al) aluminum alloy 
(ENAW-AlZn5.5MgCu) with a thickness of 0.3 
mm, and an inner layer in the form of a CFRP with 
a thickness of 0.4 mm. The materials were chosen 
because of their frequent use in aviation [24].

EN-AW 7075-T6 aluminum alloy, whose 
chemical composition is shown in Table 1, is 
a material characterized by high mechanical 
strength, high hardness and high wear resistance, 
and low corrosion resistance. It is an alloy with 
high machinability and low weldability. 

Due to its properties (Table 2), EN-AW 7075-
T6 aluminum alloy has found use in applications 
requiring a combination of high hardness and 
strength while keeping the weight of the struc-
ture low. It is used in the aerospace industry (air-
craft hardware, rocket parts), automotive industry 

Figure 1. Shape and dimensions of the samples

Table 1. Chemical composition (%) of EN-AW 7075 [25] 
Al Si Fe Cu Mn Mg Cr Zn Ti Other elements

87.1–91.4 0.40 0.50 1.2–2.0 0.30 2.1–2.9 0.18–0.28 5.1–6.1 0.20 0.15

Table 2. Selected properties of EN-AW 7075-T6 [26]
Property Value

Density, g/cm³ 2.81

Young’s modulus (E), GPa 71.7

Thermal conductivity, W/m K 155

Hardness, HRC 87

Poisson’s ratio (ν) 0.32

Ultimate tensile strength, MPa 573

Shear strength, MPa 331

Fatigue strength, MPa 159
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(shafts, gears, bumpers), engineering industry 
(machine and equipment parts) or military indus-
try (defence equipment).

The inner layer forming the FML was made of 
a CFRP in the form of a unidirectional T300 3K 
40A C2 fabric from Toray company (Tokyo, Japan) 
with a fiber volume of 60%. A Hexply 913 modi-
fied epoxy resin with a low-temperature cure cycle 
from Hexcel company (Stamford, Connecticut, 
USA) was used as the matrix. The process of bond-
ing the reinforcement and matrix was carried out at 
125 °C for 60 minutes at a pressure of 0.7 MPa. As 
a result of this process, a structural prepreg with a 
thickness of 0.4 mm was obtained. Table 3 shows 
selected properties of the applied prepreg.

Prior to joining the materials, the aluminum 
layer was chromium-etched and roughened by 
hand using P320 grit sandpaper. The layers were 
bonded by pressure-vacuum impregnation using 
a resin as the matrix of the composite material. 
The process was carried out in an autoclave under 
the following conditions: temperature of 175 °C, 
pressure of 0.6 MPa, time of 120 min. The test 
materials were then subjected to a circumferen-
tial, down-milling process on a DMU 100 Mono-
Block 5-axis machining centre from DMG MORI 
(Tokyo, Japan). To reduce the risk of delamina-
tion, the machining was carried out without the 
use of machining fluid. Figure 2 shows how the 
sample was clamped during machining.

The milling process was carried out with vari-
able cutting parameters: cutting speed (vc), feed 
rate (fz), and with variable helix angle (λ). The 
experiment used a 3 × 3 × 2 compound plan, by 

Figure 2. Machining set up

Table 4. Plan of the experiment
Factor Level

Cutting speed (vc) 200 m/min 350 m/min 500 m/min

Feed rate (fz) 0.04 mm/tooth 0.06 mm/tooth 0.08 mm/tooth

Helix angle (λ) 20° 35°

Table 3. Properties of the prepreg used
Property Value

Tensile strength, MPa 1.82

Tensile modulus, GPa 140

Tensile Strain, % 1.26

Compressive strength, MPa 1.47

Flexural strength, MPa 1.79

Flexural modulus, GPa 123

ILSS, MPa 94.10

which the effect of 3 factors on the dependent 
variable was studied (Table 4). This plan was 
chosen as the best one to conduct preliminary re-
search – in subsequent papers, the focus will be 
on implementing research according to the RSM.

The machining was carried out with a con-
stant axial depth of cut (ADOC) of 2 mm and ra-
dial depth of cut (RDOC) of 0.5 mm. The values 
of the vc and fz parameters were selected taking 
into account the minimum, average and maxi-
mum values of the parameters recommended by 
the cutting tool manufacturer for milling alumi-
num alloys and polymer composites [27].

The applied tools were 2-blade, monolithic, 
uncoated milling cutters (Hoffman Group, Mu-
nich, Germany). The material of the milling cut-
ters was fine-grained K10F carbide (90% WC, 
10% Co). Two milling cutters of similar design 
were used, differing only in the helix angle (λ). 
The helix angle was taken as one of the indepen-
dent variables, since it primarily affects the rate of 
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chip removal, which directly affects the quality of 
the machined surface. Figure 3 shows the shape 
and dimensions of the used tools.

The experiment examined the surface quality 
of the samples and the cutting forces when cutting 
CARALL. The surface quality was determined by 
the material height difference, which is due to the 
different properties of the materials, mainly their 
machinability and stiffness. The material height 
difference therefore shows by what value one 
layer of the structure is offset relative to the ad-
jacent layer. It was measured using an InfiniteFo-
cus-Alicona optical instrument (Alicona Imaging 
GmbH, Graz, Austria). The material height dif-
ferences occurring between the profile of the first 
aluminum alloy layer and the profile of the CFRP 
surface (ΔH1) and the profile of the CFRP sur-
face and the profile of the second aluminum alloy 
layer forming the test material (ΔH2) were deter-
mined (Figure 4). The material height differences 
were defined on the basis of parallel straight lines 

fitted to the profiles of the individual layers of the 
structure. The material height differences were 
determined, according to the equations:

	 Δ𝐻𝐻1 = |𝐻𝐻𝐴𝐴𝐴𝐴1 − 𝐻𝐻𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶| (1) 
 
 

Δ𝐻𝐻2 = |𝐻𝐻𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 𝐻𝐻𝐴𝐴𝐴𝐴2| (2) 
 

	 (1)

	

Δ𝐻𝐻1 = |𝐻𝐻𝐴𝐴𝐴𝐴1 − 𝐻𝐻𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶| (1) 
 
 

Δ𝐻𝐻2 = |𝐻𝐻𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 𝐻𝐻𝐴𝐴𝐴𝐴2| (2) 
 

	 (2)

where:	ΔH1 – material height difference between 
the first layer of the aluminum alloy and 
CFRP, ΔH2 – material height difference 
between the CFRP and the second layer 
of aluminium alloy, HAl1 – line fitted to the 
profile of the first layer of the aluminum 
alloy, HCFRP – line fitted to the profile of 
the CFRP, HAl2 – line fitted to the profile 
of the second layer of the aluminum alloy.

During the machining, cutting forces were also 
recorded using a piezoelectric multicomponent 
dynamometer for measuring the three orthogonal 
components of a cutting force (Kistler, Winterthur, 

Figure 3. Shape and dimensions of the milling cutters used [27]

Figure 4. Material height difference
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Switzerland). This device has a measuring range 
of up to 5 kN, and the signal is recorded at 3.5 
kHz. The dynamometer was mounted on the table 
of the machining centre. A Kistler charge ampli-
fier (type 5070A), which converted the measure-
ment signal to electrical voltage, and a Kistler data 
acquisition system (DAQ) type 2825A-02 consist-
ing of a data acquisition card and DynoWare soft-
ware were also required to build a complete cut-
ting force measurement system (Figure 5).

Measurements were made for the three com-
ponents of the cutting force and then the results 
were analyzed. Based on a preliminary analysis, 
it was assessed that the highest values were ob-
tained for the feed force (Ff), so it was further ana-
lyzed in Section 3. Figure 6 shows the test stand 
where the experiment was conducted.

The cutting process for each set of cutting 
parameters for both cutting tools was performed 
three times – the values of the studied variables 
were the average values of the measurements of 
the three samples.

RESULTS AND DISCUSSION

Material height difference

The material height differences were reported 
with an accuracy of 0.01 µm, which made it pos-
sible to better assess which machining conditions 
enabled a more accurate surface quality to be 
achieved after the milling process.

Figures 7–9 show the material height differ-
ences depending on the values of the vc and fz pa-
rameters for a tool with a helix angle of 20°.

For the fz parameter of 0.04 mm/tooth, the 
highest value of the material height difference 
(ΔH1 = 3.55 µm) was obtained at a cutting speed 
of 350 m/min. In the case studied, the lowest val-
ue of the material height difference was achieved 
for ΔH2 (ΔH2 = 0.52 µm) when the highest cutting 
speed was used (vc = 500 m/min). There was ob-
served the same trend for ΔH1 and ΔH2: the values 
of ΔH1 and ΔH2 increased and decreased for the 
same cutting speeds (Figure 7).

Figure 5. Measuring chain of cutting force used in the experiment [28]

Figure 6. Test stand: 1 – tool, 2 – machine vice, 3 – Kistler 9257B dynamometer, 4 – connection cable, 
5 – Kistler 5070A charge amplifier, 6 – DAQ system, 7 – PC with DynoWare, 8 – machine tool control panel
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The milling process with a feed rate of 0.06 
mm/tooth and tool with a helix angle of 20° (Fig-
ure 8) resulted in the highest material height dif-
ference (ΔH1 = 2.58 µm) for a cutting speed of 
200 m/min and the lowest value (ΔH2 = 0.50 µm) 
for vc = 350 m/min. In this case, as in milling with 
the lowest value of the fz parameter, there was an 
alternating increase and decrease in ΔH1 and ΔH2 
for the same cutting speeds.

Figure 9 shows values of ΔH1 and ΔH2 ob-
tained for the highest value of the feed rate (fz = 
0.08 mm/tooth) after machining with a milling 
cutter with a helix angle of 20°. The highest value 

of the material height difference (ΔH1 = 5.28 µm) 
was obtained when machining with vc = 350 m/
min. The lowest value (ΔH2 = 0.27 µm) was ob-
served for vc = 500 m/min. The analysed variables 
followed the same trend as for machining with a 
feed rate of 0.04 mm/tooth.

Figures 10–12 demonstrate the formation of 
material height differences after the milling pro-
cess with variable feed rate and the use of a tool 
with a helix angle of 35°.

The highest (ΔH1 = 5.29 µm) and the lowest 
(ΔH2 = 1.17 µm) values of the materials height 
differences during machining using the feed rate 

Figure 7. Material height difference after milling with feed rate of 0.04 mm/tooth and using a tool 
with helix angle of 20°

Figure 8. Material height difference after milling with feed rate of 0.06 mm/tooth and using a tool 
with helix angle of 20°
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of 0.04 mm/tooth and a tool with a helix angle of 
20° were obtained with the highest value of the 
cutting speed (vc = 500 m/min). It can be seen that 
ΔH1 increases as the cutting speed increases. In 
the case of the ΔH2 variable, the values remain at 
a similar level (from 1.17 µm to 1.45 µm), but it 
reaches the highest value for vc = 350 m/min (Fig-
ure 10). The highest value of the material height 
difference (ΔH1 = 7.08 µm) after milling with the 
fz parameter of 0.06 mm/tooth was obtained at a 
cutting speed of 350 m/min, while the lowest val-
ue (ΔH2 = 0.79 µm) was achieved with the high-
est value of the vc parameter. It can be seen that, 

while no clear trend may be noticed for ΔH1, for 
ΔH2, as the cutting speed increased, the quality 
of the machined surface also increased (values of 
ΔH2 decreased).

The milling process with using the fz param-
eter of 0.08 mm/tooth resulted in the highest ma-
terial height difference (ΔH1 = 7.29 µm) for vc = 
200 m/min and the lowest value (ΔH2 = 1.74 µm) 
for the cutting speed of 500 m/min. By analys-
ing the data in Figure 12, it can be seen that for 
both ΔH1 and ΔH2, the material height differences 
decrease as the cutting speed increases. In each 
case considered, higher values of ΔH1 than ΔH2 

Figure 9. Material height difference after milling with feed rate of 0.08 mm/tooth and using a tool 
with helix angle of 20°

Figure 10. Material height difference after milling with feed rate of 0.04 mm/tooth and using a tool 
with helix angle of 35°
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were obtained. Thus, a higher material height 
difference occurred when moving from a lower 
strength material (aluminium alloy) to a higher 
strength material (CFRP). This may indicate that 
the lower stiffness material presses against the 
edge of the higher stiffness material. In addition, 
the aluminium alloy may have been set back by 
the cutting edge of the tool and the composite lay-
er [29]. In most cases, poorer surface quality was 
obtained after machining with a tool with a helix 
angle of 35°. A higher value for this angle con-
tributes primarily to faster chip removal. On the 
other hand, it is less rigidity and stability of the 

tool, which in the case of machining thin-walled 
workpieces probably had the greatest influence 
on the obtained results [30].

When comparing the surface quality after the 
milling for the same values of the fz parameter and 
different tools geometry, it can be seen that for the 
fz parameter of 0.04 mm/tooth, the same course 
of ΔH1 and ΔH2 was obtained. Comparing the re-
sults of the material height difference for fz = 0.06 
mm/tooth, it can be noticed that the type of tool 
has a different effect on the material height dif-
ference. For fz = 0.08 mm/tooth, a different trend 
of ΔH1 and ΔH2 was obtained for analyzed tools. 

Figure 11. Material height difference after milling with feed rate of 0.06 mm/tooth and using a tool 
with helix angle of 35°

Figure 12. Material height difference after milling with feed rate of 0.08 mm/tooth and using a tool 
with helix angle of 35°
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Furthermore, for a tool with a helix angle of 35°, 
similar values of ΔH1 (from 7.29 µm to 6.75 µm) 
and ΔH2 (from 2.09 µm to 1.75 µm) were obtained. 
For a helix angle of 20°, the differences obtained 
for ΔH1 (from 5.28 µm to 0.74 µm) and ΔH2 (from 
1.63 µm to 0.27 µm) were much higher.

Feed force

Figures 13 and 14 show the feed force ampli-
tudes recorded during machining with the adopt-
ed cutting parameters. Based on Figures 13 and 
14 it can be observed that increasing the cutting 

Figure 13. Feed force amplitudes during milling with a tool with helix angle of 20° using cutting parameters: 
(a) vc = 200 m/min, fz = 0.04 mm/tooth, (b) vc = 350 m/min, fz = 0.04 mm/tooth, (c) vc = 500 m/min, 
fz = 0.04 mm/tooth, (d) vc = 200 m/min, fz = 0.06 mm/tooth, (e) vc = 350 m/min, fz = 0.06 mm/tooth, 
(f) vc = 500 m/min, fz = 0.06 mm/tooth, (g) vc = 200 m/min, fz = 0.08 mm/tooth, (h) vc = 360 m/min, 

fz = 0.08 mm/tooth, 
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Figure 14. Feed force amplitudes during milling with a tool with helix angle of 35° using cutting parameters: 
(a) vc = 200 m/min, fz = 0.04 mm/tooth, (b) vc = 350 m/min, fz = 0.04 mm/tooth, (c) vc = 500 m/min, 
fz = 0.04 mm/tooth, (d) vc = 200 m/min, fz = 0.06 mm/tooth, (e) vc = 350 m/min, fz = 0.06 mm/tooth, 
(f) vc = 500 m/min, fz = 0.06 mm/tooth, (g) vc = 200 m/min, fz = 0.08 mm/tooth, (h) vc = 360 m/min, 

fz = 0.08 mm/tooth, (i) vc = 500 m/min, fz = 0.08 mm/tooth

speed tended to result in higher amplitudes in the 
final machining phase. It can also be concluded 
that higher values of the vc parameter resulted in 
more symmetrical shaped amplitudes, indicating 
that the cutting forces acting on the tool during 
machining are uniformly distributed and do not 

induce additional torques [31]. Increasing the val-
ues of the feed rate did not affect the symmetry of 
the obtained feed force amplitudes.

Figures 15–17 illustrate the average values of 
the feed force Ff depending on the adopted ma-
chining parameters and cutting tool geometry.
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For the fz parameter of 0.04 mm/tooth, the 
maximum value of the feed force (Ff = 39.50 N) 
was obtained during milling with a tool with a he-
lix angle of 35° and using the highest value of the 
vc parameter. The lowest value of the feed force 
(Ff = 19.10 N) in this case was obtained for a mill-
ing cutter with a helix angle of 20° and a cutting 
speed of 350 m/min. Based on the data shown in 
Figure 15, it can be seen that for both cutting tool 
geometries, a similar trend of Ff was obtained – 
there is a noticeable decrease in the feed force as 
the cutting speed increases from vc = 200 m/min 
to vc = 350 m/min, followed by an increase for 
the highest value of this parameter. Increasing the 
feed rate to a value of 0.06 mm/tooth resulted in 

the highest value of feed force (Ff = 44.40 N) for 
a milling cutter with a helix angle of 35° and a vc 
parameter of 500 m/min. The lowest value in this 
case (Ff = 7.30 N) was recorded during machin-
ing with a tool with a helix angle of 20° and using 
a vc parameter of 350 m/min. Analysing the data 
shown in Figure 16, it can be observed that for a 
tool with a higher helix angle, the values of feed 
force Ff increased as the vc parameter increased. A 
similar conclusion was reached based on research 
contained in [32]. A milling cutter with a helix 
angle of 20° shows a significant decrease in feed 
force for a cutting speed of 350 m/min, followed 
by an increase for vc = 500 m/min. This may 
be related to the delamination of the machined 

Figure 15. Feed force Ff after machining with feed rate of 0.04 mm/tooth

Figure 16. Feed force Ff after machining with feed rate of 0.06 mm/tooth
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surface – in Figure 13 e it is possible to find alter-
nating places where the amplitudes reach values 
of 0. This indicates that there were defects in the 
machined structure on the surface of the sample, 
causing a decrease in the average value of the 
feed force Ff.

Figure 17 illustrates the results of the average 
value of the feed force Ff recorded during mill-
ing using the fz parameter of 0.08 mm/tooth. The 
highest value of feed force (Ff = 68.50 N) was 
obtained after milling with a helix angle of 35° 
and using the highest value of cutting speed. The 
lowest value of the analysed variable (Ff = 12.38 
N) was obtained for the same value of the cut-
ting speed, but with a milling cutter with a helix 
angle of 20°. For a tool with a higher helix angle, 
it is noticeable that the value of Ff increases with 
increasing cutting speed. For a tool with a helix 
angle of 20°, there is no clear effect of the vc pa-
rameter on the analysed variable. By comparing 
the results shown in Figure 17 and Figure 13 i, 
it can be concluded that obtaining the lowest Ff 
value for these machining conditions may also be 
the result of delamination of the machined sur-
face – the feed force amplitudes decrease in the 
middle of the tool path and then increase at the 
tool exit, which may indicate material delamina-
tion at the end of the sample.

Comparing the surface quality results and the 
average values of the cutting force, it can be seen 
that the highest and lowest values of the material 
height differences were not achieved for the same 
cutting parameters as the highest and lowest val-
ues of the feed force Ff.

In [29] it was noted that during the face mill-
ing of parallel workpieces, machining of higher 
strength material results in an increase in the feed 
force Ff, which is reflected in an increase in mate-
rial height differences. In this experiment, no sim-
ilar trend was found. This is due to the fact that 
the feed force Ff was the average value recorded 
when the tool passed through the entire surface 
of the sample. In the case of the circumferen-
tial milling, it is not possible to isolate a phase 
in which the tool is machining only one layer of 
FLM. However, it can be assumed that the higher 
difference occurring between the feed forces for 
each material-forming layers, the poorer surface 
quality of the sample after machining [33].

CONCLUSIONS

The aim of the study was to determine the ef-
fects of the cutting speed, feed rate and helix an-
gle on the material height differences and cutting 
forces after milling of CARALL. The following 
conclusions were drawn from the study:
1.	Poorer surface quality and higher cutting forces 

were obtained for a tool with a higher helix angle.
2.	Higher material height differences were achieved 

at the metal-composite interface (ΔH1) than at 
the composite-metal interface (ΔH2).

3.	The use of higher values of the vc parameter 
resulted in more symmetrical and evenly dis-
tributed the feed force amplitudes.

4.	Increasing the feed rate resulted in increasing 
the feed force amplitudes at the cutting tool 

Figure 17. Feed force Ff after machining with feed rate of 0.08 mm/tooth
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exit, illustrating the lower stability of machin-
ing and the possibility of delamination at the 
end of the samples.

5.	The parameters to obtain the best surface qual-
ity (the lowest material height difference) are 
the cutting speed of 500 m/min, feed rate of 
0.08 mm/tooth and helix angle of 20°.

6.	The lowest surface accuracy (the highest value 
of the material height difference) was obtained 
after milling with the following milling param-
eters: cutting speed of 200 m/min, feed rate of 
0.08 mm/tooth and helix angle of 35°.
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