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ABSTRACT: Poly(methyl methacrylate) (PMMA) and poly(butylene terephthalate) (PBT) are widely used in industry; however, poor
compatibility between two materials lead to poor weld strength. Polycarbonate (PC) has good compatibility with PMMA and PBT.
Therefore, the welding method was that PC film as intermediate material was used to enhance weld strength in laser transmission
welding (LTW) of PMMA and PBT. Through the LTW experiment, the weld strength was tested by mechanical testing and it was
found that the best weld strength was improved more than four times than the weld strength without intermediate material. By
observing the micro morphology of the weld zone, one reason was founded that the bubbles can be used to form micro-mechanical
riveting to enhance the weld strength. The reptation time for PMMA, PC, and PBT were investigated to analyze the establishment of
the weld strength. When the reptation time is much shorter than time in molten state, the higher weld strength is feasible. It can be
concluded that the weld strength of PC/PBT was higher than the weld strength of PMMA/PC. The equilibrium interfacial width was
calculated through Helfand’s theory to analyze the compatibility of dissimilar materials. The equilibrium interfacial width for PMMA/
PC and PC/PBT were similar to tube diameter. That is the reason for weld strength enhancement. And then, the response surface

methodology was designed to predict the weld strength.© 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 44167.
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INTRODUCTION

The products of connecting dissimilar polymers are widely used
in the fields of microelectronics, medical industries and auto-
mobile parts."™ The connection of dissimilar materials can
combine the excellent properties of the two materials, but it is
more difficult than the connection of the same material. The
major traditional methods of connecting dissimilar materials are
adhesive bonding, friction welding, hot plate welding, and so
on. These methods play important roles in different fields; how-
ever, they have some disadvantages, such as low welding effi-
ciency, poor welding quality and so on.* Comparing with
traditional welding methods, laser transmission welding (LTW)
has many advantages, such as no contact, high speed, high pre-
cision, flexibility, small heat affected zone and so on.””

In recent years, there are many studies on LTW dissimilar poly-
mer materials. Anssi et al® used contour welding and simulta-
neous welding to analyze the effect of process parameters on the
welding quality during the process of LTW polycarbonate (PC)
and PC/acrylonitrile butadiene styrene (ABS) blend. Aden et al.’
used a new method of transmission welding incremental scan-
ning technique (TWIST) welding method to weld polyamide 66
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(PA66) and Polypropylene (PP). It was found that this method
can obtain more uniform welding seam and higher weld strength.
Acherjee et al.'® studied on LTW of PC and ABS. The mathemati-
cal model based on response surface method was established to
discuss the influence of laser power, scanning speed, defocusing
amount, and clamping force on welding quality. At present, the
study of LTW dissimilar materials which can be weld original
mainly focused on optimization of experimental parameters, but
there are few studies of LTW dissimilar materials which cannot
be weld well at first. Liu et al'' improved the welding perfor-
mance in LTW PP and PA66 through the using maleic anhydride
grafted the side chains of PP. It was founded that the weld
strength greatly improved. Liu et al.'? sprayed a 20 pm thick alu-
minum film on glass fiber-reinforced polyamide 66 (GFR-PA66)
to improve the weld strength between GFR-PA66 and PC. The
results showed that the weld strength can reach about 4 MPa.
However, the method of modifying the material may change
some properties of the material, and coating metal film on the
surface of the material has relatively high cost.

Poly(methyl methacrylate) (PMMA) a kind of amorphous poly-
mer, because of its excellent light transmission properties, good
chemical resistance, solvent resistance, heat and cold resistance,
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is widely used in automotive, advertising, medical, communica-
tions and construction and other fields."> Poly(butylene tere-
phthalate) (PBT) a kind of semicrystalline polymer, due to its
excellent mechanical properties and processing performance,
especially good comprehensive performance, is widely used in
industry."* If PMMA and PBT can be welded together by LTW,
their respective advantages will be fully utilized and will have
great prospects of application. But the two materials have poor
compatibility; and the weld strength of welding materials is
poor.">!'® PC has good compatibility with PMMA and PBT.'”'®
In this study, the method of LTW was that the PC film as an
intermediate material was used to enhance weld strength in
LTW of PMMA and PBT. This method cannot change proper-
ties of the material and has relatively low cost. In order to ana-
lyze the welding performance of specimens with or without
adding intermediate material, the tensile tests were carried out
and the micro morphology of weld zone was observed by opti-
cal microscope. Furthermore, the influence of and reptation
time (T.p) for PMMA, PC, and PBT on welding performance
was investigated. The equilibrium interfacial width (w.) was
calculated by Helfand’s theory to analyze the compatibility of
materials and the reason of strength enhancement.

The process parameters also have great influence on the weld
strength of LTW polymers. To find the best process parameters
need a large of experiments in industrial applications. There-
fore, it is important to analyze the process parameters on weld
strength. The response surface methodology (RSM) of experi-
mental design is one of the best known optimization tools,
which can analyze of experiments with least experimental
effort.'” RSM is widely used to predict the weld seam and
mechanical models in different welding processes. In this study,
RSM was developed to predict the weld strength of LTW
PMMA and PBT with intermediate material.

THEORY

Polymer Miscibility

Polymer—polymer miscibility is an important criterion for
mutual diffusion of polymers, that is to say the ability of mix-
ing two polymers together and being in one phase at thermody-
namic equilibrium.*® Compatibility plays an important role in
LTW dissimilar materials. The thermodynamic compatibility can
be expressed by*":

¢ %
AG=x~(p1-(pz+ﬁlllln(pl+ﬁz~ln(pz (1)

where AG is Gibbs free energy, y is the Flory—Huggins interac-
tion parameter, N; is the degree of polymerization of compo-
nent number 7, @; is the volume fraction of component number
i, and @, +@,=1.

AG < 0 is a necessary condition to meet thermodynamic com-
patibility, i.e., the two kinds of polymer can be considered fully
compatible, and the molecules can be completely mixed. The
latter two terms of eq. (1) are less than zero, because 0 < @,
<1 and 0 < @, < 1. The latter two terms of eq. (1) are almost
zero, because the degree of polymerization is very big
(10* ~ 10°g/mol). Therefore, the size of AG depends on the
first term of eq. (1) and y parameter is an important factor for
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AG. The y parameter can be estimated by Hansen solubility
parameters’:
Vi (8p1=8p2)” +1/4(8p1 —8p2)* +1/4(811 —d12)*)

x= RT (2)

where 8p, 8p, and dp, respectively represent the dispersion
component, dipole component and hydrogen bond component
of Hanson solubility parameters (J'/>m~3/2). V,, is the molar
volume (cm’/mol). The molar volume of the two polymer sys-
tem is given as the geometric mean (y/Vy1 - V). R is ideal gas
constant, and the value is 8.314 J/(molK). T is absolute tem-
perature (K).

The y, parameter is usually greater than zero.”> The AG is great-
er than zero for dissimilar materials. So the intermolecular of
most dissimilar polymers cannot be completely mixed, i.e., the
phases of dissimilar polymers cannot form a homogeneous sys-
tem. But, being not fully compatible does not mean being
incompatible. The transition layer is formed between two differ-
ent phases. The width of transition layer is called equilibrium
interfacial width (w,,). Under the condition of equilibrium, two
kinds of molecular chain and chain segment in this transition
layer form an entanglement network by a series of thermal
motion (entanglement, disentanglement and reentanglement).
The width of the transition layer directly reflects the degree of
compatibility between different polymers. The compatibility
between different polymers is better, i.e., the degree of the inter
diffusion between the molecular chains of two polymers is
higher and the transition layer is wider.' It is beneficial to
interact between molecular chains and the establishment of
weld strength during the LTW.

The equilibrium interfacial width can be estimated from Hel-
fand’s theory**’:

(3)

where b; (where is number I or number II) is the statistical seg-
ment length of polymer i (nm).

For strength development at the interface, not only is the equi-
librium interfacial width important but also is the entanglement
mesh spacing of the polymer. If the mesh size is large, polymer
interface needs a large equilibrium interfacial width to ensure
entanglements. And, vice versa, if the mesh size is small, entan-
glements can easily occur.”’ Usually, entanglement mesh size is
equal to the tube diameter (a). So, a measurement of the entan-
glement mesh size is the tube diameter.”®

Reptation Model

The reptation model is the most common method for studying
the entanglement of the molecular chains. This model dates
back to de Gennes,”” who was the first to propose polymer
dynamics caused by reptation mechanisms. Molecular chain
movement in the constricted chain tube is realized through
the diffusion of the chain segment along the original path. The
constricted tube is made up of other molecular chains and
itself also in moves and changes. At first, the molecular chain
is constricted in tube. Then the constricted tube starts to
change and the molecular chain is wriggle and diffusion under
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external force. After a long period of external force, the molec-
ular chain eventually escape the initial constricted tube to a
new constricted tube, and the initial tube disappeared. The
time it takes to escape the tube is defined as reptation time
(Trep)> and therefore during reptation time a polymer chain
has diffused one radius of gyration, Rg.28 The weld strength
between dissimilar polymers can be formed through LTW. If
Trep is small, the time of molecular chain completing a series
of process of diffusion, peristalsis, disentanglement and regen-
erate entanglement is short. It is beneficial to interaction
between molecular chains and the establishment of weld
strength during the LTW.*

Later Edwards and Doi studied the relationship between macro-
scopic zero shear viscosity (m,) and microscopic reptation time

(Trep)- The expression of equation as follows™®;

nlckg T
= T
M0~ 0N, P

(4)

To determine the reptation time, it is also noticeable that it
depends linearly on m,, which varies with temperature. There-
fore eq. (4) can be rewritten to:
20N, 20M,
Tep(T)=—=—— = T
rep( ) TEZCkBTTIO( ) anTpﬂo( )

(5)

where ¢ is the number density of monomers, and therefore
equals pN4/My, where p is the melt density and M, is the
monomer molecular weight. M,=N,M, is the molecular weight
between entanglements, N, is the number of monomers
between entanglements, R=k,N, is the gas constant, kg is
Boltzmann’s constant.

The zero shear viscosity and temperature meets the condition of

. . 26
Arrhenius equation™:

M (T)=KeP/ 1 (6)

where K is material constant, E, is the activation energy for
flow. The eq. (6) can be simplified:

Tlo(T)erB/T (7)

where A and B are constants. Therefore eq. (5) can be rewritten
to:

Table I. Process Parameters for Injection Molding

Polymer PMMA PBT
Drying time (h) 4 4
Drying temp. (°C) 80 120
Extruding temp. (°C) 245 250
Screw speed (r/min) 30 60
Inj. molding melt temp (°C) 255 260
Tool temp. (°C) 60 60
Cooling time (s) 20 20
Holding press. (MPa) 50 4
Holding time (s) 2 30
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Figure 1. The samples of PMMA and PBT. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

_20M,
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Trep(T) (T) = (8)
Response Surface Method

Response surface method is a combination of mathematical sta-
tistics and design of experiment that is used to model and ana-
lyze of problems in which a response of interest is restricted by
several variables. In most of the response surface optimization
problem, a suitable function relation approach is needed to find
a suitable function between the response variables y and the
independent variables (x, x, ..., x¢). If
assumed to be measurable, the response surface can be
expressed as follows':

y=f(x1, x2, ..

where ¢ is the response system error, the value is usually
. . 2
assumed zero, the variance is G~

all variables are

., xx)te 9)

Therefore, a second order polynomial equation is used in RSM:

k k k
Y=oty Bt Bty > By
j=1 j=1

i<j j=2

(10)

where y is the response, k is the number of model inputs, x;, x;
are called the set of model input variables (design variables), B,
B> Bj» Bj are called the polynomial coefficients.

EXPERIMENTAL

Experimental Materials

The materials employed in this study are PMMA (Acrypet®
VHO001), PBT (Ultradur® B4500), and PC (Dobesty” PC6681
film and sheet). PMMA and PBT were manufactured by injec-
tion molding. And the process parameters are given in Table I.
The dimension of PMMA and PBT is 20 mm X 50 mm X
1.5 mm. The specimens are shown in Figure 1. The dimension
of PC film is 20 mm X 20 mm X 0.125 mm, and the dimen-
sion of PC sheet is 20 mm X 50 mm X 1.5 mm. Table IL
shows some physics data of PMMA, PC, and PBT. The PMMA
was used as upper material in the LTW PMMA/PC, PMMA/
PBT, and PMMA/PC/PBT (A/B is represent LTW material A
and material B; A/C/B is represent LTW material A, material C,
and material B; material A is upper material, material B is lower
material, and material C is a film which is used as intermediate
material); the PBT was used as lower material in the LTW PC/
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Symbol Description PMMA PC PBT

b (A Statistical segment length 6.24 10.7 57

(nm)® Tube diameter 7 3.8 35

M, (g/mol)° Molecular weight between 10,000 1328 1160
entanglements

Mo (g/mol) Monomer molar mass 97.09 254.27 220.22

Pmelt (kg/m3)° Melt density 1130 1140 12389

op (MPal/2)e Hansen solubility parameters 188 19.9 20.3

5 (MPal/2)° Hansen solubility parameters 12.8 10.7 5.3

5y (MPat/2)e Hansen solubility parameters 42 2.0 6.1

V., (cm®/mol)° Molar volume 86.5 174 .4 1435

aRef. 28.
bRef. 31.
°Ref. 20.
9Ref. 32.

PBT, PMMA/PBT, and PMMA/PC/PBT; the PC sheet was used
as upper material in LTW PC/PBT and used as lower material
in LTW PMMA/PC; the PC film was used as intermediate mate-
rial in LTW PMMA/PC/PBT. To reduce the influence of water
on experiment, a KQ3200E ultrasonic cleaning machine was
used for clean the specimens before welding, and then the speci-
mens were placed in a 298.15 K and 20% RH conditions of dry-
ing oven about 12 h.

Differential Scanning Calorimetry

Thermal characterization of the materials was done by differen-
tial scanning calorimetry (DSC) using a DSC800 from Perki-
nElmer. All materials were cut into small pieces (3 mg of
material). The materials were placed in aluminum pans. All
samples were heated at the rate of 10 K/min from 323.15 K to
503.15 K, 503.15 K and 523.15 K for PMMA, PC, and PBT,
respectively. The test was performed with N, as purge gas and
flow rate of the gas was 50 mL/min.

The result of the test is that the glass transition temperature
(Ty) of PMMA is 383.24 K, the glass transition temperature of

10000 -
— 1=4921Paes@230°C
——1n=1684Paes@245°C
—n(=560.6Pass@260°C
10004 ng=227.3Pass@275°C
w
.
=
=
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=
100 4
10 -
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w(rad/s)

Figure 2. Viscosity versus angular velocity for PMMA. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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PC is 422.86 K and the melting temperature (7,,) of PBT is
495.09 K.

Rheometry

The viscosity was tested by using AR2000 rheometer with ETC
equipment from TA Instruments. The reptation time of the
selected PMMA, PC, and PBT is determined from the zero
shear viscosity (). In theory of linear Viscoelasticity, the vis-
cosity is independent of shear rate. Molten polymers to
approach this behavior at very low shear rates, and the limiting,
low-shear-rate value of the viscosity is called the zero shear vis-
cosity.”® Limited by experimental conditions, when the angular
velocity is less than 0.1 rad/s, the value of m, is instability.
Therefore v, was determined as the viscosity at 0.1 rad/s in
this study. The relationships of viscosity and angular velocity of
three polymers under different temperatures are presented in
Figures 2, 3, and 4.

Laser Transmission Welding

In this study, a Compact 130/400 semiconductor continuous
laser manufactured by DILAS was used for welding experiments.
The maximum power of the laser device is 130 W, the output

10000 nazlSZSPaOs@!GO'C

— ng=1688Pass@270°C

qnxll-%lP:-s@ZBD:C

ng=T09.2Paes@290°C

—— ng=302.9Pass@300°C
=
Z

= 1000 4

e
" 4

100 — — ———

01 1 10

a(rad/s)
Figure 3. Viscosity versus angular velocity for PC. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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1000 5
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Figure 6. The schematic diagram of LTW with intermediate material.
1001 T T ; T T -110 [Color figure can be viewed in the online issue, which is available at

w(rad/s)
Figure 4. Viscosity versus angular velocity for PBT. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

wavelength is 980 = 10 nm, the minimum spot diameter is
0.72 mm and the optical fiber transmission is used. K9 glass
was used to ensure the uniformity of clamping force. Lap joint
was used in the LTW. During LTW, laser need to go through
the upper material to the upper surface of the lower material,
and the energy of laser was absorbed by the upper surface of
the lower material. Then the absorbed energy leaded to melt to
two materials, and there was a molten zone in the interface.
Under the clamping force, molten materials can be combined
by Van Edward force or chemical bonding. Figure 5 is the tradi-
tional schematic diagram of LTW. Figure 6 shows another weld-
ing method. A film which has good compatibility with both the
upper and lower materials was used as intermediate material.
Therefore laser need to through upper two materials.

In this study, four groups of LTW experiments were used to
compare. They are PMMA/PC, PC/PBT, PMMA/PBT, and
PMMA/PC/PBT, respectively. All materials have good transmit-
tance. Therefore, the welding region of lower materials was
coated with clear weld as the absorbing layer. In the experi-
ments, the process parameters of spot diameter (0.802 mm),
welding speed (4 mm/s), and clamping pressure (0.45 MPa)
kept unchanged and this values were chosen from pre-

Laser beam

! —=——— Clamping pressure

-"— K9 glass

|ea— Upper material
Absorber
[ Lower material

--— K9 glass

i —=———— Clamping pressure

Figure 5. The traditional schematic diagram of LTW. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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experiments; the process of laser powers increased from 15 W
to 25 W.

The weld strength is one of important standards to evaluate the
quality of the welding. UTM4104 microcomputer control elec-
tronic universal testing machine was used to do the tensile tests,
and Keyence VHX-1000 ultra-depth electron microscope was
used to measure the width of the weld seam.

With tensile speed at 3 mm/min and work environment at
room temperature, tensile tests finally break the samples
through loading tension at both ends of the samples. The limit
stress of the samples can be used to evaluate the weld strength
of the samples. The tensile schematic diagram is shown in Fig-
ure 7 and the equation for calculating stress''

_F

~ (DXL)

(11)

where o is the weld strength MPa, F is the maximum pull-off
force to make the welding failure (N), D is the width of the
weld seam (mm), and L is the length of the weld seam (mm).

RESULTS AND DISCUSSION

Mechanical Testing
The welding specimens of PMMA/PBT and PMMA/PC/PBT
when the laser power was 19 W are shown in Figure 8. Figure
8(a) shows the welding specimen of PMMA/PBT and Figure
8(b) shows the welding specimen of PMMA/PC/PBT. From a
macro perspective, the two welding specimens are similar and
the weld seams are uniform.

Pulling force

Welding part Fitter Pulling force

Fitter Welding part

Figure 7. The tensile schematic diagram. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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Figure 8. (a) The welding specimen of PMMA/PBT and (b) the welding specimen of PMMA/PC/PBT when the laser power is 19w. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

The specimens after tensile testing are shown in Figure 9, and
these specimens are selected with random. Figure 9(a) shows
the broken specimen of LTW PMMA/PBT; Figure 9(b) shows
the broken specimen of LTW PMMA/PC/PBT. The tensile frac-
ture of LTW PMMA/PBT specimens in the weld seam showed
in Figure 9(a); the tensile fracture of LTW PMMA/PC/PBT
specimens happened in upper material, and most happened in
heat affected zones of PMMA which showed in Figure 9(b).

The tensile results show in Table III. The weld strength is the
middle value of the five experiments; the weld width and pulling
force were measured from corresponding specimen. The standard
deviation in the Table III is the weld strength of five experiments.
The specimen numbers from 1 to 6 are used to represent the
welding specimens of PMMA/PC; the specimen numbers from 7
to 12 are used to represent the welding specimens of PC/PBT;
the specimen numbers from 13 to 18 are used to represent the
welding specimens of PMMA/PBT; the sample numbers from 19
to 24 are represent the welding specimens of PMMA/PC/PBT.
Comparing the weld strength of PMMA/PC/PBT and PMMA/
PBT, when the power is 19 W, the weld strength of PMMA/PC/
PBT can reach to 10.04 MPa, while the weld strength of PMMA/
PBT only reach to 2.42 MPa; therefore the strength of the speci-
men PMMA/PC/PBT is more than four times stronger than the
strength of specimen PMMA/PBT. At the other power, the weld
strength of the specimen PMMA/PC/PBT is two to four times
stronger than the weld strength of specimen PMMA/PBT. Obvi-
ously, PC as an intermediate material in LTW PMMA/PBT can
improve the weld strength of PMMA/PBT.

As is shown in Figure 10, the PC film is not completely melted.
So the welding specimen of PMMA/PC/PBT can be seen as the
combination of LTW PMMA/PC and PC/PBT. The weld
strength of PMMA/PC/PBT stronger than the weld strength of
PMMA/PBT of the weld strength is caused by the strong weld
strength of PMMA/PC and PC/PBT and the detailed analysis is
shown in next Sections. The weld strength of PMMA/PC/PBT is
lower than the weld strength of PMMA/PC and PC/PBT. It may

be caused by the laser need to through the upper two materials.
In this process, the laser energy loss is more than the laser ener-
gy loss in the process of laser through the one material. Most of
the PC/PBT weld strength is stronger than PMMA/PC. It may
cause that the most tensile fracture of LTW PMMA/PC/PBT
specimens happened in upper material.

Micro Morphology Analysis of the Weld Zone

The Figure 11 shows the micromorphology of the weld zone on
the specimen of PMMA/PBT when the laser power is 17 W. The
picture is magnified 400 times. Figure 11(a) shows the micro-
morphology of weld zone on PMMA; Figure 11(b) shows the
micromorphology of weld zone on PBT. In the picture, there
are many big bubbles (holes) at the interface of PMMA and
PBT, and the surfaces of these bubbles are smooth.

The Figure 12 shows the micromorphology of the weld zone on
the specimen of PMMA/PC/PBT when the laser power is 17 W.
The picture is magnified 400 times. Figure 12(a) shows the
micromorphology of weld zone on PMMA, there are some bub-
bles on the surface of PMMA. And there are small pieces of
plastic debris on the edge of the bubbles. This can be deduced
that bubbles can form the micromechanical riveting at the sur-
face of PMMA and PC. So weld strength at the surface of
PMMA and PC is higher than the weld strength at the surface
of PMMA and PBT. Figure 12(b) shows the micromorphology
of weld zone on PC which at the interface of PMMA and PC.
Figure 12(c) shows the micromorphology of weld zone on PBT
and these bubbles are smaller than others. The area of the weld
seam decreases with the increasing the number of bubbles and
the size of bubbles. This can reduce the weld strength. So weld
strength at the surface of PC and PBT is higher than the weld
strength at the surface of PMMA and PBT. The main reason for
forming the bubbles is that the much thermal energy resulting
the degradation of PC. These bubbles mainly consist of water
vapor, carbon dioxide, carbon monoxide, and hydrocarbons.’®
Liu et al."' founded that the bubbles are good for the high weld
strength in some extent. Liu et al’* studied joining of

Figure 9. The broken welding specimens: (a) PMMA/PBT and (b) PMMA/PC/PBT. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Table III. Experimental Parameters and Results of Welding

Laser Weld Pulling Weld Standard
Specimen power (W) width (mm) force (N) strength (MPa) deviation
1 15 1.41 488.21 17.31 0.0668
2 17 1.46 532.61 18.24 0.0895
3 19 1.39 549.26 19.76 0.0738
4 21 1.41 576.73 20.45 0.0796
5 23 1.38 510.60 18.77 0.0776
6 25 1.54 475.23 1543 0.0909
7 15 2.07 726.37 17.55 0.0852
8 17 2.12 954.50 22.51 0.0727
9 19 3.03 1215.38 20.06 0.0866
10 21 3.37 1152.09 17.09 0.0951
11 23 2.96 983.04 16.61 0.0828
12 25 2.98 967.96 16.24 0.0779
13 15 2.29 197.52 431 0.1128
14 17 2.65 172.78 3.26 0.0893
15 19 2.85 138.34 2.43 0.0679
16 21 3.76 186.01 2.47 0.0714
17 23 3.02 135.90 2.25 0.1141
18 25 3.56 168.66 2.37 0.0786
19 15 2.40 467.90 9.75 0.1022
20 17 2.13 421.35 9.89 0.0855
21 19 3.08 618.65 10.04 0.0939
22 21 3.02 464.37 7.69 0.0689
23 23 345 41311 6.56 0.0925
24 25 3.39 328.85 4.85 0.0583

aluminum alloy to polyethylene glycol terephthalate (PET) using
friction lap welding. They also discovered that these bubbles
generate high pressure pushing the fused polymers to the pits
and micro voids on the surface of metal, which can supply
more mechanical bonding and realize tight joining between
metal and polymers. So the weld strength of PMMA/PC/PBT is
stronger than the weld strength of PMMA/PBT.

Rheometry
In order to facilitate the relationship between m, and T, the
eq. (7) need to be rewritten to:

B B
=lnA+—=C+—
Inmy(T)=In A T C T (12)

where C(=In A) and B are constant.

According to Figures 2—4, Inm, can be determined at various
temperatures by eq. (12) as plotted in Figures 13-15.

According to Figure 11, the value of B and C can be obtained.
Therefore the relationship between Inm, and 1/T can be writ-

ten to:
18999.49

And the eq. (13) can be rewritten to:

Mak\;’.“liﬂ> WWW.MATERIALSVIEWS.COM
1
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(14)

18999.49
Mo (T)=0.78Xexp <7 —29)

According to eqgs. (8) and (14), reptation time for PMMA can
be written to:

h%ﬁ): {100;)(400

Figure 10. Cross-sectional micrograph of the welding seam. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]
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i3k Z2100:X400 #id 2100:X400

| ity
50. 00um 5 50. 00pm

Figure 11. The micromorphology of the weld zone on the specimen of PMMA/PBT: (a) PMMA and (b) PBT. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

1.68 18999.49 0.22 14717.34
Trep(T)z?Xexp <#—29) (15) trep(T):TXexp (#—24) (17)
Similarly, the reptation time for PC and PBT can be obtained  According to egs. 15-17, curves of reptation time for
respectively, as the egs. 16 and 17 shows: PMMA, PC, and PBT versus temperature can be plotted in
0.15 14686.81 Figure 16.
Trep(T):ixexp —F 19 (16) . . .
T T Figure 16 shows curves of the reptation time for PMMA, PC,

and PBT. From Figure 16, reptation times are decreased with
the increase of temperature, and the decreasing speed is faster

itk 2100:X400

3 Z100:X400 Hid: 2100:X400

Figure 12. The micromorphology of the weld zone of the specimen of PMMA/PC/PBT: (a) PMMA; (b) PC which at the interface of PMMA and PC;
and (c) PBT. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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R%=0.9997

In(n,) (Pa-s)
(=)

0.0&)19
VT(1/K)

Figure 13. The linear fitting curve of In mq versus 1/T for PMMA.

4
0.0018 0.002

and faster, finally the reptation time tends to zero and reaches
to milliseconds; the reptation time of PMMA and PC is obvi-
ously higher than the reptation time of PBT. When the temper-
ature is at 560 K, the reptation time for PMMA, PC, and PBT
are 414.2 ms, 368.4 ms, and 3.8 ms, respectively. These repta-
tion times are under the seconds, and the reptation time for
PMMA and PC are much bigger than the time for PBT. The
time in molten state for LTW is reported to be in the range of
seconds.” If the reptation time is much shorter than the pro-
cess time, the higher weld strength is feasible.”* So the weld
strength of PC/PBT is stronger than the weld strength of
PMMA/PC.

Equilibrium Interfacial Width

DSC was performed to evaluate the glass transition temperature
(Ty) and melting temperature (T,), and these temperatures and
the data in Table II were used in eq. (2). Flory—-Huggins interac-
tion parameters can be calculated and the results of calculation
are shown as follows: yx,,=0.072; y%,.=0.448; and y,.=0.466,
where letter a represents PMMA; letter b represents PC; letter ¢
represents PBT. From eq. (3), the equilibrium interfacial width
can be predicted to:

+(10.07A)*

b12+b2 (6.24A)
-
o1z 12X0.072

Similarly, we13=0.72 nm; Weep3=2.20 nm.

=25.5A=2.55nm

(18)

8.5

st R%=0.9932
7.5¢
7’ -

6.5

In(m,) (Pa-s)

6.

55¢

OAUE)IS
VTQU/K)

Figure 14. The linear fitting curve of In m, versus 1/T for PC.

5
0.0017 0.0019
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55 ¥

R%=0.9689

In(n) (Pa's)
W
wn

3 L
25
2 L
0.0018 0.0019 0.002
UT(U/K)

Figure 15. The linear fitting curve of In mg versus 1/T for PBT.

Both the equilibrium interfacial width and entanglement mesh
size are important for the strength development at the interface
and the mesh size need to be smaller than equilibrium interfa-
cial width to ensure entanglements. Therefore the welding abili-
ty can be reflected through we/dmax (amax 1s the bigger of two
tube diameters).*! Through the calculation, the W, /am. of
PMMA/PC is about 0.36; the Wy /dma of PC/PBT is about
0.10; the Wa/dma of PMMA/PBT is about 0.58. Juhl et al!
calculated results of wu,/amax with Hansen equation: the wy,/
amax of PMMA/PC is about 0.29; the wuo/dmax of PBT/PC is
about 0.26; the Weo/dmax of PMMA/PBT is about 0.10. The rea-
son for the difference of two results is the difference of absolute
temperature in calculating 7, (the related temperature of mate-
rials which measured by Juhl are that the T, of PMMA is
383.24 K, the T, of PC is 422.86 K and T,, of PBT is 495.09 K).
From above, the molecule chain entanglements can be complet-
ed at the welding interfaces of PMMA/PC, PC/PBT, and two
groups of materials have good compatibility; Molecular chain
entanglement can rarely be completed at the welding interface
of PMMA/PBT, so this group materials has poor compatibility.
Therefore the welding performance of PMMA/PBT is relatively
poor, and adding PC film as intermediate can improve the weld
strength of PMMA/PBT.

(5]50 570 5;0 6;0 630 650
TX)

Figure 16. The reptation time of PMMA, PC, and PBT versus tempera-

ture. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com. ]
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Table IV. Process Control Parameters and Their Limits

Limits
Parameter Notation -2 -1 0 1 2
Laser power (W) P 15 17 19 21 23
Welding speed (mm/s) S 2 3 4 5 6
Clamping pressure (MPa) C 0.4 0.45 0.5 0.55 0.6

MATHEMATICAL MODELING WITH RSM

Experimental Design

In this study, three key process parameters that determined the
quality of the LTW process were laser power (P), welding speed
(S), and clamping pressure (C). The experiment was designed
on the basis of a three-factor five-level central composite design
(CCD), with full replication. One response is weld strength as
output variable. The statistical software Design-Expert version
8 was used to conduct statistical analysis, develop mathematical
models, and optimize the process parameters. The selected pro-
cess parameters and their limits, units and notations are listed
in Table IV. The CCD matrix of the variables and their corre-
sponding results are listed in Table V. In Table V, the weld
strength was calculated from the tensile tests and weld seams,
and the weld strength is the middle value of the five experi-
ments. As shown in Table V, the maximum weld strength is
11.37 MPa.

RESULTS AND DISCUSSION

Development of the Mathematical Model

For weld strength, the fit summary suggests the quadratic rela-
tionship where the additional terms are significant and the
model is not aliased. The analysis of variance (ANOVA) table
of quadratic model is given in Table VI. As is shown in Table
VI, the P-value less than 0.05 for the model indicates that the
model terms are significant.'” The lack-of-fit value of model
indicates non-significance, as this is desirable. The laser power
(P), welding speed (S), clamping pressure (C), the quadratic
effect of the laser power (P%), welding speed (§%), and clamp-
ing pressure (C?) along with the interaction effect of laser
power and welding speed (PS), laser power and clamping pres-
sure (PC), welding speed and clamping pressure (SC) are the
significance model terms associated with weld strength. In
addition, the other adequacy measures, R, adjusted R’ and
predicted R?, of the responses are all in reasonable agreement
and were close to 1; this indicated the adequacy of the
models.*

The final mathematical model for weld strength, which can be
used for prediction within the limited factors considered in this
study, is given as follows:

a. Final equation in terms of coded factors:
Weld strength=10.14—1.10P—0.405+0.15C—0.087PS

+0.18PC+0.24SC—0.33P*>+6.705X1073$*>—0.25C>

b. Final equation in terms of actual factors:

Mnh\"‘lfi‘.'} WWW.MATERIALSVIEWS.COM
1

Weld strength=—11.3097+1.91631P—2.01864S
+50.31818C—0.04375PS+1.77500PC + 4.80000SC (20)
—0.083636P% + 6.70455 X 10 °$*>—100.31818C>

Validation of the Developed Model

To validate the developed RSM models, three confirmation tests
chosen randomly from the experimental results were conducted.
The process parameters used for experiments are all with in the
Table IV. Table VII shows the predicated values, actual results
and calculated percentage errors of the confirmation tests. The
weld strength of actual value is the middle value of the five
experiments. It is observed that the predicated values of responses
were in good agreement with actual results, which illustrated that
the results of the developed RSM model were nearly accurate.

Figure 17 shows the relationship between the predicted and
actual values of weld strength. The results illustrate that the
developed RSM model of weld strength is adequate as

Table V. Design Matrix and Measured Responses

Weld

strength
Number P (W) S (mm/s) C (MPa) (MPa)
1 19 4 0.50 10.16
2 21 3 0.45 8.76
3 15 4 0.50 10.86
4 17 5 0.45 10.27
5 17 5 0.55 10.69
6 23 4 0.50 6.7
7 19 4 0.40 8.71
8 19 2 0.50 11.05
9 21 5 0.45 7.54
10 17 3 0.55 10.6
11 19 4 0.50 10.13
12 21 3 0.55 8.93
13 19 4 0.50 10.28
14 17 3 0.45 11.37
i5 19 4 0.50 10.14
16 19 4 0.50 10.02
17 19 4 0.50 10.05
18 19 6 0.50 9.24
19 21 5 0.55 8.44
20 19 4 0.60 9.52

44167 (10 of 14)
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Table VII. Validation Test Results

Weld
P S C strength

Number (W) (mm/s)  (MPa) (MPa)
1 16 3 0.55 Actual 11.17
Predicted 11.44

(Error) % 2.42

2 18 4 0.50 Actual 9.86
Predicted 10.60

(Error) % 7.51

3 20 5 0.45 Actual 8.09

Predicted 8.34

(Error) % 3.09

percentage error between predicted and actual value, which the
developed model of weld strength is accurate.

Effects of Process Parameters on the Weld Strength

Figure 18(a,b) shows the interaction effect of laser power and
welding speed on weld strength when clamping pressure is 0.5
MPa. The weld strength tends to increase with slow welding
speed and low laser power when the process parameters are
within a certain range (P: 15-23 W; S: 2-7 mm/s). When the
power is large, the weld strength is low. It may be caused by the
excessive laser energy input, which leads to a large amount of
degradation or ablation of the material. Usually, the greater the
laser energy and the smaller the welding speed can cause the
greater the energy input. In this study, when the laser power
and welding speed are smaller, the weld strength is higher. It
indicated that the laser power is more important than welding

Table VI. ANOVA

WILEYONLINELIBRARY.COM/APP
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Predicted vs. Actual

12.00

11.00 4

10.00 —

9.00 —

8.00 —

Predicted weld strength

7.00

6.00 —

T T T T T T T
6.00 7.00 8.00 9.00 10.00 11.00 12.00

Actual weld strength
Figure 17. The relationship between the predicted and actual values of
weld strength. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

speed in interaction effect of laser power and welding speed on
weld strength.

Figure 19(a,b) shows the interaction effect of laser power and
clamping pressure on weld strength when welding speed is
4 mm/s. The weld strength tends to increase with low laser
power and the clamping pressure up to the center, when the
process parameters are within a certain range (P: 15-23 W; C:
0.4-0.6 MPa). When the clamping pressure is too big, the
molecular mobility of materials becomes poor; when clamping
is too small, the materials at interface of welding seam cannot
be fully contacted, and the heat conduction efficiency is
declined. These may be caused the high weld strength occurs
when the clamping pressure up to the center.

Source Sum of squares df Mean squares F value P value
Model 26.93 9 2.99 130.38 <0.0001 Significant
P 19.32 1 19.32 841.53 <0.0001
S} 2.51 1 2.51 109.45 <0.0001
C 0.34 1 0.34 14.91 0.0032
PS 0.061 1 0.061 2.67 0.1334
PC 0.25 1 0.25 10.98 0.0078
SC 0.46 1 0.46 20.08 0.0012
p2 2.81 1 2.81 122.60 <0.0001
G2 1130 x 103 1 1130 x 103 0.049 0.8289
c? 1.58 1 1.58 68.90 >0.0001
Residual 0.23 10 0.023
Lack of fit 0.19 5 0.038 4.47 Not significant
Pure error 0.042 5 8.400 x 1072
Cor total 27.16 19

Standard deviation=0.15 R?=0.9915

Mean =9.67 Adjusted R =0.9839

Coefficient of variation=1.57

Predicted residual error of sum of squares = 1.59

Predicted RZ=0.9414
Adequate precision =43.273
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weld strength (MPa
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welding speed (mm/s)
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Laser power (W) 21.00 15.00 17.00 19.00 21.00 23.00

g .00
23.00 " 2.00 3.00 welding speed (mm/s;
Laser power (W)

Figure 18. Interaction effect of laser power and welding speed on weld strength: (a) the response surface plot and (b) the contour plot. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

weld strength (MPa)
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15.00 T 044
0.60
Laser power (W) 21.00 - 048 0.40 -
0.44 clamping pressure (MPa) 15.00 17.00 19.00 21.00 23.00

23.00 0.40
Laser power (W)

Figure 19. Interaction effect of laser power and clamping pressure on weld strength: (a) the response surface plot and (b) the contour plot. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 20(a,b) shows the interaction effect of welding speed and  and clamping pressure up to center when the process parame-
clamping pressure on weld strength when laser power is 18 W.  ters are within a certain range (S: 2-7 mm/s; C: 0.4-0.6 MPa).
The weld strength tends to increase with slow welding speed

weld strength (MPa)

0.60
(a) (b)
12
T 9_;
o
& 2
s 10 o
9 = ;
g 2 a
2 £
2.00 ®
0.60
4.00 ;
) 0 :
welding speed (mm7s{ 6.00 0.48 2.00 3.00 4.00 5.00 6.00 7.00

700 040 44 clamping pressure (MPa)
welding speed (mm/s)
Figure 20. Interaction effect of welding speed and clamping pressure on weld strength: (a) the response surface plot and (b) the contour plot. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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CONCLUSIONS

In this article, the PC film as intermediate material was used to
enhance weld strength in LTW of PMMA and PBT and the
welding mechanism was studied. The conclusions show that:

1.

In the ITW of PMMA and PBT, when the laser power is 19
W, the weld strength of specimens with PC film is more
than four times stronger than the weld strength of speci-
mens without PC film; under other conditions, the weld
strength of specimens with PC film is about two to four
times stronger than the weld strength of specimens without
PC film.

Comparing the weld strength of PMMA/PC, PC/PBT,
PMMA/PBT, and PMMA/PC/PBT, it concluded that the
stronger weld strength of LTW, PMMA, and PBT with PC
film may be caused by the stronger weld strength of LTW,
PMMA/PC, and PC/PBT.

From the microperspective, the bubbles at weld zone of
LTW, PMMA, and PBT with PC film are much more than
LTW, PMMA, and PBT without PC film. These bubbles are
used to form the micromechanical riveting to enhance the
weld strength.

When the temperature is at 560 K, the reptation time was
determined as 414.2 ms, 368.4 ms, and 3.8 ms for PMMA,
PC, and PBT, respectively. When the reptation time is much
shorter than time in molten state, the higher weld strength
is feasible. It can be concluded that the weld strength of PC/
PBT is higher than the weld strength of PMMA/PC.

The relationship between equilibrium interfacial width and
tube diameter play an important role in the development of
weld strength. The equilibrium interfacial width need to
close to the tube diameter to ensure the entanglements.
From this it is to conclude that equilibrium interfacial width
was concluded to 2.55 nm, 2.20 nm, and 0.72 nm for
PMMA/PC, PC/PBT, and PMMA/PBT, respectively. The
equilibrium interfacial width for PMMA/PBT is much
shorter than tube diameters for PMMA and PBT; so the
compatibility of PMMA and PBT is poor. While the former
two equilibrium interfacial widths are close to the tube
diameters for PMMA, PC and PBT; thus, the entanglements
can form and PC has good compatibility with PMMA and
PBT. That is the reason for the weld strength enhancement.
Decreasing the laser power and welding speed increases the
weld strength, and the laser power is more important than
welding speed in interaction effect of laser power and weld-
ing speed on weld strength; the clamping pressure up to the
center increases the weld strength.

The developed mathematical model in this study can predict
the responses adequately within the limits of welding
parameters being used, which concluded from validation
experiments that the estimated results are in good agreement
with the measured data.
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