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Abstract. Hybrid joining of metals and plastics in order to produce lightweight parts is of growing interest in the
manufacturing processes of vehicles, electrical devices and biomedical applications. In this study, the joining of PMMA
plastic (poly methyl metacrylate) and unalloyed steel were investigated by the authors. The authors successfully joined
PMMA and steel by means of Nd:YAG laser and carried out tensile tests to measure the joining strength. Experimental
results showed that the joint strength is influenced by the heating time, the penetration depth of the steel workpieces
in the plastic, by the surface roughness of steel and by the time elapsed between bonding and tearing of the samples.
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Introduction

Nowadays, metals and plastics can be found in the ma-
jority of our equipments. Accordingly, the two materials
often have to be combined, they have to be joined. The
joining of metal and plastic parts is frequently needed
for example in case of vehicles, at the front-end carriers
of the car body (Wang et al. 2010; Amanat et al. 2010).
In our vehicles there are electrical instruments with in-
sulations and housings, which also have to be joined. In
case of vehicles, the increasing use of plastics is generat-
ed by weight reduction ambitions (Farazila et al. 2011).
Hence, we need new technologies to permit the joining
of metals and plastics in the vehicle industry. The join-
ing technologies applied to combine metals and plastics
can be clustered in two groups: technologies without
heat effect and technologies using heat input. Technolo-
gies without heat input are applying mechanical fasten-
ings such as screws and rivets or adhesives. However,
mechanical joining can be disadvantageous because of:

- the caused high internal stress;

— the bad esthetical appearance;

- the restricted designing;

- the difficult automation possibility.

Disadvantages of the adhesives are their harmful
volatile compounds and long bonding time (Fortunato
et al. 2010). Lately, heat input application in forms such
as laser technologies have been developing very fast;
and they are also used to bond metals and plastics.
Furthermore lasers are used in LTCC technology as

well (Horvath, Harsanyi 2010), which is crucial in sen-
sor technology and commonly used in car industry. In
this case, the laser beam is used directly to bond the two
materials, without any additive materials (Katayama,
Kawahito 2008; Wahba et al. 2011).

Laser is an electromagnetic radiation, created in the
resonator and led to the workplace by different optical
elements. A specific laser light can be reflected, absorbed
or transmitted depending on the material used. The fea-
tures of the beam are the small divergence and the big
coherence (the waves of the emitted photons are always
in the same phase). Bringing the laser beam into focus, a
very high energy density is available, which allows weld-
ing or cutting metals and plastics by a high speed. In case
of metal-metal and plastic-plastic joining the process is
used in the industry, but in case of hybrid metal-plastic
joining the research is still in an initial stage (Somogyi,
Takécs 2009; Devrient et al. 2011; Roesner et al. 2011).

In the experiments a laser beam was used as a heat
source to create a joint between steel and plastic by a
pulsed mode Nd:YAG laser source. The aim was to cre-
ate hybrid joints and determine the factors that influence
the process and the strength of the joints. Investigations
had been carried out in order to examine the effect of the
heating time, the penetration depth of the steel pin into
the plastic plate, the surface condition of steel (average
surface roughness) and the time elapsed between join-
ing and tearing. Based on the results, the strength values
were compared with an alternative technology (gluing).
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1. Experiments

Steel samples with plastic sheets were bonded. The steel
material was S235JRC structural steel with 235 MPa
yield strength, the plastic material was polymethyl
metacrylate (PMMA Acriplex PMMA-XT). This plastic
was chosen because of its good strength results during
the preliminary experiments and because of its trans-
parency: the structural changes in the plastic and the
connection area can be observed easily. The laser beam
source was a LASAG SLS 200 type, pulse mode Nd:YAG
laser with maximal pulse power of P, .. = 5.5 kW and
with an average power of P, = 220 W. The power distri-
bution of the laser beam was Gaussian (TEM,,). The
applied laser settings were the following: f = 100 Hz,
t,= 0.5 ms, U =375V, where f is the pulse frequency,
t, is the pulse duration in time, U is the exciting volt-
age. The diameter of the laser spot was 5 mm, as well
as the face surface of the steel workpiece, and the spot
was positioned concentrically with the steel sample. The
laser head did not move during the process. During the
experiments, argon shielding gas was used, the amount
of argon was 4.75 1/min.

The experimental setup can be seen in Figs 1 and
2. The geometry of the steel workpiece can be seen, the
size of the plastic sheet was 15x15x2 mm.

The steel part and the sheet were put into a special
clamping unit, the sheet placed on the top of the steel
part. During the laser joining process, the laser beam is
transmitted through the plastic material and the light
is absorbed on the steel surface. So, the steel is heated
directly and then, it heats the plastic, so the plastic be-
comes softer and finally melts or decomposes, according
to the amount of the inputted heat. During this process
the steel part is pushed into the soft plastic by means of a
spring force which was 3.5 N. By the end of the process,
the steel pin gets penetrated into the sheet. The pin is
surrounded by a burr and the joint is created.

To investigate the bonding force, the 3 workpieces
were torn in every setup, the force was measured with
a force tester PCE FG 500. The workpieces were torn
after two days, except when the effect of the waiting time
was investigated. The tearing speed was 25 mm/min. The
tensile strength of the applied PMMA was 83 MPa. The
glass temperature is 105 °C, the melting point is 140 °C,
the degradation temperature is 200 °C. Due to the not
obvious contact surfaces (top and side surfaces) of the
joint just the maximal tearing force is given in the dia-
grams.

First, the effect of heating time was investigated (f;,)
in connection with the penetration depth, and the pen-
etration depth in relation to the tearing force and the
heating time in relation to the tearing force.

The authors have determined the time interval
in which the joint could be created. The shortest time
when a joint was created was 3 s. A shorter heating time
did not enable the development of a joint between the
pieces. The longest time was 7 s, because after this time,
the plastic became very soft, the decomposition degree
was higher and the steel pin could easily go through the
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Fig. 1. Schematic view of the experimental setup
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Fig. 2. Photo of experimental setup (source: own edition)

whole thickness of the plastic sheet, so, that the mea-
sured indentation became bigger than 2 mm. Therefore
the presented heating time values were 3, 4, 5, 6 and 7 s.
The average surface roughness (R,) of the workpieces
ranged from 1.2 to 2.5 um.

Before the experiment the length and the surface
roughness on the lateral surface of the pins were mea-
sured and they were cleaned with acetone. After that, the
steel and plastic parts were put into the clamping unit
and the bond was created. At the end, the joint height of
the steel and plastic parts was measured to calculate the
penetration depth into the plastic. The surface roughness
of the workpieces was about 1 pum.

The effect of the surface roughness to the tear force
was also examined: steel workpieces with different sur-
face roughness, from R, = 0.5 pum to R, = 10 pm were
developed. The pieces were made with turning and the
surface roughness was controlled by changing the feed
rate and the rotational speed while the cutting depth and
the tool geometry were unchanged. The roughness val-
ues were measured by a Mitutoyo Surftest 301 surface
roughness tester. In these cases the heating time was 6 s.

The effect of the elapsed time between the creation
of the joint and tearing (t,) was investigated, as the plas-
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tic material is influenced by a shrinkage effect after the
heating that causes an increase in strength. Therefore the
samples were torn 5 min, 1 h, 12 h, 1, 2, 3, 4, and 5 days
after the joining process. In this case the average surface
roughness of the workpieces ranged from 0.5 to 1.5 pm
and the heating time was 6 s.

At last, some experiments were carried out with
adhesive material (glue) to compare our results with an
easy alternative technology. The instant glue was Pelican
Daniels power fix CA.

2. Results

Fig. 3 shows a typical laser produced hybrid metal-pol-
ymer joint. It can be seen that the metal pin penetrated
into the plastic sheet. The laser heats up the upper sur-
face of the metal pin and the pin melts the plastic which
flows back next to the metal surface creating a burr at
the bottom of the plastic sheet.

The created joint before and after the tearing can
be seen in Fig. 4. The changes of tearing force as a func-
tion of time, in case of two typical characteristic tearing
forces are shown in Fig. 5. The samples were heated for
3, 4, 5 and 6 s. In each case the force increases until
the maximal force, when it falls fast as the tear has oc-
curred. The maximum force increases with the heating
time from 180 N to 220 N. By samples 1 and 2, the force
falls to zero immediately, by samples 3 and 4, and after
the fall the force decreases slowly until the plastic sheet
is separated from the steel.

At heating times of 3 and 4 s, the indentation is low
(around 0.1 mm) and only the face is playing a role in
the bond. Hence, when the face is torn the force falls fast
to zero. In case of 5 and 6 s of heating time, the lateral
surface of the pin also takes part in the bond formation

Plastic sheet

Penetration depth

Burr
Steel workpiece

Fig. 3. Typical metal —polymer hybrid joint
(source: own photo)

Fig. 4. Joint before and after tearing test
(source: own photos)
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and after the first fall the surfaces of the plastic and the
pin are still connected, therefore it takes some more sec-
onds to completely separate the parts.

The penetration depth is plotted in Fig. 6 against
the heating time. The average and the standard devia-
tion were marked on the diagram. It can be seen that
the penetration depth increases in a growing rate with
the heating time, the deviation is small.

It can be seen that the indentation grows if the
heating time is longer. This is a simple process: if the
plastic is heated more and more by the steel surface, it
starts to soften. Accordingly, the longer the heating, the
easier and deeper is the steel pin penetrating into the
plastic due to the applied spring force.

The maximal tearing force can be seen in Fig. 7
as a function of the penetration depth. It can be seen
that the maximal tearing force increases with the higher
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Fig. 5. Characteristic tearing forces in the function of time
(source: own measurement)
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Fig. 6. Effect of heating time on penetration depth
(source: own measurement)
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Fig. 7. Influence of penetration depth on maximal tearing
force (source: own measurement)
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penetration depth and at lower penetration depth the
deviation of the force values is higher. This higher devia-
tion should be due to the fact that the lower penetration
means that just the face side surface of the pin partici-
pates in forming the bond. This connection is not so
robust as that with the lateral surface. The deeper the
penetration depth the lower is the deviation.

The slowing rate can be explained with another
parallel phenomenon: the formation of bubbles in the
plastic material. These bubbles are formed close to the
upper steel surface. The size and the amount of the bub-
bles increase if the heating time is longer. This causes a
decrease in the tear force because the material weakens
at the contact surface. The bubble formation can be seen
in Fig. 8 in case of different heating times. The more the
heating time (penetration depth) the more parts of the
plastic are softened and the bigger the size of the created
bubbles.

The temperature of the PMMA degradation is
200°C. To measure the temperature is difficult because
the joint geometry does not allow suitable access with a
thermocouple or thermovision. The highest temperature
have to be on the center of the top surface of the steel
pin because of the Gaussian (TEM, ) distribution of the
laser beam. In order to estimate the temperature, the col-
ors of the top pin surface were compared with the tem-
pering color scale by own experiments. The color of the
pins show that the temperature was between 200+250 °C
in case of longer heating time which is higher than the
degradation temperature. Some other authors, for exam-
ple — Katayama and Kawahito (2008) - reported that the
bubble formation occurred during laser hybrid joining
due to the decomposition of polymer in case of LAMP
technology.

In Fig. 9 the maximal tearing force can be seen
as a function of the heating time. A similar tendency
can be seen in Fig. 7. The increasing force can be ex-
plained as an effect of deeper penetration. The grow-
ing penetration is caused by longer heating times and
by the higher temperatures. The deviation is higher in
the shorter heating time region as it has been analyzed
earlier. The penetration depth and the bubble forma-
tion have contrary effects on the tearing force. The force
increases slower than the penetration as a function of
heating time. The slower increasing tendency is caused
by the formed bubbles which produce discontinuities in
the polymer material.
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Fig. 9. Effect of heating time on maximal tear force
(source: own measurement)
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Fig. 10. Effect of surface roughness on maximal tearing force
(source: own measurement)

The effect of surface roughness to the maximal
tearing force is shown in Fig. 10. A clearly increasing
tendency can be seen: the higher the surface roughness,
the higher the tearing force and the force can be raised
over 400 N. The explanation of the increasing force ten-
dency is the phenomenon of interlocking. By creating
a bond between steel and PMMA, the soft plastic com-
pletely takes the shape of the steel pin. As it has been
mentioned, the steel pieces were manufactured with
turning technology. Turning has a special surface shape,
there are ‘valleys and peaks’ on the surface, with geo-
metrical size determined by the manufacturing settings
(tool geometry, feed rate). This size is represented by the
surface roughness: if the roughness is high, the valleys
are deep and the peaks are high too. If the roughness is
high, the plastic can fix better to the steel surface and
a stronger interlocking joint can be created: the valleys
are filled with molten plastic and the steel peaks are in-
dented into the plastic.

Fig. 8. Different degrees of bubble formation during the process (source: own photos):
a-t,=3b-t,=5s;c-t,=7s
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Fig. 11. Metal-plastic interfaces in case of different average surface roughness at lateral surface (source: own photos):
a-Ra=07pum;b-Ra=64um;c-Ra=9.1pum

In Fig 11. the cross sections of the joints can be
seen at the cylindrical surface in case of different average
surface roughness values of the metal part. The pictures
show that the plastic (in the right side) can flow into the
valleys of the metal surface (left side). The deeper the
valleys due to roughness, the higher the shape locking
effect which can enhance the maximal tearing force.

Finally, 9 samples were made to compare the results
with processes using adhesives. An instant glue was used
to create a bond between the steel pin and the plastic
sheet: the glue was applied on the face side of the pin
and the plastic was placed on the glue. The samples were
torn after 2 days, the results showed that the average
force is 105 N, the deviation: 35 N. Comparing the glued
samples with the samples made by laser it can be found
that the tearing force is almost always higher by the laser
joined samples. The big deviation of the glued samples
can be explained with the way of preparation. The sam-
ples were made by hand, and the amount of the glue
applied was not always exactly the same. Nevertheless it
can be seen, that with the laser technology it is possible
to create similar bond strength as with gluing. Further
advantage of the laser technology is that the bond is cre-
ated immediately, it does not require the usage of any
harmful additive materials and it is not necessary to wait
after joining until the glue is hardened.

Conclusions

From this research work the following can be concluded:

- the joining of a steel pin and PMMA plastic sheet

is possible by using pulse mode Nd: YAG laser
without using any additive material;

- the heating time, the penetration depth and the
surface roughness have an influence on the maxi-
mal tearing force;

— the longer the heating time, the deeper the pen-
etration depth;

- the longer heating time, the deeper penetration
and the higher surface roughness increase the
maximal tearing force;

- to understand the high deviation present in sev-
eral cases further investigations are necessary;

— it is possible to create a laser assisted hybrid met-
al-polymer bond which has a similar strength as
those using adhesives.

It has been shown by the authors that a new techno-
logical solution had been analyzed. The new technologi-
cal approach can be widely used in car industry where
the plastic and metal parts are combined, but applying
this new process it is necessary to know its possibilities
and limits. The presented research clarified some aspects
of the laser hybrid metal-plastic joining technology.
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