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INTRODUCTION

Polymer matrix composites (PMC) are one 
of the fastest-growing groups of modern engi-
neering materials [1, 2]. Their unique combina-
tion of high strength, corrosion resistance and the 
ability to tailor properties through the selection 
of components has meant that, over the last few 
decades, they have replaced traditional structural 
materials in many key industrial sectors, par-
ticularly in aerospace, the automotive industry, 
medicine and sports technology [3, 4].

Despite their excellent performance charac-
teristics, laminated composites (laminates) pres-
ent significant technological challenges during 
machining. The anisotropy of the structure, brittle 
fibre fracture and the temperature sensitivity of 
the polymer matrix mean that standard cutting 
parameters used for metals lead to the forma-
tion of characteristic defects, the most serious of 
which is delamination (the separation of individ-
ual layers of the laminate [5, 6]). Delamination, 
alongside fibre fraying, fibre pull-out and thermal 
burn-through of the resin, directly reduces the 
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fatigue and static strength of finished composite 
components, which, in the aforementioned appli-
cations, compromises operational safety [7].

Although general recommendations for 
machining GFRP composites are available, there 
is still limited quantitative information on how 
spindle speed and feed rate separately affect 
delamination, fibre fraying and dimensional devi-
ation in very thin, vacuum-bagged, four-layer 
epoxy-glass laminates. In particular, the current 
state of knowledge does not sufficiently describe 
the combined behaviour of the actual milled 
diameter (Ø₁), the delamination-zone diameter 
(Ø₂) and the fibre-envelope diameter (Ø₃) for 
laminates produced from AEROGLASS 163 g/
m² fabric and the LH-160/H-10 resin system. The 
aim of this study is therefore to determine, for 
this specific material-tool-machine configuration, 
the effect of spindle speed n and feed rate ft on 
these three geometrical indicators of edge quality, 
and to identify machining conditions that reduce 
delamination and fibre fraying without worsening 
dimensional accuracy.

POLYMER-MATRIX COMPOSITES

As an engineering material, a composite 
consists of at least two components with differ-
ent properties which, when combined, form a 
material with properties that neither component 
possesses on its own. According to the classical 
approach, the structure of a composite comprises 
a continuous phase (matrix), which acts as a bind-
er, and a dispersed phase (reinforcement), which 
is responsible for transferring mechanical loads.

Literature [8] points out that, depending on 
the type of matrix, composites are divided into 
three main groups: those with a ceramic matrix 
(CMC), a metallic matrix (MMC) and a polymer 
matrix (PMC). Within PMC, the basic classifi-
cation is based on the thermal behaviour of the 
matrix: thermosetting resins (epoxy, polyester, 
vinyl ester) undergo a single, irreversible cross-
linking reaction, whilst thermoplastic resins 
reversibly change their plasticity under the influ-
ence of temperature. The mechanical properties 
of both groups are comparable, however thermo-
setting resins are more commonly used in struc-
tural applications due to their superior dimension-
al stability at elevated temperatures.

Depending on the nature of the matrix 
phase, composites are classified as granular, 

fibrous and layered (laminates). Fibrous and 
layered composites are of particular technical 
importance, as they offer the highest strength 
properties of all PMCs [5, 8].

Composite components

Among reinforcing components, glass 
fibres occupy a special position and account for 
approximately 85% of the tonnage of reinforce-
ments used in PMC production, despite the rapid 
growth of carbon and aramid fibres. The tech-
nology for manufacturing glass fibres has been 
established for decades (Table 1), enabling the 
production of reinforcements with predictable, 
repeatable properties. Boron-aluminum-silicon 
glass fibres (type E) are primarily used to rein-
force PMC; these fibres have a tensile strength of 
around 3500 MPa and a Young’s modulus of 77 
GPa [9]. Reinforcement can take the form of rov-
ings, chopped or continuous mats, non-woven 
fabrics and woven fabrics. Glass fabrics are a 
widely used type of reinforcement due to their 
good drapability and their ability to be impreg-
nated with unsaturated and epoxy resins [10, 
11]. The weight of the fabrics ranges from sev-
eral dozen to over 2000 g/m², which allows for 
extensive optimisation of the reinforcement-to-
weight ratio of the finished laminate. To improve 
strength and corrosion resistance, ECR, S and R 
glass fibres, as well as quartz fibres, have been 
developed and are listed in Table 1. Other com-
mercially available reinforcements, including S2 
glass and basalt fibres, may also be used in poly-
mer composites, but they were not included in 
Table 1 because they were not considered in the 
experimental part of this study [12, 13].

The matrix in GFRP composites is most 
commonly epoxy, polyester or vinyl ester resin. 
Epoxy resins – produced by the polyaddition of 
bisphenol and epichlorohydrin – are character-
ised by very good mechanical properties (Rm = 
40–85 MPa, E = 2.1–5.5 GPa), low shrinkage 
during curing and excellent adhesion to reinforc-
ing fibres. Their disadvantages include a relative-
ly high price and the difficulty of impregnating 
dense fabrics [9].

The vacuum bag method is one of the 
methods used to produce laminates

The technology for manufacturing PMC 
laminates encompasses a range of methods, from 
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simple manual lamination to advanced RTM, 
VARTM, VAP and RFI processes. The works [6, 
9] emphasise that the choice of moulding method 
decisively determines the quality of the finished 
composite, in particular the uniformity of the 
matrix distribution, the porosity and the volume 
fraction of the reinforcement.

The vacuum bag method combines the char-
acteristics of hand lay-up and pressure curing 
(Figure 1). The vacuum created (typically -0.6 
to -0.9 bar) provides mechanical pressure that 
bonds the laminate layers during curing, allowing 
trapped air and excess resin to be removed [14]. 

The main advantages of this technology 
include: improved wetting of the reinforcement 
[15, 16], a reduction in pores and microcracks at 
the interfaces between layers, a higher proportion 
of reinforcement in the final composite, and con-
sequently higher strength.

The delamination mechanism during defect 
initiation

Delamination is one of the most serious struc-
tural defects in laminated composites, involving 
the separation (delamination) of adjacent layers. 
In their paper, the authors [9, 17] define delami-
nation as the initiation and propagation of a crack 
at the layer interface, classifying it according to 
fracture schemes I (opening), II (in-plane shear) 
and III (out-of-plane shear). 

During the moulding process, delamination 
can be caused by: trapped air or moisture between 
the layers, incorrect pressure or temperature dur-
ing curing, cooling too quickly, which causes 
residual stresses, uneven resin saturation, and 
errors in the layering process. 

Contaminants at the layer interfaces – such 
as fine particles, oils and moisture – reduce 
local adhesive bonding, creating crack initiation 
points. During machining, delamination is initi-
ated by cutting forces acting perpendicular to the 
laminate plane. 

Previous studies [18, 19] indicate that, when 
performing peripheral milling of laminated com-
posites, axial and radial forces can lead to local 
delamination of the laminates, particularly near 
the machined edge. This phenomenon is strongly 
dependent on cutting parameters such as speed 
(vc), feed rate (ft) and the geometry and sharp-
ness of the tool.

Milling of polymer-matrix composites

Milling is one of the most commonly used 
machining techniques for PMC composites, 
enabling the shaping of complex geometries with 
high dimensional accuracy. However, as Grzesik 
[20] and tool manufacturers’ catalogues indicate 
[21], machining PMC is generally more diffi-
cult than machining homogeneous metals, due 
to anisotropy, a tendency towards fibre pull-out, 
fraying, and excessive heat generation leading to 
matrix degradation.

One of the factors affecting the quality of 
GFRP machining is the choice of cutting tool 
material in relation to the machining technique. 

Figure 1. Vacuum bagging method for
forming laminates [9]: 1 - vacuum pump;
2 - resin trap 3 - separation membrane;

4 - vacuum bag; 5 - release medium; 6 - resin;
7 - dry preform; 8 - mold;

9 - release coating

Table 1. Mechanical properties of selected types of glass fibres [9]

Type of glass Density [g/cm³] Rm [MPa] E [GPa] Extension [%] T softening [°C]

E 2.52 3 500 77 4.8 846

ECR 2.72 4 750 86 4.8 952

S 2.49 4 585 85 5.7 1 056

R 2.50 4 750 86 4.8 952

Quartz 2.20 6 000 78 7.7 1 220
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Glass fibre reinforcement has a hardness of 6–7 
on the Mohs scale, which causes rapid wear of 
high-speed steel (HSS) tools, whilst solid carbide 
(VHM) tools demonstrate significantly higher 
durability. The use of diamond coatings DLC 
(Diamond-Like Carbon), CVD (Chemical Vapor 
Deposition) further increases tool life and reduces 
chip adhesion [20].

The cutting speed and feed rate (ft) must be 
carefully selected to minimise mechanical stress-
es and excessive heat generation in the machin-
ing zone. An excessively high vc may promote 
softening of the polymer matrix, whilst an exces-
sively low ft may increase the contact time 
between the tool and the material, resulting in 
a rise in temperature. Optimal cooling using the 
minimum quantity lubrication (MQL) method 
minimises the penetration of fluid into the pores 
of the composite [20].

The optimal milling parameters for GFRP 
depend on the specific properties of the compos-
ite, its thickness, fibre orientation and the tool 
used. This paper contributes to the determination 
of these parameters for a specific material system, 
namely a 4-layer epoxy-glass laminate formed 
using the vacuum bag method.

MATERIALS AND METHODS

Laminate components

To carry out the task, AEROGLASS glass 
fabric with a weight of 163 g/m² was used as 
reinforcement; this fabric is characterised by 
good drapability, satisfactory air-release proper-
ties during the lamination process, and very good 
weather resistance [11]. The fabric is designed for 
impregnation with both polymer resins (such as 
polyester and epoxy).

The laminate consisted of four plies of the 
same glass fabric arranged in the same 0/90 
fabric orientation relative to the machining 

coordinate system. The nominal input masses 
used during lay-up were 95.64 g of fabric and 
125 g of resin system (86 g LH-160 + 39 g 
H-10), which correspond to approximate input 
mass fractions of 43.3 wt.% reinforcement and 
56.7 wt.% resin system. 

The matrix consisted of the LH-160/H-10 
resin system from HAVEL Composites (Table 2). 
The LH-160 epoxy resin, based on bisphenol A 
resin, is characterised by low viscosity (0.7–0.9 
Pa•s at 25 °C), very good resistance to crystallisa-
tion and a low crystallisation temperature. After 
curing with H-10 hardener in a weight ratio of 
100:45 g, the manufacturer reports a heat stabil-
ity temperature of 50 °C (curing at 25 °C, min. 2 
days) or 80–90 °C (post-curing at 50–60 °C for 3 
h). This catalogue parameter should not be treated 
as the glass transition temperature Tg; it is used 
only as an indicator of the temperature sensitivity 
of the resin system.

Manufacture of laminate using the vacuum 
bag method

The four-layer glass laminate was manufac-
tured using the vacuum bag method. The mould-
ing process involved: preparing the glass mould 
(degreasing – Figure 2a and waxing – Figure 
2b), cutting out 4 layers of glass fabric with a 
total weight of 95.64 g, mixing the resin system 
(86 g of resin + 39 g of hardener), impregnating 
successive layers of fabric and laying them on 
the mould, applying peel ply, a vacuum mat and 
PRO-VAC 100-LB-75 perforated film (Figure 
2c), sealing the vacuum bag with butyl tape and 
connecting the vacuum pump to create a vacuum 
of -0.6 bar. The vacuum was maintained for 30 
minutes during compaction and air removal, and 
was not maintained throughout the full curing 
period. Curing took place at room temperature 
(23 °C) for a minimum of 48 hours. The mea-
sured thickness of the cut blanks (workpieces) 
ranged from 0.79 to 1.00 mm.

Table 2. Technical specifications of the resin system LH-160/H-10 [8]

Property Value

Heat stability temperature (25 °C / 2 days) 50 °C

Heat stability temperature (50–60 °C / 3 hours) 80–90 °C

Viscosity at 25 °C 0.7–0.9 Pa·s

Weight ratio of LH-160 to H-10 100 : 45 g

Pot life at 25°C (ratio 100:45) 20–25 min
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Workpiece and cutting tool

The selection of the machine tool and the 
machining method used for sample preparation 
is a crucial issue [22–24]. The machining was 
carried out on a DMG DMU 50 CNC milling 
machine – a 5-axis milling machine controlled 
numerically (Heidenhain iTNC 530 controller), 
which features a positioning accuracy of ±0.01 
mm, a maximum spindle speed of 10,000 rpm and 
a drive power of 9/13 kW.

A 3-flute uncoated Gühring 19992 solid car-
bide end mill with a diameter of 20 mm, a 45° 
helix angle, a cutting edge length of 38 mm and a 
total length of 104 mm was used for the machin-
ing. The tool material hardness was 90–94 HRA. 
The workpiece were clamped in a special holder 
enabling repeatable and rigid clamping on the 
machine tool table (Figure 3). Before the tests, 
the cutter was visually inspected to exclude vis-
ible edge chipping. Tool wear was not measured 
quantitatively during the experiment (e.g. flank 
wear VB or cutting-edge radius).

Research plan and scope

The tests were carried out in two series. In 
Series I, a constant feed rate of ft = 350 mm/
min was maintained, and the spindle speed n was 
varied within the range of 5000–10,000 rpm (in 
500 rpm increments). In Series II, a constant rota-
tional speed of n = 10.000 rpm was maintained 
and the feed rate ft was varied within the range 
of 100–600 mm/min (in 50 mm/min increments). 

The entry into the material involved moving 
in a straight line at a defined entry depth (Z = -5 
mm at a feed rate of 5000 mm/min), followed by 
an approach to the workpiece along an arc tangent 
to the first section of the tool path in the material, 
in line with the machining direction (Figure 4).

A total of 22 discs with a nominal diameter 
of 52 mm were cut from the laminate. For each 
sample, three characteristic diameters (Ø₁, Ø₂ 
and Ø₃) were identified, and each diameter was 
measured on optical/digital images of the disc 
edge; the mean value was then used in the anal-
ysis. The assessment of edge quality was based 

Figure 2. Degreasing (a) and waxing (b) of the mould with release materials in place
(peel ply, vacuum mat and perforated film) 

Figure 3. View of the workpiece secured to the table of the DMU 50 machine tool using a special clamp
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on these geometrical measurements, whereas 
visual observation was used only to identify the 
type of defect, such as burrs, fraying, fibre pull-
out and delamination.

RESULTS AND DISCUSSION

The effect of spindle speed on edge quality

In Series I, at a constant feed rate of ft = 350 
mm/min, measurements were taken of three char-
acteristic diameters for each sample (Figure 5): 
Ø₁ (milling diameter), Ø₂ (diameter of the delami-
nation zone) and Ø₃ (diameter encompassing the 
protruding, uncut glass fibres). 

Based on the measurements, the following 
edge quality indices were calculated: Δ[Ø₁−Ø₂] – 
a measure of the depth of the delamination zone (a 
lower value = less delamination), and Δ [Ø₃−Ø₁] 
– a measure of the extent of fibre fraying (lower 
value = fewer protruding fibres). The results are 
summarised in Table 3.

Quantitative measurements reveal a com-
plex relationship between rotational speed and 
two distinct damage indices. The delamination 
index Δ[Ø₁−Ø₂] reaches a minimum value of 
1.48 mm at n = 5000 rpm, whilst the maximum 
value of 3.15 mm is observed at n = 9500 rpm. 
The fibre fraying index Δ[Ø₃−Ø₁], on the other 
hand, is smallest and therefore most favourable 
at n = 10,000 rpm (1.30 mm), and largest at n = 
8500 rpm (3.43 mm). 

The sum of both indicators, taken as a measure 
of total edge damage, takes the following values: 
2.87 mm at n = 10,000 rpm (best), 3.92 mm at n = 
8000 rpm, and 5.53 mm at n = 8500 rpm (worst). 

The result at n = 9500 rpm (Δ[Ø₁−Ø₂] = 3.15 mm) 
should be treated as an anomaly that may be asso-
ciated with unfavourable dynamic conditions of 
the machine tool-holder-workpiece-tool system; 
however, this explanation cannot be confirmed 
without vibration or force measurements.

The results indicate that n = 10,000 rpm 
minimises fibre fraying, as a higher cutting speed 
reduces the contact time between the blade and an 
individual fibre, promoting a clean cut rather than 
tearing. At the same time, n = 5000 rpm results in 
the least delamination, as a lower speed is asso-
ciated with a higher feed per tooth at a constant 
feed rate, which limits the duration of heat gen-
eration in the cutting zone.

Figure 4. Machining along the tangent arc of the tool path in material aligned with the machining direction

Figure 5. Milling finish of the edges of a
4-layer laminate at a spindle speed n of 10,000 rpm 

and a constant feed rate of ft = 350 mm/min
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The results confirm the observations of 
Grzesik [20], who emphasises that, in the case 
of materials with low thermal conductivity, 
minimising the duration of thermal exposure 
is crucial. However, within the range studied, 
there is no clear-cut optimal rotational speed, 
the selection of which depends on the priority 
(minimising delamination versus minimising 
fibre fraying). In terms of the overall assess-
ment of edge defects, n = 10,000 rpm proves 
to be the most favourable, which contrasts with 
the initial visual quality assessments indicating 
n = 5000–5500 rpm.

The effect of feed rate on edge quality

In Series II, at a constant rotational speed of n 
= 10,000 rpm, the effect of a variable feed rate (ft) 
on three characteristic disc diameters was inves-
tigated: Ø₁ (milling), Ø₂ (delamination zone) and 
Ø₃ (fibre reach). The results, together with the cal-
culated indices Δ[Ø₁−Ø₂] and Δ[Ø₃−Ø₁], are sum-
marised in Table 4.

Quantitative measurements in Series II reveal 
an overall downward tendency in edge damage 
with increasing feed rate, but the relationship is 
not strictly monotonic. The delamination index 
reaches a maximum of 2.15 mm at ft = 350 mm/
min and a minimum of 1.01 mm at ft = 600 mm/
min. The fibre fraying index is highest (2.77 mm) 
at ft = 200 mm/min and lowest (1.30 mm) at ft = 
500 mm/min. The total defect measure decreases 
from 4.24 mm at ft = 100 mm/min to 2.45 mm at 
ft = 600 mm/min, although local increases at ft 
= 250 and 300 mm/min interrupt strict monoto-
nicity. This behaviour is therefore interpreted as 

a trend supported by the trend line in Figure 9, 
rather than as a strictly monotonic decrease.

Within the investigated range, the results sug-
gest that a higher feed rate can reduce edge dam-
age for the tested laminate-tool configuration. 
This conclusion should not be generalised to all 
GFRP laminates without additional tests involv-
ing other laminate thicknesses, tools and cooling/
lubrication conditions.

A possible explanation for the observed 
improvement at higher feed rates is the increase 
in chip thickness and the reduction in the time of 
contact between the cutting edge and the material. 
This may reduce the duration of frictional heat-
ing; however, because temperature was not mea-
sured in the present work, the thermal interpreta-
tion should be treated as a hypothesis requiring 
further experimental verification.

Because the manufacturer reports a heat 
stability temperature of 50 °C for the LH-
160/H-10 system cured at 25 °C, the matrix 
may be sensitive to temperature increases dur-
ing machining. This parameter is not equiva-
lent to Tg and is used here only as a catalogue-
based indicator of thermal sensitivity. At ft = 
350 mm/min, the delamination index is highest 
(2.15 mm), which may result from unfavour-
able dynamic or thermal conditions, but this 
cannot be confirmed without temperature, force 
or vibration measurements.

The results are consistent with the mechanism 
described by [6, 7]: at a very low feed rate (ft = 
100 mm/min), each blade repeatedly rubs against 
the same surface rather than cutting through it, 
causing the friction effect to increase heat and 
promote fibre tearing rather than a clean cut.

Table 3. The effect of rotational speed n on edge quality at a constant ft = 350 mm/min

n [rpm] Ø₁ milling  [mm] Ø₂ delamination [mm] Ø₃ fibres [mm] Δ[Ø₁−Ø₂] [mm] Δ[Ø₃−Ø₁] [mm]

10000 52.22 50.65 53.52 1.57 1.30

9500 52.26 49.11 54.51 3.15 2.25

9000 52.24 50.75 55.31 1.49 3.07

8500 52.27 50.17 55.70 2.10 3.43

8000 52.23 50.58 54.50 1.65 2.27

7500 52.27 50.25 54.91 2.02 2.64

7000 52.25 50.74 55.07 1.51 2.82

6500 52.33 50.67 55.45 1.66 3.12

6000 52.27 50.50 55.47 1.77 3.20

5500 52.25 50.49 54.78 1.76 2.53

5000 52.26 50.78 55.46 1.48 3.20
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Delamination, i.e. the local separation of 
layers, manifests as bright lines and blisters at 
the edge, caused by crack initiation at the inter-
face between layers. In the present study, the 
observed defects may result from a combined 
influence of mechanical loading and local heat-
ing. At low feed rates (ft = 100–200 mm/min), 
the longer tool-material contact time may pro-
mote rubbing and fibre tearing, but the relative 
contribution of thermal and mechanical effects 
cannot be separated because temperature and 
cutting forces were not recorded.

Edge quality assessment

In order to standardise and quantify the assess-
ment of the quality of the edges of the cut discs, a 
scoring system on a scale of 1–5 was developed. 
The method is based solely on data obtained from 
microscopic measurements, i.e. from three mea-
sured diameters: Ø₁ (milling), Ø₂ (delamination 
zone) and Ø₃ (fibre envelope) – without any sub-
jective input from the observer.

For each sample, three partial scores were 
assigned on a scale of 1 to 5, and the overall score 
Q was then calculated as their weighted average:

	 Q = 0.40 · S-del +
	 + 0.40 · S-fray + 0.20 · S-dim	

(1)

where:	 S-del – the delamination score (weight 
40%), S-fray – the fibre-fraying score 
(weight 40%), and S-dim – the dimension-
al-accuracy score (weight 20%). 

The weights and threshold values in Table 5 
were adopted as an engineering, diameter-based 
assessment criterion for this preliminary study. 
They were not taken from a dedicated standard, 
because no standardised scoring method based 
simultaneously on Ø₁, Ø₂ and Ø₃ was identified 
for such thin GFRP discs. Higher weights were 
assigned to S-del and S-fray because they describe 
structural edge defects, whereas the lower weight 
of S-dim reflects dimensional deviation, which 
mainly results from elastic springback and does 
not directly describe interlaminar damage.

Figures 6 and 7 show the results of the scor-
ing assessment for both test series. The bars 
represent the values of the three partial scores, 
whilst the solid line represents the total score 
Q, calculated using the formula provided. Fig-
ures 8 and 9 show the direct measurement indi-
ces: Δ[Ø₁−Ø₂] (width of the delamination zone) 

Table 4. The effect of the feed rate (ft) on edge quality at a constant n = 10,000 rpm

ft  [mm/min] Ø₁ milling [mm] Ø₂ delamination 
[mm] Ø₃ fibres [mm] Δ[Ø₁−Ø₂] [mm] Δ[Ø₃−Ø₁] [mm]

100 52.47 50.67 54.91 1.80 2.44

150 52.52 50.93 54.89 1.59 2.37

200 52.37 51.34 55.14 1.03 2.77

250 52.34 50.64 54.75 1.70 2.41

300 52.33 50.84 54.82 1.49 2.49

350 52.43 50.28 53.99 2.15 1.56

400 52.26 50.73 53.97 1.53 1.71

450 52.32 50.71 53.74 1.61 1.42

500 52.28 50.57 53.58 1.71 1.30

550 52.24 50.89 53.85 1.35 1.61

600 52.29 51.28 53.73 1.01 1.44

Table 5. Sub-score ranges S-del, S-fray and S-dim — classification criteria and thresholds adopted in this study

Assessment S-del: Δ[Ø₁−Ø₂] [mm] S-fray: Δ[Ø₃−Ø₁] [mm] S-dim: |Ø₁ − 52.00| [mm]

5 ≤ 1.50 ≤ 1.50 ≤ 0.25

4 1.51–1.80 1.51–2.00 0.26–0.33

3 1.81–2.20 2.01–2.50 0.34–0.42

2 2.21–2.80 2.51–3.00 0.43–0.50

1 > 2.80 > 3.00 > 0.50



511

Advances in Science and Technology Research Journal 2026, 20(10), 503–514

Figure 6. Partial ratings S_del, S_fray, S_dim and total rating Q — Series I (variable rotational speed n,
ft = 350 mm/min = const)

Figure 7. Partial scores S-del, S-fray, S-dim and the total score Q — Series II (variable feed rate ft,
n = 10.000 rpm = const)

Figure 8. Delamination indices Δ[Ø₁−Ø₂] and fibre fraying indices Δ[Ø₃−Ø₁],
and milling diameter Ø₁ — Series I (variable n)
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and Δ[Ø₃−Ø₁] (extent of fibre fraying), together 
with the measured milling diameter Ø₁.

Analysis of dimensional accuracy

A dimensional analysis of Ø₁ (milling diam-
eter) revealed high process stability: in Series 
I, the Ø₁ values range from 52.22 to 52.33 mm 
(deviations from the nominal value of 52 mm: 
+0.22 to +0.33 mm), with a range of just 0.11 
mm. In series II, Ø₁ ranges from 52.24 to 52.52 
mm (deviations of +0.24 to +0.52 mm), with a 
range of 0.28 mm. Constant positive deviations 
of the Ø₁ dimension from the nominal value (52 
mm) indicate the effect of material springback 
following the passage of the cutting edge – a 
phenomenon characteristic of PMC, where the 
bending fibres push the tool out of the cutting 
path. The greatest springback was observed at ft 
= 150 mm/min (Ø₁ = 52.52 mm, deviation +0.52 

mm), and the smallest at ft = 550 mm/min (Ø₁ = 
52.24 mm, deviation +0.24 mm). This confirms 
that a higher feed rate not only reduces edge 
damage but also improves the dimensional accu-
racy of the cut disc.

In Series I (variable rotational speed n, feed 
rate ft = 350 mm/min = constant), the deviations 
in Ø₁ − 52.00 mm are small and highly stable: they 
range from +0.22 mm (n = 10,000 rpm) to +0.33 
mm (n = 6500 rpm) with a standard deviation σ = 
0.027 mm. The criterion S_dim = 5 (deviation ≤ 
0.25 mm) was met for five spindle speeds: 10,000, 
9000, 8000, 7000 and 5500 rpm. The stability of 
the deviation indicates that a change in rotational 
speed within the range of 5000–10,000 rpm does 
not significantly affect the elastic rebound effect 
at a constant feed rate.

In Series II (variable feed rate ft, n = 10,000 
rpm = const), the deviations show a stronger 
dependence on the feed rate: from +0.24 mm (ft 

Figure 9. Delamination indices Δ[Ø₁−Ø₂] and fibre fraying indices Δ[Ø₃−Ø₁],
and milling diameter Ø₁ — Series II (variable ft)

Figure 10. Deviation of the measured milling diameter Ø₁ from the nominal dimension of 52.00 mm
(CNC milling: Ø = 52.00 mm) — Series I (n = 5000–10,000 rpm, ft = 350 mm/min = const)

and Series II (ft = 100–600 mm/min, n = 10,000 rpm = const). Dark colour: deviation > +0.25 mm.
Dashed line: threshold S_dim = 5. Solid line in series II: linear regression (r = −0.826)
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= 550 mm/min) to +0.52 mm (ft = 150 mm/min), 
with σ = 0.085 mm – more than three times higher 
than in Series I. Pearson’s correlation coefficient r 
= −0.826 confirms a negative correlation: a high-
er feed rate generally reduces springback. Only 
one sample, ft = 550 mm/min, met the criterion 
S_dim = 5 (deviation ≤ 0.25 mm). The remaining 
high-feed samples were close to this threshold but 
did not formally meet it.

Figure 10 shows a graphical comparison 
of the deviations for both series, with enlarged 
labels, the S_dim = 5 threshold line (+0.25 mm) 
and the linear trend line for Series II.

CONCLUSIONS

Based on the experimental studies conducted 
on the cylindrical milling of a 4-layer epoxy-glass 
laminate, the following conclusions can be drawn:
1.	Spindle speed has a different effect on the two 

indicators of edge damage. Minimum delami-
nation (Δ[Ø₁−Ø₂] = 1.48 mm) was achieved at 
n = 5.000 rpm, whilst minimum fibre fraying 
(Δ[Ø₃−Ø₁] = 1.30 mm) was achieved at n = 
10,000 rpm. In terms of the total defect mea-
sure (the sum of both indices), the most favour-
able speed in the tested range is n = 10,000 rpm 
(sum 2.87 mm), and the least favourable is n 
= 8500 rpm (sum 5.53 mm). The result at n = 
9500 rpm may indicate unfavourable dynamic 
conditions, but this requires confirmation by 
vibration or force measurements.

2.	The feed rate shows a generally beneficial influ-
ence on edge quality in the tested range, but the 
decrease in total damage is not strictly mono-
tonic. The best result was obtained at ft = 600 
mm/min, with minimum delamination (Δ[Ø₁−
Ø₂] = 1.01 mm) and the lowest total defect mea-
sure (2.45 mm). These results suggest that, for 
the investigated laminate and tool, a relatively 
short tool-material contact time may be more 
important than the use of very low feed rates; 
however, this conclusion should be verified for 
other laminate systems and cutting tools.

3.	The observed edge degradation may be re-
lated to both mechanical loading and local 
heating of the epoxy matrix. Because temper-
ature, cutting forces and vibration were not 
measured, the thermal-softening mechanism 
should be treated as a plausible explanation 
rather than a directly confirmed phenomenon. 
The manufacturer’s heat stability temperature 

of the LH-160/H-10 system is not equivalent 
to Tg and was used only as an indicator of 
matrix thermal sensitivity.

4.	A 3-flute uncoated solid carbide end mill 
(Gühring 19992, Ø 20 mm) was used in all 
tests. The high hardness of cemented carbide 
(90–94 HRA) and sharp cutting edges are 
advantageous for machining abrasive glass-
fibre laminates. 

5.	Based on quantitative measurements of three 
characteristic diameters, the recommended pa-
rameters for the tested GFRP laminate (163 g/
m² glass fabric, LH-160/H-10 resin) and the 
uncoated Gühring 19992 solid carbide milling 
cutter (Ø 20 mm) are ft = 550–600 mm/min at n 
= 10.000 rpm. This range provides low delami-
nation (Δ[Ø₁−Ø₂] ≈ 1.01–1.35 mm), low fibre 
fraying (Δ[Ø₃−Ø₁] ≈ 1.44–1.61 mm) and fa-
vourable dimensional accuracy. If minimising 
fibre fraying alone is the priority, n = 10,000 
rpm at ft = 350 mm/min remains a favourable 
setting (Δ[Ø₃−Ø₁] = 1.30 mm), but it does not 
provide the lowest delamination index.

6.	The study should be treated as preliminary 
and limited to one laminate architecture, one 
cutting tool and one nominal cutting depth. 
The main limitations are the lack of repeated 
machining trials for each parameter set, the 
absence of direct temperature, force and vi-
bration measurements, the lack of quantita-
tive tool-wear monitoring, and the absence of 
roughness measurements and industrial vali-
dation. Future work should include cutting-
depth variation, cooling/lubrication strategies, 
tool-wear analysis and validation on industrial 
laminate components.
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