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Abstract. The low absorption presented by thermoplastic films to
10.6-mm CO2 laser radiation makes the engineering use of welding pa-
rameters, predicted by models developed for thicker thermoplastics, very
difficult. A new theoretical model is developed describing the tempera-
ture distribution in thin thermoplastic material during the laser welding
process. The heat conduction equation is solved analytically by the
Green function method and heating and cooling thermal stresses are
taken into consideration. Engineering parameters predicted by the model
are applied to lap welding of high- and low-density polyethylene and
polypropylene samples, both transparent and white, with thicknesses be-
tween 10 and 100 mm, and experimentally validated. This validation is
also accomplished by comparison with the measured temperature
through the use of two diagnostic methods: schlieren interferometry and
photothermal deflection spectroscopy. The first of these methods, com-
bined with direct observation of Mie scattering, also puts in evidence the
absorption of about 30% of the incident energy due to plasma formation
in the air above the interaction interface. This plasma ignites after the
initial release of chunks of material during the first moments of interac-
tion. Proper modeling, and the introduction of a reflective substrate under
the samples, allows an increase in process efficiency and the achieve-
ment of lap welding speeds up to 14 m s21 with this new transmission
welding technique. © 2003 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1615260]
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1 Introduction

Laser devices, being versatile tools widely used in materi-
als processing, have been subject to growing research in
their application to the welding of thermoplastics. The de-
mand of such consumer goods as food and medical prod-
ucts, to be packaged in plastic material in a way that quality
and hygiene are preserved, has opened new areas in the
laser application field.

The replacement of traditional tools, such as hot knives,
ultrasound, or hot air, by laser tools can be justified by the
increase in process reproducibility, simplicity of processing
moving parts~no need for ‘‘stop and start’’ production
lines!, and productivity increase~the laser beam can scan
the material faster than mechanical parts!.1–6 Also, being a
noncontact and noncontaminating process, laser radiation
was, from the start, an object of study for the thermoplastic
industry.

According to Duley,5 the first communications on plastic
welding by laser appeared in the literature in 1972, report-
ing the welding of low-density polyethylene~LD PE! plates

with thicknesses on the order of a few millimeters, using
100-W power 10.6-mm wavelength radiation emitted by a
CO2 laser and velocities of 10 mm s21. However, it was in
the last decade of the 20th century that research in this
subject saw greater development, regarding increasing
velocities,7,8 new laser sources,9–11 mathematical
modeling,12–15 and industrial applications.16–19

In 1992, Ou, Benatar, and Albright17 presented the pos-
sibility of welding high-density polyethylene~HDPE! and
polypropylene~PP! plates~6.3 mm thick! at 1.78 m min21

with a 2400-W CO2 laser, while Duley and Mueller12 re-
ferred to welding 1-mm PP at 4 cm s21 and 100-W laser
power. In 1994, Jones and Taylor7 welded PE at 1 m min21

with 100-W laser power, without, however, developing the
appropriate process model. Also, Coelho, Abreu, and Pires8

experimentally demonstrated in 2000 the viability of the
laser lap welding of plastic films at up to 10 m s21, with a
2700-W CO2 laser.

Other work has been developed since 1998, in which the
welding of superposed thermoplastics~lap welding! with
different optical characteristics was studied.14,18,20–22This
welding technique, known as transmission welding, uses
two optically different thermoplastics: one transparent to
laser radiation, the other highly absorbing. The opaque part

*Current affiliation: NATO Headquarters, Division of Scientific and Envi-
ronmental Affairs, B-1110, Brussels, Belgium.

1Opt. Eng. 42(11) 1–0 (November 2003) 0091-3286/2003/$15.00 © 2003 Society of Photo-Optical Instrumentation Engineers

  PROOF COPY 034311JOE  



  PROOF COPY 034311JOE  

  PRO
O

F CO
PY 034311JO

E  

absorbs the radiation and heats the transparent part by heat
conduction.

All the work presented by these authors considers total
absorption by at least one of the parts. However, most ther-
moplastics used in the packaging industry, like HD PE, LD
PE, and PP, with thicknesses lower than 100mm, have low
absorption to laser radiation, typically lower than 20%, pre-
senting in most cases an attenuation length, defined as the
inverse of the absorption coefficientaT , higher than their
thickness, as shown by Coelho et al.23

In this work, a model is developed that allows the lap
welding parameters of transparent HD and LD PE, PP and
white HD PE samples to be obtained, all with thicknessh
lower than 100mm, in a situation of transmission welding
without a total absorbing part. Table 1 shows the relevant
physical parameters of the thermoplastics considered.

2 Thermodynamic Model

Since welding thermoplastics using 10.6-mm laser radiation
involves thermodynamic phenomena, it is important to de-
fine a model based on the heat transfer that occurs during
the process.

The quantity that is conserved, generated, or lost in the
theory of heat conduction is thermal energy. Its density per
unit mass of a material~solid or liquid! of density r
@kg m23# and specific heat at constant pressure
Cp @J kg21 K21# is given by r•* CpdT, and the rate of
heat transfer vector is given byQW 52K•¹T1rvW * CpdT,
whereK @W m21 K21# is the thermal conductivity, andvW
the velocity vector. If the temperature change in time and a
heat source is present, then the following energy balance
can be made:

Energy
conducted to
the inside of
the material

1
Interior

generated heat

5

Energy conducted
to the outside of the

material
1

Change of
internal
energy

,

and the heat conduction equation is then24,25

H ]r

]t
1¹•~rvW !J E CpdT1rCpS ]T

]t
1vW •¹TD

5¹•K¹T1Q~r !. ~1!

Due to mass conservation, this equation simplifies to

rCpS ]T

]t
1vW •¹TD5¹•K¹T1Q~r !. ~2!

Considering K5K(T), defining the thermal diffusivity
k @m2 s21# as

k5
K

rCp
,

and withr, Cp , andk;constants, Eq.~2! becomes

]T

]t
1vW •¹T5k¹2T1

Q~r !

rCp
. ~3!

Table 1 Thermoplastics parameters for l510.6 mm.

HD PE
LD PE

transparent
PP

transparenttransparent white

Absorption coefficient aT

@3103 m21#, measured
0.822 1.561 1.092 3.831

Attenuation length L @31023 m#,
measured

1.22 0.64 0.92 0.26

Complex refractive index,
measured

1.52731024 i 1.521023 i 1.62931024 i 1.52331023 i

Thermal expansion coefficient
a @31024 K21#

3.6 5 4.5 0.8

Thermal conductivity K
[W m21 K21]

0.490 5 0.335 0.150

Density r [kg m23] 952 5 917 890

Specific heat capacity Cp
[J kg21 K21]

3150 2737 1157 1469

Tensile modulus E @3106 Pa# 0.80 5 0.25 1.35

Thermal diffusivity k
@31026 m2 s21#

0.16 0.19 0.32 0.12

Melting temperature Tf @K#,
measured

396 5 377 433

Welding temperature Ts @K# 474 5 474 500

Latent heat of fusion Lf
[J kg21]

103340 91685 34120 47005
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If, as assumed in this work, the thermoplastic to be welded
moves in one direction only~say, XX), then Eq.~3! can
take the form

]

]t
$DT~r ,t !%5k¹2$DT~r ,t !%2vx

]

]x
$DT~r ,t !%

1
1

rCp
Q~r !, ~4!

whereDT(r ,t) is the temperature change~to ambient tem-
perature! and r represents thex, y, andz coordinates. The
heat produced by the material due to the absorption of laser
radiation is given by

Q~r !5aT•I ~r !•exp~2aT•z!

5
4aTP

pS d

2D 2 expF 2
2~x21y2!

S d

2D 2 G •exp~2aT•z!, ~5!

whereP @W# represents the average power delivered by the
laser andd @m# is the beam diameter on the material.

For the case of thermoplastic films processed at veloci-
ties higher than 1 m s21, the medium can be considered as
an infinite half space, sinceh@2k/vx is valid24 ~as can be
seen in Table 1!. Then, considering the laser beam propa-
gating in theZZ direction, the boundary conditions to solve
Eq. ~4! are

DT~x,y,z,t !u t5050,

DT~x,y,z,t !ux,y,z56`50, ~6!

dT~x,y,z,t !u t5050,

with dT being the temperature gradient.
Then, using the Green function,26–29 the solution can be

written as

DT~x,y,z,t !5E
2`

1`E
2`

1`E
0

1`E
0

1`

Q~j,h,m,t!

•GS x

j
,

y

h
,

z

m
,

t

t D •dj•dh•dm•dt. ~7!

This methodology has the advantage that the Green func-
tion is independent of the nonhomogeneous terms of the
differential equation; then, having determined the Green
function, the solution can be obtained by simple
integration.30 The Green function satisfies the differential
equation

]G

]t
2k¹2G1vx

]G

]x
5

1

rCp
d~x2j!d~y2h!d~z2m!

3d~ t2t!, ~8!

where d represents Dirac’s delta function. Applying the
Fourier transform, the solution of Eq.~8! in the spacevx ,
vy , andvz is

]GF

]t
1k~vx

21vy
21vz

2!GF2 ivxvxGF

5
1

~2p!3/2rCp

exp@ i ~vxj1vyh1vzm!#d~ t2t!, ~9!

whereGF represents the Fourier transform ofG. To sim-
plify Eq. ~9!, the Laplace transform is applied, obtaining

sGFL1k~vx
21vy

21vz
2!GFL2 ivxvxGFL

5
1

~2p!3/2rCp

exp@ i ~vxj1vyh1vzm!#exp~2st!,

~10!

or

GFL5
1

~2p!3/2rCp

•

expb i ~vxj1vyh1vzm!cexp~2st!

s1k•~vx
21vy

21vz
2!2 ivxvx

,

~11!

whereGFL is the Laplace transform ofGF . Inverting these
operations allows the Green function to be obtained as

G5
u~ t2t!

@4pk~ t2t!#3/2rCp

•expH 2
@x2j1vx~ t2t!#21~y2h!21~z2m!2

4k~ t2t! J .

~12!

Then, introducing Eqs.~12! and ~5! into Eq. ~7! results in

DT~x,y,z,t !5
2aT•P

prCp
•E

0

t 1

S d

2D 2

18k~ t2t!

3expH 2
@x2vx~ t2t!#21y2

S d

2D 2

18k~ t2t! J
3$aT@k~ t2t!2z#%

•erfcH 2aT•k~ t2t!2z

@4k~ t2t!#1/2 J •dt. ~13!

However, as previously stated, the thermoplastic films that
are the subject of this work present high transmission to the
laser radiation, and the heat conduction in the material is
reduced due to low thermal conductivity values. So, the
influence ofz can be disregarded from the solution, except
for the term exp(2aTz) for considering beam attenuation
through the path. Then, the model can become
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DT~x,y,z,t !5
4aT•P

prCp
exp~2aT•z!•E

0

t 1

S d

2D 2

18k~ t2t!

3expH 2
@x2vx~ t2t!#21y2

S d

2D 2

18k~ t2t! J dt. ~14!

The thermal behavior while cooling can be predicted by the
relation

DT~x,y,z,t !u t.t inter
5DT~x,y,z,t !2DT~x,y,z,t2t inter!,

~15!

wheret inter is the interaction time.
Also, due to the high transparency that thermoplastic

films present to 10.6-mm laser radiation, the introduction of
a reflective material under the superposed films—a metallic
substrate—was considered. This presence can be simulated
by considering the existence of another source under the
thermoplastic, resulting from reflectanceR* , and is ex-
pected to improve process efficiency. Then Eq.~14! should
be altered accordingly, resulting in:

DT~x,y,z,t !5DT~x,y,z,t !uw̄/subst1~12A!2
•R*

•DT~x,y,uz22•hu,t !uw̄/subst, ~16!

representingDT(x,y,z,t)uw̄/subst, the value expected with-
out the substrate, given by Eq.~14! or ~15!, and A, the
film’s absorptance.

The previous relations allow the prediction of the engi-
neering parameters needed to achieve a temperature that,
for welding purposes, is the welding temperatureTs . It is
common methodology to consider the delivered energy
density (E/Ar)0 as a useful parameter, combining the val-
ues of the process variables: laser incident powerP0 , dis-
placement velocityvx , and laser spot diameterd, over the
material. Then the equation

S E

Ar
D

0

5
4P0

p•vx•d
, ~17!

relates all the most important engineering parameters in-
volved in laser processing. However, besides the energy
density needed to increase the thermoplastic temperature to
an appropriate level, it is also necessary to consider the
thermal stresses that occur during the interaction.12,31

The expression that gives the material’s expansion~or
contraction! DL of the linear dimensionL of a material
with linear thermal expansion coefficientaL@K21# sub-
jected to a temperature changeDT is31,32

DL5aL•L•DT. ~18!

This expression describes the expansion during the heat-
ing phase and the contraction during cooling. If one con-
siders that the temperature distribution is symmetric with
respect to its maximum, then as the material cools, opposite
compressive forces appear in theYY direction. This allows

the mixture and distribution of the molten material. Figure
1 shows a simplified schematic of this phenomenon. So, to
achieve welding between the two superposed plastic films,
the laser beam cross section over the thermoplastics must
have a diameter that allows the proper mixture and distri-
bution of the molten material. This value can be predicted,
assuming that the minimum beam diameterd0 should be at
least of the same magnitude as the film’s thickness. Then,
from Eq. ~18! the condition is

d0.2•h•aL•DT, ~19!

with DT5Ts2T0 , andT0 being the environment tempera-
ture.

3 Experimental Procedures for Verification
of the Theoretical Predictions

The thermodynamic model defined in Sec. 2 allowed the
prediction of the engineering parameters necessary to ob-
tain welding between superposed thermoplastic films with
thicknesses lower than 100mm. These parameters were ap-
plied using two experimental configurations: 1. for welding
trials at velocities lower than 1 m s21, we used a 400-W
Léctra Syste´mes fast axial flux CO2 laser and anX-Y trans-
lation table; 2. for higher velocity tests, we used a 140-
2700-W Trumpf CO2 fast axial flux laser and a rotating
drum. A schematic of this last setup is shown in Fig. 2,
where the thermoplastic samples are placed around the
drum’s curved surface. High linear velocities of up to 20
m s21 were reached by the plastic samples. In both configu-
rations, the focusing lens~with focal lengthf 5120 and 50
mm, respectively! could change its position with relation to
the samples. This focus offsetD allows high beam diam-
eters to be obtained over the sample’s surface.

Under the samples, an aluminum substrate was used to
maximize the process efficiency. Its reflectance was mea-
suredR* 563%, and no significant diffusion was observed
on the reflected beam.

After submitting the samples to laser interaction, the lap
weld strength was tested in a tensile system. Each sample
was divided into several specimens, each 60 mm long by
40 mm wide. Then, a uniform load was applied perpendicu-
lar to the weld seam, and increased~at about 9 N s21! until
rupture. The value of tensile strengthS for each weld was
compared to that of the original thermoplastic and results

Fig. 1 Simplified schematic representing the action of thermal
stresses (arrows) while processing. WP is the weld pool and HAZ is
the heat affected zone.
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were plotted as a percentage of the latter. The manufactur-
ers’ data considered that a ‘‘good weld’’ occurs whenS
.80%.33

Also, two diagnostic and measurement methods were
used to obtain the thermoplastic processing
temperature:34,35 schlieren interferometry36 and photother-
mal deflection spectroscopy~PTDS!.37,38 The schlieren in-
terferometry diagnostic method, whose schematic is shown
in Fig. 3, uses a visible probe beam, filtered and expanded,
which passes through the area above the interaction zone
before being focused on a shear plate and projected onto a
target. A CCD camera records the resulting pattern, and its
analysis allows the temperature distribution on the
thermoplastic/air interface to be obtained. The PTDS
method just analyzes the deflection of the probe beam as it
passes through the region. In both cases, the temperature at
the thermoplastic surface can be determined by applying a
proper heat transfer solution.26

4 Results and Discussions

The application of practical parameters from Eq.~16!, ob-
tained for welding temperatureTs , has shown that 30%
more than the predicted plus of delivered energy is neces-
sary to obtain welding. This phenomenon could have arisen
for several reasons. One is the existence of changes in the
expected beam diameter; however, this was not observed.
Another possibility is the absorption of the 10.6-mm laser
radiation by the medium~air!; however, the equivalent at-
tenuation coefficient is too small~lower than 0.2
31023 m21) to have significant influence.

The hypothesis considered was the absorption of laser
radiation by products released during the initial moments of
processing, setting up conditions for the formation of a
plasma above the plastic’s surface. This hypothesis was
proven by Mie scattering, direct observation, and schlieren
interferometry.

Figure 4 shows an example of material released during
the 0.042 m s21 processing of a 10-mm transparent HD PE,
observed through a high-speed CCD camera~100-Hz ac-
quisition rate!. Figure 5 shows an example of plasma for-
mation under the same conditions, and Fig. 6 shows the
scattering of a 633-nm He-Ne laser radiation probe beam as
it passes through the interaction interface.

Work developed on gaseous emission during CO2 laser
processing of thermoplastics39,40 indicates that the main
products are aerosols, between 140 mg m23 and more than
300 mg m23. According to Haferkamp et al.,39 polyolefines
like PE and PP have more than 70% of the particles gener-
ated in the range 0.13 to 0.50mm, thus contributing to the
event of Mie scattering. This information was assumed as
qualitative information. Further work should be developed
to quantify the specificity of each situation.

The application of a schlieren interferometer allowed the
temperature distribution above the thermoplastic’s surface
to be obtained and to confirm that the heat exchange by
convection between the plasma and the air is about 30% of
the delivered energy, thus validating the former
hypothesis.35

Fig. 2 Schematic of the experimental setup used for high-velocity
welding.

Fig. 3 Schlieren interferometry setup schematic.

Fig. 4 Example of a sequence of material release while processing,
filmed with a 100-Hz CCD camera.
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The plasma, only visible using the CCD camera with
exposure times lower than 500ms, is expected to have re-
duced dimensions and to be positioned above the
thermoplastic/air interface.

In spite of a continuous absorption of 30% of the inci-
dent energy, the plasma is only visible when critical densi-
ties of vaporized material are achieved. The plasma plume
is created above the sample surface, and radiates energy
over a large spectrum bandwidth and in all directions. Pre-
sumably, only a small portion of this energy reaches the
sample. This may explain why the event of a plasma with
temperatures higher than 3000 K have no visible effect on
the thermoplastic interface.

The effect of this phenomenon in the weld seam dimen-
sions can be deduced from the data plotted in Fig. 7. The
evolution of weld seam diameterWs as the energy density
applied increases~welding of 30-mm transparent HD PE
samples! is plotted, and allows comparison of the situations
with and without fume removal. Based on this graph, it is
clear that the material released also affects the weld seam
dimensions. The reduction that is observed might be due to
the interaction between the plasma that was created and the
laser beam.

Based on these observations, the values ofP0 ~or E/Ar)
predicted by the model should be adjusted by a term~11b!
to be applied in welding procedures,b being the power loss
before reaching the sample surface; in our case,b50.3.
Removing any interaction product by applying a gas jet
parallel to the surface makesb;0.

From the condition in Eq.~18!, and assuming the mate-
rial parameters in Table 1,41–44 it is predicted thatd0

.1.2 mm. Figure 8 shows an example of weld strength
behavior as (E/Ar)0 increases for different values ofd ~2
m s21 processing of a 30-mm transparent HD PE!. It can be
seen that, as expected, only for values higher that 1.2 mm is
welding achieved.

Figure 9 shows the comparison between predicted
~lines! and experimental~points! with (E/Ar)0 minimum
values for welding all the thermoplastic films considered.
Predicted values have a standard deviation of 12%~not
shown on the graph! and the presence of a reflective alu-
minum substrate under the samples is assumed. These val-
ues were constant~within their standard deviation! with
processing velocity.

Comparing the theory with the values measured using
schlieren spectroscopy, and PTDS, validated the tempera-
ture model. Figure 10 shows an example of plotting the
predicted and measured temperatures for the processing of

Fig. 5 Example of a plasma formation sequence while processing,
filmed with a 100-Hz CCD camera.

Fig. 6 Example of Mie scattering, filmed by a 100-Hz CCD camera.

Fig. 7 Influence of applied energy density (E/Ar)0 on measured
weld seam diameter ws for 30-mm transparent HD PE, with and
without fume removal.

Fig. 8 Influence of beam spot diameter d on weld strength S for
30-mm transparent HD PE, and vx52 m s21.
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a 30-mm transparent HD PE with 44-W laser power,vx

50.042 m s21 andd51.6 mm.
Table 2 summarizes all the engineering parameters ob-

tained. It shows the minimum energy density (E/Ar)0m de-
livered to the sample, the minimum weld strengthS, the
minimum beam diameterd0 , and the maximum processing
velocity vmax, achieved. It can be observed that welding
was accomplished for the majority of the thermoplastics,
with the exception of those with 10 and 15mm thicknesses.
This seems to occur due to the dynamic presented during
the processing of these thinner samples: the expansive
forces do not allow the mixture of the molten material from
the two superposed films. The image sequence presented in
Fig. 11, obtained with a 25-Hz CCD camera, reveals this
phenomenon.

From Table 2, it can also be seen that welding was ac-
complished at velocities higher than 2 m s21, and even at
14 m s21, which is a major improvement on the reported
state of the art processing velocities. The introduction of a
reflective substrate under the thermoplastics samples is
mainly responsible for this success, which allowed a reduc-
tion of between 30 and 40% of the necessary energy den-
sity.

5 Conclusions

The validity of a simple model illustrating the process of
laser lap welding of 10- to 100-mm thermoplastic films is
demonstrated. The approach, based on the Green function
method, allows successful prediction of the temperature
distribution in the material to optimize the welding param-

Fig. 9 Comparison between predicted (lines) and experimental
(points) welding minimum energy density delivered to the samples
(E/Ar)0m .

Fig. 10 Surface temperature variation with processing time as pre-
dicted by thermal model and measured by schlieren interferometry
and PTDS. (Transparent 30-mm HD PE, P544 W, vx50.42 m s21,
and d51.6 mm.)

Table 2 Summary of experimental engineering parameters achieved for lap welding of thermoplastic
films.

Thermoplastic
h

@31026 m#
(E/Ar)0m

@3106 J m22#
vmax

[m s21]

Transparent LD PE 30 S.80%@d051.2 mm 0.17 7

60 S.80%@d052.3 mm 0.25 2

75 S.80%@d051.9 mm 0.30 2

90 S.80%@d051.2 mm 0.21 2

120 S.80%@d051.2 mm 0.27 10

Transparent HD PE 10 S554%@d051.9 mm 0.27 2

20 S.80%@d051.9 mm 0.41 4

30 S.80%@d051.2 mm 0.37 6

White HD PE 15 S561%@d051.9 mm 0.17 5

20 S.80%@d051.9 mm 0.18 2

25 S.80%@d051.2 mm 0.18 10

38 S.80%@d051.2 mm 0.18 14

Transparent PP 16 S.80%@d052.3 mm 0.08 3

25 S.80%@d051.2 mm 0.09 10

40 S.80%@d051.2 mm 0.10 7

50 S.80%@d051.2 mm 0.10 14

68 S.80%@d051.9 mm 0.10 14

80 S.80%@d051.2 mm 0.14 10
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eters. Using two diagnostic methods—schlieren interferom-
etry and photothermal spectroscopy—a better understand-
ing of all related physical phenomena is made possible.
These theoretical and experimental procedures allow weld-
ing ~weld tensile strength higher than 80%! transparent HD
PE at up to 6 m s21, LD PE at up to 10 m s21, and white
HD PE and transparent PP at up to 14 m s21, with a 2.7-kW

CO2 laser and a 1.2-mm-diam beam. Further work should
be developed to overcome the difficulties encountered in
lap welding of 10 and 15mm HD PE films. However, this
work demonstrates the viability of high-speed transmission
welding of superposed thermoplastic films that have attenu-
ation lengths greater than their thickness.
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