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Abstract In this article, activation energies for a poly
(methyl methacrylate) material were determined by shear
rheometry and by bond strength in welding. Functions for
temperature dependency of viscosity and for bond strength,
depending on time and temperature, were found. These
functions were fitted to measurements from shear rheom-
etry between 230 and 270 °C and from strength of lap-
shear joints welded from 105 to 130 °C, where by values of
activation energies were found. It was found that bonding
pressure was less than significant. Despite experimental
differences, there was good correlation with data from
literature for each method as well as for temperature
dependency.

Introduction

Activation energy, E,, affect rheometric properties and
diffusion, which can be correlated to strength of a polymer
weld, e.g. in joining of polymers and in weld-lines from
plastics moulding. However, measurement methods often
influence results and this was also part of the conclusion by
Boiko and Lyngaae-Jgrgensen [1], when they compared
values for E, from fracture energy and fracture strength,
i.e. bond strength.

In this article, two even more distinct methods were
employed in determining values of activation energy. Shear
rheometry is a standard technique to determine viscosity
and E, can be calculated by fitting a function to a suitable
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data set. Polymer welding is a common method for joining,
but it is not standard for measuring material properties.
A function for macroscopic strength based on molecular
diffusion was fitted to the data for strength, thereby making
it possible to determine a value for E,.

Molecular chain dynamics

Bonding can be divided into several stages. Initially, the
approach of the surfaces is when microscopic deformation
is taking place, so that two pieces of polymer come in
contact with each other. Werting can often be assumed
instantaneous, but only when wetting has taken place can
the strength development in the next phases begin. The
phases diffusion and randomisation are where molecular
dynamics are governing the forming of bond strength [2].
The diffusion and randomisation of the chain configu-
ration will cause some of the molecular chains to move, so
that they lie across the interface between the two polymer
pieces. After some time so many molecules will lie across
the interface, that it is indistinguishable from the bulk
materials. The bond strength between two surfaces of
polymer is almost solely determined by the molecular
chain configuration and wetting can often be neglected.

Bond strength

In fracture of glassy polymers, the molecular chains are
either broken or they are pulled out. Both things may
happen in combination at the same macroscopic fracture.
By broken as well as by pulled-out chains, the strength, a,
is proportional to diffusion depth normal to the interface
plane, X(¢). X(¢) will increase, depending on time, tem-
perature and molecular properties, caused by contributions
from molecular dynamics at several time scales. Wool [2]
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gave an example of molecular time scales for polystyrene
which at 118 °C with a molecular weight of 245 kg/mol
has a Rouse relaxation time, Trgyse, around 21 min and a
reptation time, Ty, of about 1860 min.

The time scale Trouse <? <Trep is important for welding,
and that X(7) o< "* is well known. However, the /"4 cor-
relation only arises as time approaches t.p, where the
contribution from Rouse relaxation looses importance [2].

The diffusion coefficient, D, can be written as in Eq. 1
[3], where p is the density, R is the gas constant, T is the
absolute temperature, R, is the radius of gyration, M is the
molecular weight, M. is the critical molecular weight, and
No.m, 18 zero shear viscosity at M..

b~ (251) (%)(5) (;) 0
270 ) \ M M | \noum,

The zero shear viscosity at critical molecular weight,
flom,,» depends on temperature and can be calculated
according to Eq. 2 [3], where c is a material constant and
E, activation energy. Boiko and Lyngaae-Jgrgensen [1]

explained activation energy as the energy needed to
overcome the contact interface.

E,
— -a 2
Moy, =€ eXP(RT) (2)

Equation 1 can be simplified, when it is applied for the
same material at various temperatures. The first terms vary
little, and the last term containing 1, , can vary several
orders of magnitude within normal temperatures of appli-
cation. Thus, D can be described by Eq. 3 [4] and its
approximation [1] containing the constant ¢’.

o ~E\ _, _E,
D—Tcexp(RT>~cexp<RT) (3)

Equation 4 describes the diffused length normal to the
interface for times shorter than the reptation time [1]. X(¢) is
the diffusion length, a is a constant and 7 is contact time.

X(1) = a(2D1)"/* (4)

The proportionality of bond strength, opong, to the
diffusion length implies Eq. 5 [1], where in the following
b, b’ and b"' are constants.

Toona = b(2D 1)"/* (5)

Equations 5 and 3 lead to an expression for the bond
strength as function of time and temperature, as written in
Eq. 6 [4].

Obond = b,T1/4 exp <4R7‘:> t1/4 (6)

Based on the approximation in Eq. 3, the expression for
bond strength can be written as in Eq. 7 [1].

E,
= b"exp(—= |2/ 7
Obond p( 4RT ( )

Hence, it can be seen that E, in the expression for bond
strength originates from the temperature dependency of a
specific viscosity value.

Experiments from literature

Judet al. [5] welded and healed poly(methyl methacrylate), i.e.
PMMA, samples at temperatures from glass transition tem-
perature, Ty, +2 Kto T, + 15 K at approximate contact times,
t, from a few seconds to 1000 min. They found that frac-
ture toughness was proportional to 74, implying Gpong o
"%, and that the diffusion coefficient expressed Arrhenius
behaviour. Shim and Kim [6] welded lap-shear joints of acrylo-
nitrile-butadiene-styrene at 7, + 50 K to T, + 200 K with
contact times from 10 to 60 min, and they found that oy,opq o<
4, Hence, both references found that results from bonding of
amorphous polymers above T, was in agreement with Eq. 7.

A small amount of pressure is necessary to ensure
wetting contact, but increasing pressure further than this
can influence the bonding process. During welding of
polystyrene, PS, at 115 °C for 30 min, a pressure increase
from 0.3 to 2 MPa reduced fracture energy with about 15
% [2]. When experimenting with PS above T, it has been
found that rising pressure above 50 MPa increases vis-
cosity and decreases diffusion [7].

Guérin et al. [8] did annealing of PS for 60 min at
T, + 10 °C to remove residual stresses before bonding
double cantilever beams.

Bond strength of lap-shear joints in PS welded above T,
showed no variation with cross-head speeds between 0.13
and 12.5 mm/min [9]. Kim and Shim [6] experimented
with lap-shear joints consisting of 3-mm thick strips and
assumed pure shear. References [8, 9] and [1] investigated
lap-shear joints of strips with 0.1 mm thickness, where they
also assumed pure shear in the joint.

Activation energy from rheometry

The empirical Cox—Merz rule states that complex viscosity,
n*, as a function of angular frequency, w, can be assumed
equal to viscosity, 7, as function of shear rate y, as in Eq. 8
[10, 11]. Sui and McKenna [12] investigated a polybuta-
diene solution in rtheometry and found that any deviations
from the Cox—Merz rule were caused by edge fracture. In
this article, the Cox—Merz rule was applied to data from
oscillatory shear rheometry.

(@) = n(?) = (3)

Temperature dependency of viscosity can be
modelled by an Arrhenius expression, as in Eq. 9, when
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T > T, + 100 °C [13-15]. Here, E, implies an energy
barrier which has to be overcome before flow can take place
[16].

n=Aexp <§—;) 9)

From two viscosities, #; and #,, measured at two
temperatures, 77 and 75, respectively, and at constant shear
rate the activation energy can be determined from Eq. 10
[1, 17].

R

For linear amorphous polymers in the region of non-
Newtonian flow, E, decreases with shear rate [16, 18]. By
calculating E, from zero shear viscosity of the modified
Carreau expression in Eq. 11 [11], the effect of shear rate
can be eliminated. 7, is zero shear viscosity, 7 is shear rate
and 7" as well as n are material constants.

- M 11

(1 +noi/x)' ™" "

Berry and Fox [19] studied E, in connection with
temperature dependency of viscosity, and they found that
it decreases with temperature. The correlation can be
described by Eq. 12, where o and T}, are empirical material
constants from the Vogel-Fulcher-Tammann equation
[19]. According to Miller [20], T, is the temperature at
which the free volume becomes zero, and o is a kinetic
parameter related to barriers against rotation of bonds in
the main chain, with no connection to any expansion
coefficients. Cisse et al. [21] studied diffusion in PMMA
and found that activation energy was constant, but the
temperature range of 53 °C may have been too narrow to
allow measurement of any changes. Grewell and Benatar
[22] proposed an exponential function for E, decreasing
temperature, but in this work Eq. 12, probably a better
description, will be applied.

E, = R/(«(1 - To/T)) (12)

Around T, + 150 °C [16], E, approaches a constant
value, E.j, according to the Eq. 13, which depends on o, the
volume expansion coefficient above T, as well as T,. The
Simha-Boyer expression, o; Ty = 0.164, was by Wang and
Porter [16] found to provide approximate correlation with

*

E,.
2
o _ R (T4 150)

_ ) 13
Y (0.23T, 4 150)° (13)

No examples from literature have been found with
quantitative comparison between activation energy from
temperature dependency of viscosity and from bond
strength. Boiko and Lyngaae-Jgrgensen [1] compared

@ Springer

values for E, obtained from fracture energy in a peel test
and bond strength of a lap-shear joint, and they concluded
that values were strongly dependent on the measurement
method. Thus, deviations were also expected when
comparing E, from rheometry and from welding in the
work described in this article.

Experimental

The chosen PMMA material, extruded sheets of
PLEXIGLAS® 7H from Evonik Rshm GmbH, had a nom-
inal average molecular weight, M, of 150 kg/mol. Katsikis
[23] mentioned that PLEXIGLAS® 7H is 70% syndiotactic
and 30% atactic and that M, has a value of 141 kg/mol.

Preparation of PMMA strips

In each welding, a pair of strips were welded together to
form a lap-shear joint, which is sketched in Fig. 1.

The choice of strip thickness was a compromise between
a thin strip for faster cooling after welding, and a thick strip
to allow for experiments with a higher bond strength before
strip fracture. Each strip with a thickness of 1.5 mm, was
cut to dimensions 25 x 50 mm. Prior to annealing, the
strips were wiped with ethanol to ensure consistent clean
surfaces. Annealing was carried out to remove residual
stress and thereby to minimise warping during welding.
The annealing in this experiment took place around a lower
bound value for Ty, i.e. 105 °C, for 60 min, and the sam-
ples were then being cooled down to around 60 °C over
2 h. Prior to pressing, a pair of strips at room temperature
were placed in a positioning frame and heated in an oven
for 15 min to ensure homogeneous temperatures.

Process steps in welding

Welding was carried out with two heated stamps in an
Instron 5568 tensile testing machine. The positioning frame
was a spring loaded design which, before welding, enabled
positioning of one PMMA strip on the bottom stamp and an
identical strip on the top stamp with a specified overlap.
The steps of the process were as described in the following.

20mm
\ """" SR
A\ e N
2 N “J4 1.5mm

50mm

Fig. 1 A sample, i.e. a lap-shear joint, made from two strips joined
by welding
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Heating and positioning of strips: (1) the two stamps
were held together and the top stamp was raised when the
stamp temperatures, i.e. bonding temperature 7, had sta-
bilised around =+ 1 °C. (2) One strip was placed on the
bottom stamp, then the preheated positioning frame was
placed onto it with the second strip on the top. (3) A weak
adhesive was applied to the top strip. (4) The top stamp
was lowered until it was in contact with the top strip. (5)
The top stamp was raised, and the adhesive ensured the top
strip sticked to it. (6) The positioning frame was removed,
leaving one strip on the bottom stamp, while the other strip
was glued to the top stamp.

Bonding: (7) The top stamp was lowered until the two
strips were pressed together with the specified bonding
pressure, Py,. (8) The position of the top stamp was held
constant for the specified bonding time, #,, and welding
was taking place.

Removal and cooling of sample: (9) The top stamp was
raised, and the welded lap-shear joint sticked to the steel
surface of the top stamp. (10) The sample was removed and
left to cool.

The extension of the tensile testing machine was held
constant, which caused a decrease of the force because the
melted plastic flowed due to slight squeezing by the
stamps. The pressure transducer was calibrated between
each heating and pressing.

Experimental design

Bond strength, gpn4, Was assumed as a function of the
three process parameters bonding temperature, T}, bonding
time, #, and bonding pressure, Py,. The experimental design
was a spherical central composite design with 19 runs
based on a 2> factorial design, i.e. eight runs, with six axial
runs added for expected non-linearity plus five centre runs.
The lower limit for the bonding temperature, T}, was set to
T,, and the upper limit was around the temperature where
the strips became too liquid for handling. Bonding time, #,,
was not investigated above 120 s. The lower limit for
bonding pressure, P,, was set to ensure wetting in the
overlapping area between the strips. The upper limit was
where the strips would be squeezed too far out shape from
the lap-shear joint. Thus, the nominal intervals for the
three process parameters became as follows: Ty =
[105;130] °C, #, = [0;120] s and P, = [0.4;4] MPa.

Bonded area

For calculation of the real bonding pressure as well as the
bond strength, the real area of overlap was measured. Each
welded sample was submerged in a dark contrast liquid
with a white background, whereby the overlapping area
presented itself as bright in digital image analysis.

Bond strength

The bond strength was measured in an Instron 5568 tensile
testing machine, where the cross-head speed was set to
1.3 mm/min and pure shear was assumed.

Oscillatory shear rheometry

Cone-and-plate oscillatory shear rheometry was carried out
with an Anton Paar, Paar Physica MCR 500 rheometer,
where the cone had a diameter of 25 mm and a 2° angle.
The measurements were carried out at 230, 250 and 270 °C
with frequency sweeps from 628 1/s in oscillatory mode.
Recordings were halted at 0.06 1/s or above if the viscosity
decreased, due to molecular degrading, edge fracture or
another error.

Results and discussion

Two methods were employed to determine values for acti-
vation energy; bond strength from welding and temperature
dependency of viscosity from oscillatory rheometry.

Bond strength from welding

Errors in time, temperature or pressure could influence
apparent bond strength in both directions, but minor dis-
tortions during welding or misalignment in tensile testing
would most likely lead to reduced apparent bond strength.
By fitting Eq. 7 to the data, it was found that the largest
negative residual for a certain point was more than 1.5
times the second largest value. Thus, the relevant point,
one of the two points at (7y,%) = (398K,25.45s), was
considered an outlier and omitted from the following
investigations of the 18 remaining points.

When fitting Eq. 7 with a linear pressure term, bonding
pressure during welding proved to be insignificant with a
p value of 0.25 at a significance level of 0.90. This
indicates, that there has been wetting in the whole over-
lapping area, even for the low values of bonding pressure.
And as expected for these relatively low bonding pres-
sures, even the high values of P, have not slowed down
diffusion.

Figure 2 shows an overview of the measurements and
the fitted function in Eq. 7. The nonlinear increase of bond
strength with bonding temperature and bonding time can be
immediately observed. The five centre points at the nom-
inal values (T, t, Pp) = (390.5K, 60s, 2.2 MPa) are
indistinguishable from the two points from the variations of
the third and insignificant process parameter, bonding
pressure. Also, due to variants with different bonding
pressure, there are pairs of points visible at 25 and 95 s.

@ Springer
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Opond [MPa]

Fig. 2 Bond strength, gy0n4, plotted against the central composite
design of bonding temperature, T}, and bonding time, #,, while there is
no axis for bonding pressure. Measurements are plotted with symbols
according to bonding time: 0, 25, 60, 95 or 120 s. The fitted function
in Eq. 7, where E, became 320 kJ/mol, is shown as well

0.0
]

In(Sbona) [MPa]
-0.5

120 s
95s, Ea= 298 kJ
60 s, Ea= 324 kJ
25s, Ea= 323 kJ
Os
I [ [ I
2.50 2.55 2.60 2.65

1000/Ty, [1/K]

-1.0

“fhte

Fig. 3 Logarithm of oy, plotted against 1000/7. Points indicate
mean, and where more than one measurement was available, error
bars indicate mean = standard deviation of the mean. The local values
of E,, determined for a check of data, were based only on data for the
indicated bonding time

Figure 3 shows an Arrhenius plot of the bond strength
means, with the individual points in Fig. 2, against bonding
temperature. For #, equal to 60 s, standard deviation of the
mean was determined from seven replications, while
standard deviations of the mean at 25 and 95 s were found
from two replications. When fitting Eq. 7 to data separately
at three levels of bonding time, 25, 60 and 95 s, deviations
from the E, for all bonding times were 0.8, 1 and —7%,
respectively. This, as expected, ruled out correlation
between E, and f,.

@ Springer

For the further investigations, the value of E, at the
average temperature of 390.5 K was determined to 320 kJ/
mol from a fit of Eq. 7 to all 18 points, shown in Fig. 2.

Oscillatory shear rheometry

Viscosity was measured at 230, 250 and 270 °C which
allowed the calculation of E,, for each of the two temperature
intervals, i.e. average temperature 240 and 260 °C, i.e.
513-533 K. The viscosity data points are shown in Fig. 4.

Figure 5 is a plot of In (1) against 1000/7, where the
slope for Eq. 9 becomes E,/(1000 R). The purpose of the
plot is to compare how well measured and extrapolated
viscosities fit the theory of E, decreasing with temperature.
The viscosities at the lowest shear rate with data for all
three temperatures, i.e. 1.31 1/s, as well as viscosities at
zero shear rate, from extrapolation of Eq. 11, are plotted.
For the measured data, the slope and thereby also E, is
larger at the high temperatures, 1.84-1.91 1/K, than at the
low temperatures, 1.91-1.99 1/K. This is against estab-
lished theory wherefore only the extrapolated data, where
the slope, including E,, is close to constant, will be
explored further in this article. This plot corresponds to
Fig. 3 in Ref. [6] and to Fig. 1 in Ref. [16].

E, from welding and from rheometry
The purpose of Fig. 6 is to compare values for activation

energy, E,, at different temperatures. The three lines
illustrate Eq. 12 with the constants in Table 1.

20000
]

2000 5000
]

Viscosity, n [Pa s]
1000
1

500
]

200
]

I I I I I
1e-01 1e+00 1e+01 1e+02 1e+03

Shear rate, y[1/s]

Fig. 4 Double logarithmic plot of viscosity, #, as function of shear
rate, } at three temperatures. The three lines represent fitted functions
according to Eq. 11
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Fig. 5 Measured data, In(17(7 = 1.311/s)), and extrapolated data, In
(no) against 1000/7. 1000/(230 °C) equals 1.99 1/K, 1000/(250 °C) is
1.91 1/K and 1000/(270 °C) is 1.84 1/K. 7H indicatePLEXIGLAS®
7H. Lines serve only as guides for the eyes: dashed lines for measured
data and solid lines for extrapolated data
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Fig. 6 Semi-logarithmic plot of activation energies, E,, against
temperatures determined by different methods. Experiments
described in this article are represented by 7H, welding and 7H,
0 1/s and the solid line fitted to these three points

The point 7H, welding is E, of 320 kJ/mol found from
welded bond strength at an average of 390.5 K. The two
points 7H, 0 1/s are E, from rheometry. For the two points

Table 1 Constants of Eq. 12 determined in three of the experiments
included Fig. 6

Plot legend Ref. 10* x o [1/K] To (K)
7H, welding This 1.93 247
7H, 0 1/s Work

Lucryl, Laun [24] 2.13 242
PMMA, Berry & Fox [19] 3.88 308

7H, 0 1/s there is a small decrease of E, from average
temperature of 513-533 K. The solid line represents a fit of
Eq. 12 to the single point 7H, welding and the two points
7H, 0 1/s.

The single point 7H, Jud et al. is the value for E, found
by Jud et al. [5] from experiments with crack healing and
welding of compact tension geometries at 381 K of PMMA
7H from Rohm GmbH, assumed to be the same grade as
PLEXIGLAS® 7H, with weight average molecular weight
of 120 kg/mol. The two E, values determined for thermal
bonding, 320 kl/kg for 7H, welding and 274 kJ/kg for 7H,
Jud et al., deviate only around 14% despite the long-time
span between the two different experiments on thermal
bonding.

Lucryl, Laun is data for Lucryl G 77 from BASF, con-
sisting of 95% PMMA by weight and with weight average
molecular weight of 88 kg/mol, measured by rheometry at
temperatures from 423 to 540 K [24]. The line representing
Laun’s data is remarkably close to the point found by Jud
et al. from a different method and a different grade. Data
for Lucryl lies below the data for 7H found in this work in
the whole temperature interval, i.e. both for welding and
rheometry.

The line PMMA, Berry & Fox is for PMMA, approxi-
mately 75% syndiotactic, based on data from around 413 to
513 K [19]. However, these constants were described as
inaccurate over wide temperature intervals.

As expected, in Table 1 all three fitted T, values lie
below T, of PMMA. When comparing fitted values of o
and T based on this work to those based on the work by
Laun [24] they are close, especially when considering that
grade, measurement methods and temperature intervals
were different. The difference between the line PMMA,
Berry & Fox and the two other lines is primarily caused by
the large relative difference of the o values. However, the
differences between the PMMA grades may be explained
not only by differences in PMMA molecules, but also by
different fractions of ethyl methacrylate, which is added to
most commercial PMMA grades [2].

The line PMMA, E, was drawn according to Eq. 13 with
T, set to 388 K and o; found from T, in the Simha-Boyer
expression. The line PMMA, Berry & Fox intersect PMMA,
EZ at T, + 187 K, which is above the predicted value of T,
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+ 150 K. The solid line, fitted to 7H, welding and 7H, 0
1/s, as well as the dashed line, fitted to Lucryl, Laun, both
intersect E, at temperatures much larger than T, + 150 K.

Conclusion

Activation energy, E,, was determined at different tem-
peratures by bond strength of welding, with variations of
both time and temperature, and by temperature dependency
of viscosity in rheometry.

Zero shear viscosities provided a more correct value of
E., which is decreasing with temperature, than viscosities
at finite values of shear rate.

The E, value found in this work for PMMA 7H by
welding of lap-shear joints deviated only 14% from the
value found by Jud et al. [5] for welding and healing of a
different sample geometry.

Correlation of E, with temperature was similar for the
two commercial grades, 7H and Lucryl, where difference
between the fitted constants were maximum 10%.

Despite the determination of E, by different methods,
welding and rheometry, there was good correlation
between data from literature and data from the experiments
described in this article.

Acknowledgements
ing from Lego®.

The authors gratefully acknowledge the fund-

References

1. Boiko YM, Lyngaae-Jgrgensen J (2005) Polymer 46(16):6016

@ Springer

2.

~

10.

13.

14.
15.
16.
17.

18.

19.

20.

21.

22.

23.
24.

Wool RP (1995) Polymer interfaces: structure and strength. Carl
Hanser Verlag, Munich

. Pecorini TJ, Seo KS (1996) Plast Eng 52(6):31
. Cho BR, Kardos JL (1995) J Appl Polym Sci 56(11):1435
. Jud K, Kausch HH, Williams JG (1981) J Mater Sci 16:204. doi:

10.1007/BF00552073

. Shim MJ, Kim SW (1997) Mater Chem Phys 48(1):90
. Chen RS, Hua YS, Huang DY (1999) J Polym Eng 19(6):419
. Guérin G, Mauger F, Prud’homme RE (2003) Polymer 44(24):

7477

. Boiko YM, Prud’homme RE (1998) Macromolecules 31(19):

6620
Yasuda K, Armstrong RC, Cohen RE (1981) Rheol Acta 20(2):
163

. Hieber CA, Chiang HH (1989) Rheol Acta 28(4):321
12.

Sui C, McKenna GB (2006) Breakdown of the Cox-Merz rule and
instability of polymer solutions in viscometric flows, ANTEC
Papers: 2006, Society of Plastics Engineers

Liu CY, He J, Keunings R, Bailly C (2006) Macromolecules
39(25):8867

Tanguy PA, Choplin L, Hurez P (1988) Polym Eng Sci 28(8):529
Mekhilef N, Ait-Kadi A, Ajji A (1995) Polymer 36(10):2033
Wang JS, Porter RS (1995) Rheol Acta 34(5):496

Abraham T, Banik K, Karger-Kocsis J (2007) Exp Polym Lett
1(8):519

Kartsovnik WI, Pelekh VV (2007) Cornell University Library,
Ithaca. http://www.arxiv.org. arXiv:0707.0789v1. Accessed 30
January 2011

Berry GC, Fox TG (1968) Adv Polym Sci 5:261

Miller AA (1969) Macromolecules 2(4):355

Cisse AL, Grossman E, Sibener SJ (2008) J Phys Chem B
112(24):7166

Grewell D, Benatar A (2006) Multi physical coupled model;
Predictions of healing with microwelding of plastics, ANTEC
Papers: 2006, Society of Plastics Engineers

Katsikis N (2008) Diss Univ Erlangen-Niirnberg

Laun HM (1998) Pure Appl Chem 70(8):1547


http://dx.doi.org/10.1007/BF00552073
http://www.arxiv.org

	Activation energy of poly(methyl methacrylate) from rheometry and polymer welding
	Abstract
	Introduction
	Molecular chain dynamics
	Bond strength
	Experiments from literature
	Activation energy from rheometry

	Experimental
	Preparation of PMMA strips
	Process steps in welding
	Experimental design
	Bonded area
	Bond strength
	Oscillatory shear rheometry

	Results and discussion
	Bond strength from welding
	Oscillatory shear rheometry
	Ea from welding and from rheometry

	Conclusion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


