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Comparison of the PMMA mechanical
properties after cutting by the laser
beam and milling

This research was focused on characterization of the influence of laser
cutting on the material made from the PMMA. The comparison of
mechanical properties of samples cut by the laser beam to the properties,
obtained after the conventional method of cutting by milling, are presented
in this paper, as well. The 4 mm thick samples were prepared from the
PMMA and subjected to tensile test to establish their material strength
after the two different types of cutting. Samples that were cut by the laser
beam were also subjected to tempering to improve their mechanical
properties. It was concluded that the way of cutting has a strong influence
on the PMMA samples mechanical properties. The outcome of the
experiment is a direct assessment of roughness of the cut samples. It is
shown that the laser cutting produces lower values of the surface
roughness. However, for manufacturing the structural elements, the more
suitable would be application of the milling technology since it results in
better mechanical properties of the cut sample.

Keywords: laser cutting, milling, PMMA, mechanical properties, surface
roughness.

1. INTRODUCTION

The laser cutting of metallic and non-metallic materials
is based on the focused laser beam action on the
material being cut. In technical practice, the surface of
the material is impacted by a focused circular laser
beam of a diameter 0.1 to 0.4 mm. The size of the beam
diameter depends on the thickness of the cut material, as
well as on the construction of the device for the laser
beam cutting. When the laser beam, of the above
parameters, impacts the material being cut it causes the
material's rapid heating up. Within milliseconds, the
material is heated up to the melting or the evaporation
temperature [1-6].

When the laser beam hits the material that is being
cut, an interaction occurs between the material and the
laser beam. The subsequent processes, which take place
during the cutting of the material, and the effect on the
material properties following the focused beam impact,
mainly depend on the chemical composition of the
material being cut and on the quality of its surface, as
well [4, 7-11].

In thermal cutting by a laser, it is always necessary
first to create a hole in the processed material. Then the
actual cutting is continued from that hole. Making the
hole is based on the laser drilling principle. That process
has slightly different characteristics with respect to the
cutting itself. The impacting laser beam transmits the
kinetic energy of the material photons, which is
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converted into heat that melts and partially evaporates
the material being heated. The surroundings of the laser
beam inflammation site (in the material being cut)
contain gases that are ionized instantaneously as the
beam hits the material and change to plasma. The
material being cut sublimates into a gaseous state and
gets blown away to the environment by the action of an
assist gas under a relatively high pressure. The part of
the material, which is not converted into a gaseous state,
is blown away in the liquid form by the flowing assist
gas. The above-described process causes formation of a
pit in the cut material and thus the laser beam can
penetrate continuously deeper, which results in depth
melting of the material, [1, 3, 11-12].

Figure 1. Example of the PMMA product for laser cutting

The CO, lasers are particularly well suited to the
cutting of the PMMA. Applications of thermoplastic
PMMA have grown considerably in many cases, for
example, lenses, light pipes, outdoor signs, light covers,
bathroom fittings, skylights, meter covers, baths and
toys [11].
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2. EXPERIMENTAL INVESTIGATIONS AND
DISCUSSION OF RESULTS

2.1 Machines and equipment

The milling machine — GERBER Sabre 408 was used in
experiments, with the following cutting parameters: tool
diameter — o 4 mm; operating speed — 22 000 RPM;
milling speed — 36 mms™.

The laser cutting and engraving machine — XL 1200
was used for the second type of cutting. The
EUROLASER offers the possibility to process
extremely large samples on a comparatively small
system. The processing area is 2270 mm x 1230 mm.
With the optional camera recognition system, which is
also available for other systems, the production flow can
be automated, leading to an increased economy of the
laser processing [13].

The laser beam cutting was done with the following
parameters: power — 100 W; cutting speed — 13 mms-1.

The PMMA milling schematics is shown in Figure 2
and the laser beam cutting in Figure 3.

T milling tool

3

Figure 2. Scheme of the PMMA milling
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Figure 3. Scheme of the PMMA laser cutting

2.2 The material

General Polymethacrylates are polymers of the esters of
methacrylic acids. The most commonly used among
them is polymethyl metacrylate - PMMA. Polymethyl
metacrylate or polymethyl 2—methylpropenoate is the
polymer of methyl methacrylate, with chemical formula
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CsHgO,. It is a clear colorless polymer available on the
market in both pellet and sheet form under the names
Plexiglas, Acrylate, Perspex, Playcryl, Acylplast,
Altuglas, Lucite etc. It is commonly called acrylic glass
or simply acrylic, [14].

2.3 Measurements of the maximum strength

In this experiment, the influence of the laser beam and
the milling tool on the integrity and mechanical proper-
ties of the material was evaluated by measuring the
strength of the PMMA. The samples were subjected to
tensile test to determine the impact of the character and
integrity of the cutting edge after laser cutting and
milling. Further, the laser cut samples were dried for 5 h
at 70 °C.

Table 1. The physical, mechanical and thermal properties
of PMMA [13]

Density 1.15-1.19 gem™
Water absorption 03-2%
Hardness, Rockwell M 63 —97

Tensile Strength, Ultimate 47-49 MPa
Tensile Modulus 2.2-3.8 MPa

Specific Heat Capacity 1.46 —1.47 J/g °C
Thermal Conductivity 0.19-0.24 W/mK
Maximum Service o
Temperature, Air 41-103[°C]
Melting Point 130 °C

Vicat Softening Point 47-117°C

Glass Temperature 100 — 105 °C

Table 2. Tensile test results for samples from PMMA

Sample # CI;l?tsiirg Lasfz(r:iitémg Milling
1 35.65 42.86 57.12
2 39.04 38.42 49.97
3 34.44 41.52 43.99
4 32.50 39.50 60.98
Average
maximum strength | 35.4075 40.57 53.015
R, (MPa)
Rs
\ I
8 8

r
30

160

Figure 4. Sketch of the comparative sample for tensile test

The samples, which were milled had the average
strength of 53.015 MPa and samples from laser cutting
35.405 MPa, which means that the former samples (of 4
mm thickness and 20 mm width) had about 1.5 times
higher tensile strength Rm than the latter, Table 2.
These useful features make it ideal for use in demanding
conditions. The laser cut samples were further
additionally dried in a tempering oven at 70 °C for 5 h.
However, that prolongs the time-consumption for
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production of parts cut by the laser beam, though it was
almost 3 times faster (13 mms-1), compared to 36 mms-
1 for milling. After the additional drying in tempering
furnace, samples had the tensile strength of 40.57 MPa.

Von Mises stress
Unit: MPa

36,02 Max,

S 18
15,18

L4

Figure 5. Simulation tests of tensile strength

2.4 Measurements of the HAZ width

During the laser beam cutting, the heat-affected zone
(HAZ) appears in the PMMA samples. The measured
values of the HAZ width are shown in Table 3, for both
cases of the PMMA cutting, i.e. with and without
additional drying. Appearance of the HAZ and the base
material (BM) microstructures are shown in Figures 6
and 7, while in Figure 8 is presented the appearance of
the surface after milling.

Table. 3. The PMMA HAZ width measurements (pm)

Laser La.ser 1
Sample # cutting cutting - | Milling
dried
1 81.80 82.10 0
2 82.10 80.80 0
3 80.50 82.30 0
4 80.50 80.30 0
5 82.30 79.60 0
Average 81.44 81.02 0

!; o CAVITY ) x Q <
__,3. ’ ™~ g 2 100 ym |

Figure 6. The HAZ and BM microstructures obtained by the
laser cutting without drying
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Figure 7. The HAZ and BM microstructures obtained by the
laser cutting after drying

100 ym

Figure 8. Surface and microstructure after milling

From the measurements of the HAZ size and
appearance of its microstructure, one can conclude that
the tensile strength of the material was reduced due to
the appearance of cavities in the material just below the
HAZ. On a small scale, those faults can be remedied by
drying of the PMMA samples, which causes increase of
the tensile strength, since the cavities sizes were
reduced and the pores were regularly spaced. The width
of the HAZ was not substantially changed after the
samples drying. The heat-affected zone (HAZ) was not
present in samples that were prepared by milling.

3. INVESTIGATION OF THE SURFACE ROUGHNESS
INFLUENCE ON MAXIMUM TENSILE STRENGTH

The roughness of the cut surface was measured to
establish if it imposes any influence on the material's
maximum tensile strength. For the PMMA samples cut
by milling the average surface roughness was R, =21.9
um, while for the laser-beam cut samples it was R, = 1.1
pm. From those data, it can be easily concluded that the
surface roughness has no effect on the material's
maximum tensile strength; roughness was much bigger
for the samples obtained by milling, which had
significantly higher maximum tensile strength. The only
"influence" of the surface roughness is in optical
appearance, since the surfaces obtained by the laser
beam cutting looks smoother.

Images of the cut area surface geometry of experi—
mental samples made of PMMA, obtained by laser
cutting and by milling are shown in Figures 9 and 10,
respectively.
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Figure 9. Image of the cut area surface geometry of a PMMA sample obtained by laser cutting
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Figure 10. Image of the cut area surface geometry of a PMMA sample obtained by milling

4. CONCLUSIONS

The paper describes the principle of the laser cutting of
plastics, in particular the PMMA, and the impact of the
laser beam on the material and its ability to be cut. The
PMMA is a specific type of plastic material that can be
laser cut. Therefore, this type of material was consi—
dered from the viewpoint of its mechanical properties.
The PMMA samples were treated in three different
ways — by milling and the laser beam cutting with and
without drying. It was concluded that the type of cutting
has the strong influence on material's mechanical proper—
ties, namely the tensile strength. It was significantly lo—
wer for samples cut by the laser beam with respect to that
of samples obtained by milling. It was also confirmed
that this reduction in tensile strength is caused by appea—
rance of cavities in the material just below the heat-affec—
ted zone, created due to heating during the laser cutting.
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The HAZ width was also measured for samples cut
by the laser beam. It was concluded that drying of the
samples does not contribute to narrowing the HAZ. The
HAZ was not present in samples obtained by milling.

The surface roughness of the cut surfaces did not
impose any influence on the material's maximum tensile
strength. It was significantly bigger for the PMMA
samples obtained by milling, 21.1 pm (versus 1.1 um
for the samples obtained by laser cutting), which, on the
other hand, had the maximum tensile strength signi—
ficantly bigger as well.
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IOPEBEILE MEXAHUYKHNX
KAPAKTEPUCTHUKA PMMA ITOCJIE
JJACEPCKOTI PE3AIBA U I'VIOJABA

P. Hurposny, J. Memko, P. P. Hukoauh, B. JIazuh,
. Apcuh, B. Xam3numa

OBo wHCTpaKHBame je (OKYCHpaHO Ha KapaKTepU3aLuju
yTHIIaja JIACEPCKOr pe3ara Ha MaTepujal HalpaBJbeH Of
PMMA. Takohe je npukazano u nopeheme MexaHUUKUX
ocoOMHa y30paka JOOMjEHHX JIACEPCKUM pE3ambeM U
y30paka J0OHjeHUX KOHBCHIIMOHATHOM METOJIOM Pe3arha —
IJIoalkeM. Y30pLu 1e0sbuHe 4 mm Cy NPHUIPEMIbEHH O]
PMMA wu mnonBprHyTH TecTy 3aTe3ameM Jjaa Ou ce
YCTAQHOBWJIA FbUXOBA jauMHA MOCJE [(Ba Pa3IM4UTa THIIA
pe3ama. Y30puu J00WjeHH JIACePCKUM pe3ameM Cy Owim
TOJBPTHYTH W TEMIEpOBamy Ja OW ce MoOospIIaie
IUXOBE MEXaHWYKe OCOOMHE. 3aKJbYUeHO je N1a HadHH
pesamba MMa CHaXKaH YTWI[Q) HA MEXaHHYKEe OCOOMHE
y3opaka on PMMA. Pesynrar ekcnepumeHta je u
IUPEKTHO  TPOLCH-HBAKE — XPallaBOCTH  NOBPIIMHA
uceueHUX y3opaka. [lokazaHO je Ja Jlacepcko pesarme
MpoMn3BOAW MalkC BPEIHOCTH IOBPIIMHCKE XpariaBOCTH.
Mebhytum, 3a MpoM3BOABY elieMeHaTa KOHCTPYKLHja je
MOBOJbHUjA MPHMEHa TEXHOJIOTHje INIOAAma, MOIITO OHA
pesynTupa OOJBMM MEXaHHYKMM OCOOMHAMa pe3aHHX
y30paka.
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