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ABSTRACT: Fusion bonding for polymers has been successfully welded for the same and dissimilar
materials. However, it is difficult to bond incompatible polymers due to poor interfacial adhesion.
Usually, interfacial compatibilization can resolve this problem. According to the mechanism, an
interlayer solder sheet (ISS) consisting of maleic anhydride-functionalized polypropylene (PP-g-
MAH) and polyamide6 (PA6) was introduced into the ultrasonic welding (USW) device. In this way,
it successfully realized the weldability between PP and PA6. The welding strength of PP−PA6
reached 22.3 MPa, about 84% welding strength for the PP body and 63% tensile strength for PP.
Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), and scanning electron
microscopy (SEM) showed the formation of PP-g-PA6 copolymer in blends. This copolymer played
the role of an emulsifier, which enhanced the interfacial adhesion between PP and PA6 in two phases,
leading to micron-scale homogeneity. In the USW process, the copolymer could act as a bridge
between PP and PA6 molecular chains to realize the fusion bonding of incompatible polymers.
Finally, we proposed the fusion bonding model for PP−PA6 interfaces.

1. INTRODUCTION

Fusion or welding is widely used in the secondary assembly of
plastics, showing great potential in medical equipment,
automotive parts, aerospace materials, and other aspects. The
efficiency of welded joints can be close to the bulk performance
of thermoplastics.1,2 Usually, fusion bonding can be divided
according to the technology used for introducing heat, such as
spin welding, vibration welding, microwave welding, ultrasonic
welding (USW), and so on.3−6 Through the above bonding
techniques, many studies on welding of thermoplastics have
been reported, including the same material and dissimilar
materials, such as polyethylene (PE),7 PP,8 polyether ether
ketone (PEEK),9 acrylonitrile-butadiene-styrene (ABS) copoly-
mer,10 PA6,11 PE-PP,12 PA6-PA66,13 polylactic acid-polyfor-
maldehyde (PLA-POM),14 PLA-poly(methyl methacrylate)
(PMMA),15,16 and PMMA-ABS.17 Liu et al.18 studied ultrasonic
welding of a carbon fiber-reinforced nylon 66 composite without
an energy director. To ensure joint strength, it was necessary to
apply the proper weld schedules (i.e., welding time and horn
pressure) in ultrasonic welding. Luciano et al.19 summarized the
weldability of thermoplastic materials for friction stir welding
(FSW), which highlighted the joining of similar/dissimilar
polymeric materials. However, they are compatible with each
other. So far, there are few reports on fusion bonding for
incompatible polymers.
For incompatible polymer blends, the formation of the

molecular bridge becomes very difficult due to the obstacle to

the interdiffusion of the molecular chains and the poor
interfacial conditions.20 The thin interfacial thickness and high
interfacial tension can easily induce phase separation.21 To
resolve these problems, interfacial modification for incompatible
polymers has been a major topic for researchers in the last
decade. One way is tomodify the incompatible polymeric blends
by in situ chemical reactions to design model sequence-specific
copolymers to minimize the energy of a polymer/polymer
interface.22−26 Another way of diminishing incompatibility is to
add a copolymer, often a diblock copolymer, where the
immiscible components are combined and form a relatively
strong interface.27−30 Wang et al.31−33 adopted the strategy of
organic surface modification by a chemical method to improve
the interfacial adhesion of functional fillers to polymer matrix
materials to strengthen the functionality of composites. Yu et
al.34 blended PLA with a soft and biodegradable polymer,
poly[(butylene succinate)-co-adipate](PBSA), to improve the
material mechanical properties and thermal properties based on
in situ compatibilization. Therefore, to realize the weldability for
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incompatible materials, interfacial compatibilization may be a
potential solution.
For the polypropylene (PP)/polyamide6 (PA6) system, the

blend phase diagram shows a typical sea−island structure, which
cannot realize fusion bonding for complete incompatibility.35,36

Maleic anhydride-functionalized PP (PP-g-MAH) is usually
used as a compatibilizer to modify the interfacial adhesion.37

Many studies have concentrated on the fundamental under-
standing of the effect of this copolymer on the interfacial
adhesion in the PP−PA6 reactive system.38−41 In the PP-g-
MAH/PA6 reactive system, the faster size reduction, finer
particle size, better morphology stability, and a much thicker
interface were obtained, ref 42. Restagno43 studied the
formation of diblock copolymers at the PP−PA6 interface to
optimize the co-extruded PP−PA6 thin film. As expected, the
grafting reaction of PP-g-MAH on the end groups of PA6 chains
appeared fast and started even before PA6 was molten. Hu44

showed that the emulsion-in-emulsion (EE) structure in the
compatibilized PP−PA6 blends is an important factor leading to
the continuous phase viscosity and the effective volume fraction
of the dispersed phase. Based on previous research work, in the
PP−PA6 reactive system, the PP-g-PA6 copolymer mainly
played dual roles. One is the role of an emulsifier, which can
reduce the interfacial tension and enhance the interface
thickness. The other is to enhance the bonding force between
the phases in the solid phase, thereby improving the mechanical
properties.
Ultrasonic welding (USW) for both amorphous and semi-

crystalline polymers is a very popular technique with many
advantages such as fast, low cost, easy automation, and good
joint.45 The traditional USWmethod can realize the bonding for

polymers based on the stack of polymer sheets (Figure 1a). Its
working principle is to convert alternating current into
ultrasonic vibration, which reaches the interface through the
workpiece and generates stress and strain in the contact area
between the two workpieces, resulting in the heating and
melting of the polymer. Then, the workpieces are pressed
together under the load. Finally, after being resolidified, bonding
is made.46 The bonding process is governed by molecular chain
diffusion and physical interaction to form chemical bonds. In
this way, molecular bridges can be built between interfaces, and
this process can be carried out well for most materials except for
incompatible materials.
Based on traditional ultrasonic welding technology and

interfacial modification for incompatible polymeric blends, an
interlayer solder sheet (ISS) was fixed to the horn by the ISS
holder and worked between the two workpieces. Through the
interface compatibilization, the blends of PP-g-MAH/PA6 were
made into ISS to realize weldability between the PP workpiece
and the PA6 workpiece. Moreover, the relationship between the
welding strength of PP−PA6 and the microstructure of ISS was
studied. The possible healing of incompatible polymer−polymer
interface was proposed.

2. BASIC WELDING PRINCIPLE

Figure 1b shows the schematic of the welding principle. The ISS
is fixed by the ISS holder. Therefore, the ISS prepared by
blending with different contents of PP-g-MAH or PP and PA6
can be connected to the holder. The two workpieces are
symmetrically fixed on both sides of the ISS. Then, the ISS could
join the two workpieces. During welding, the heat source mainly
contains two parts. One is the intermolecular friction heat,

Figure 1. Welding principle for a traditional and a novel ultrasonic welding method: (a) traditional USW and (b) novel USW.

Figure 2. (a) Illustration of the ISS preparationmethod for welding between PP and PA6 and (b) dimensions of the workpiece (WP) geometry and ISS
geometry.
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originating from the ultrasonic energy dissipated by viscoelastic
polymers. The other is the frictional heat produced by the
ultrasonic vibration at weld interfaces.47,48

3. EXPERIMENTAL SECTION
3.1. Materials. A commercial polypropylene (PP) with a

melt index of 11 g/10 min was supplied by PolychemCo., Japan.
The maleic anhydride-grafted PP (PP-g-MAH) with a maleic
anhydride content of 0.8 wt % was supplied by Ketong Plastic
CO., Ltd., Shenyang, China. Polyamide6 (PA6) was supplied by
Toray Industries INC., Japan.
3.2. Preparation of Specimens. The workpieces with the

shape of a half dumbbell were prepared using a common
injection molding machine (FANUC Company, ROBOSHOT
S2000i 100A), where half of the mold was taken up by a copper
stick (Figure 2b). Before the injection molding process, the PP,
PP-g-MAH, and PA6 were first dried in a vacuum oven at 80 °C
for 24 h. Then, the PP and PA6 were injection-molded into the
shape of a half dumbbell (Figure 2b). The injection molding
conditions are listed in Table 1.

The ISS was prepared in three steps (Figure 2a). First, the
mixtures of pure PP, PA6, blend of PA6 with 70% PP-g-MAH,
and blend of PA6 with 70% PP were placed in a mixer for melt
blending for 10 min at 240 °C. Second, the four types of
materials were compressed into a rectangle with a thickness of 1
mm by a hot-press machine (IMOTD LTD.) (molding
parameters: temperature of 240 °C and heating time of 10
min). Then, the ISS was cut as a rectangle with 14 × 10 × 1.0
mm3 dimensions (Figure 2b). Lastly, the middle part in the front
edge of the ISS had broached a hole where the diameter was 3
mm for screw fixing.
3.3. Ultrasonic Welding. As shown in Figure 1b, the ISS

was installed on the ISS holder with the screw fixed on the
holder. Then, the workpieces were burnished with abrasive

paper to enhance the interfacial friction. After burnishing, the
workpieces were fixed on the two sides of the ISS under the load.
Finally, the ultrasonic machine was turned on and the joints
between ISS and workpieces were made. Welding conditions
were as follows: a frequency of 28 kHz and an amplitude of 30
μm (constant). The welding time was usually varied from 1 to 8
s, while the welding stress was adjusted in the range of 01−1
Mpa. We set the welding stress as 0.6 MPa and welding time as 5
s after much exploration and optimization.

3.4. Testing and Microscopy. 3.4.1. DTA-TG Analysis.
The PP, PA6, and PP-g-MAH were measured using the DTA-
TG apparatus (Shimadzu Corp., Model DTG-60) with a heart
rate of 10 °C from 20 to 500 °C in air.

3.4.2. Tensile Test. After ultrasonic welding, the stress−strain
behaviors of weld specimens were measured using a Universal
tester (Series3360) operating in tension mode at 23 ± 2 °C. A
crosshead speed of 10 mm/min was used in the test. The relative
humidity was 50% (GB/T 1040.1−2018). The test spline was
dumbbell type, and its size was L = 76 mm,W = 10 mm, and d =
1 mm.

3.4.3. SEM Analysis. The tensile fracture surfaces of the
specimens were examined using a scanning electron microscope
(SEM, S-4300, Hitachi) to analyze the relation between welding
strength and interfacial morphology. To study the phase
dispersion, the quenched specimen was fractured in liquid
nitrogen, and the fracture surface was observed using SEM.

3.4.4. Dispersed Phase in ISS Extraction. The blends of PP-
g-MAH/PA6 and PP−PA6 with a mass ratio of 70:30 were
dissolved in formic acid at room temperature for 120 h to
remove unreacted PA6. Then, the samples were washed with
fresh solvent and dried at 50 °C until a constant weight was
attained.

3.4.5. FTIR Analysis. The diluted components were prepared
for Fourier transform infrared (FTIR) measurement. The FTIR
spectra were recorded on a JascoMFT-2000 spectrophotometer
between 4000 and 600 cm−1, at a resolution of 4 cm−1, using
sample films.

3.4.6. XRD Analysis.Wide-angle X-ray spectra were recorded
with a D 500 diffractometer (Siemens) in step scan mode using
Ni-filtered Cu Kα radiation (0.1542 nm wavelength). Powder
samples were scanned in reflection, whereas the injection-
molded compounds were scanned in transmission in the interval
of 2θ = 2−10°. The interlayer spacing of the organoclay was
derived from the peak position (d001-reflection) in the X-ray

Table 1. Injection Molding Conditions for Welding
Specimens

PP PA6

injection melt temperature (°C) 200 240
mold temperature (°C) 40 80
injection speed (mm/s) 53 53
injection pressure (MPa) 23 23
cooling time (s) 30 30

Figure 3. (a) TG test of PP, PP-g-MAH, and PA6 and (b) TDA test of PP, PP-g-MAH, and PA6.
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diffraction (XRD) diffractograms according to the Bragg
equation.

4. RESULTS AND DISCUSSION
4.1. Thermal Performance Analysis. Figure 3a shows the

weight loss vs temperature curves of pure polypropylene (PP),
polyamide6 (PA6), and polypropylene-grafted maleic
anhydride(PP-g-MAH), which are heated up to 500 °C in air.
The inset shows the weight loss between 250 and 420 °C for PP
and PP-g-MAH with a minor difference. However, the weight
loss of PA6 started from 360 to 490 °C. The distinction of
degradation temperature windows between PP, PP-g-MAH, and
PA6 inevitably affects the fusion bonding between the two
materials. From Figure 3b, the DTA cures of three materials also
showed some degree of difference in melting points between PP,
PP-g-MAH, and PA6. Tm of PP and PP-g-MAHwas close to 170
°C, while Tm of PA6 was about 225 °C, which ensured a
reasonable processing window for PP and PA6. Compared with
PP, the molecular chain of PA6 contained large polar groups,
resulting in a rigid molecular chain and strong intermolecular
force. In addition, the molecular weight of PA6 was higher than
that of PP. Therefore, there was a certain difference in the
melting temperature of PA6 and PP from the DTA curve.
4.2. Mechanical Properties and Welding Properties of

Pure PP and PA6. As a result of the test carried out on the
Universal tester (Series3360), Figure 4 shows the curves of the
tensile strength and welding strength with strain for PP and PA6.
From Figure 4a, the mechanical performance for PP showed the
typical characteristics of ductile materials. The tensile strength of
PP attained was 32 MPa with 210% strain. Moreover, the
welding strength of PP approached 24 MPa, about 75% tensile
strength of PP. Meanwhile, the stress−strain curve of
polyamide6 showed the typical brittle material characteristics
(Figure 4b). The tensile strength of PA6 was about 64MPa. The
welding strength of PA6 was close to 50 MPa, about 78% of the
tensile strength of PA6.
4.3. Weldability between PP and PA6. From previous

statements, to realize the fusion boding possibility for PP and
PA6, we introduced the ISS. According to the interfacial
compatibilization mechanism, the PP-g-MAH and PP were
blended with PA6 with a mass ratio of 70:30 to prepare the
ISS1(PP−PA6) and ISS2(PP-g-MAH/PA6).
Under the same welding process parameters (welding load,

6N and welding time 5S), the ISS1 and ISS2 were introduced for
the welding of PP and PA6. Then, after the tensile test, the
welding curve for PP−PA6 is obtained, as shown in Figure 5.
The welding strength of PP−PA6 by ISS1 was only 2.4 MPa,

which almost indicated welding failure between PP and PA6. But
the welding strength of PP−PA6 by ISS2 reached 22.2 MPa,
almost 10 times higher than the welding strength of PP−PA6 by
ISS1. Moreover, this value was about 84% welding strength for
the PP body, 63% tensile strength for PP, which showed that the
ISS2 by interfacial compatibilization successfully achieved
fusion bonding between PP and PA6 under ultrasonic welding.
Furthermore, we analyzed the fracture morphologies using

SEM. From Figure 6a,b, the fracture surface on both the PP and
PA6 sides showed rough, irregular morphologies. Amazingly,
there were some areas unwelded on the PA6 side, which is
demonstrated in Figure 6c. Compared with the fracture surface
for PP/ISS1/PA6, Figure 6d,e shows perfect welding fracture
surfaces.
Whether the PP side or the PA6 side, the morphologies were

smooth and uniform, which showed typical homogeneity at a
five-micron scale (Figure 6f). Therefore, the weldability of PP
and PA6 may depend on the properties of ISS, such as
components in ISS, affinity with workpieces on both sides, and
interfacial adhesion of molecular chains.

4.4. Tensile Properties and Morphologies of ISS1 and
ISS2. The large discrepancy in welding strength for these two
welding specimens might be due to the plasticity and dissimilar
molecular chain interfacial tension and thickness of PP−PA6
and PP-g-MAH/PA6 blends.
To illustrate this phenomenon, Figure 7 shows the tensile

properties and morphologies of ISS1 and ISS2. The tensile

Figure 4. Tensile and welding strength curves of (a) PP and (b) PA6.

Figure 5.Welding strength of PP−PA6 by ISS1 and ISS2 (ISS1: blends
of PP and PA6 at 70:30; ISS2: blends of PP-g-MAH and PA6 at 70:30).
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Figure 6. Scanning electron micrographs of the welding fracture surface for PP/ISS/PA6 welding joints. (a) PP side on the ISS1, (b) and (c) PA6 side
on the ISS1, (d) PP side on the ISS2, and (e) and (f) PA6 side on the ISS2.

Figure 7. Tensile properties and morphologies of interlayer solder sheet (ISS): (a) tensile properties of ISS1 and ISS2; (b) morphologies of ISS1:
blend of PP and PA6; and (c) morphologies of ISS2: blend of PP-g-MAH and PA6.
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strength of the two blends was higher than 30 MPa. The
toughness of PP-g-MAH/PA6 blends was significantly improved
(Figure 7a), which could provide plasticity to dissipate
ultrasonic energy, and conducive to the conversion of ultrasonic
energy into molecular chain energy during welding.
The dispersed particles debonded with the matrix, and

individual PA6 particles appeared. ISS1 showed a typical sea−
island structure (PP−PA6 blends with 70:30), suggesting weak
interfacial adhesion (Figure 7b).
In contrast, it was difficult to distinguish individual particles in

the 70:30 PP-MAH/PA6 (ISS2) blend system. There was
almost no phase separation between PP-g-MAH and PA6. This
might suggest stronger adhesion between PP-g-MAH and PA6
due to the formation of block copolymers at the interface
(Figure 7c). The strong interfacial adhesion was sufficient for
plastic deformation, which resulted in substantially improving
energy dissipation. Therefore, the ISS2 could dissipate energy
into the friction heat of molecular chains much easier than ISS1
during the ultrasonic welding between PP and PA6. Thus, the
interfacial diffusion and molecular bridge between the two weld
interfaces could be established. This might be the potential
reason for the specimen welded by ISS2 obtaining a higher
welding strength compared with the specimen welded by ISS1.
4.5. Characterization of the PP-g-PA6 Copolymer. In

general, a reactive compatibilizer can produce a graft or block
copolymer that contains segments miscible or compatible with
both components in the blend. For the PP-g-MAH/PA6 blend,
the succinic anhydride groups on PP-g-MAH were able to react
with the PA6 amine terminal groups to form a PP-g-PA6
copolymer during melt processing. Figure 8a predicts the
chemical reaction principle between PP-g-MAH and PP. To
clarify this predicted reaction, the PA6 domains were removed
by formic acid. Figure 8b shows the FTIR spectra of (1) ISS1
with the extraction of PA6 and (2) ISS2 extraction with PA6.
From the spectra b1, only the information of the PP molecules

was obtained, which indicated no chemical bonding reaction
between PP and PA6. However, spectra b2 exhibited
absorbances at 1640 and 1730 cm−1, which were attributed to
vibrations of the PA6 carbonyl group and carbonyl amide
linkage, respectively. This indicated that the PP-g-PA6
copolymer was formed at the interface.
Moreover, Figure 8c shows the XRD spectra of (1) pure PA6,

(2) ISS1 with the extraction of PA6, and (3) ISS2 with the
extraction of PA6. Figure 8c3 shows a still small PA6 diffraction
peal, whereas no information on PA6was obtained (Figure 8c2).
This might result from the fractionated crystallization of PA6 in
the PP-g-PA6 copolymer. As the PP-g-PA6 copolymer was
believed to act as the emulsifier to attain the size reduction to a
sub-micrometer level, it provided a finer dispersion morphology
and increased the adhesive strength between the two phases.
Therefore, during the ultrasonic welding, these copolymers in
the ISS2 could increase the mobility of the molecules to the
interface (plastic effect) and promote the fusion bonding
formation at both PP and PA6 sides.

4.6. Fusion Bonding for PP−PA6 under Different ISS
Components. PP-g-PA6 could promote wetting at the
interface and increase molecular mobility. Therefore, we needed
to analyze the welding performance of PP−PA6 under different
ISS components (Figure 9). From the curve of welding strength
with different PP-g-MAH contents, the better values with PP-g-
MAH contents varied from 30 to 70%.When the contents of one
phase in ISS2 were too low (PP-g-MAH content: 10% or PA6
content: 10%), the welding strength dramatically decreased,
which might be relative to the healing process during ultrasonic
welding. Before welding, the surface morphologies of PP and
PA6 specimens were relatively flat, with a certain roughness
(Figure 10a,b). When PP-g-MAH or PA6 contents were too low,
the fracture surfaces were uneven and rough and even showed
unbonded parts. This was due to a lack of PP-g-PA6, the poor
interface of PP/ISS2 or PA6/ISS2 wetting, and the interdiffu-

Figure 8. (a) Chemical reaction principle and (b) infrared spectra analysis for the ISS: (1) ISS1 with the extraction of PA6 and (2) ISS2 with the
extraction of PA6. (c) XRD analysis for the ISS: (1) pure PA6, (2) ISS1 with the extraction of PA6, and (3) ISS2 with the extraction of PA6.
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sion obstacle of the molecular chain, resulting in a nonideal state
of the healing process. However, when the PP-g-MAH content
was 50%, the fracture surfaces were smoother and showed better
integrity (Figure 10e,f). The ISS2 fully bonded with the PP side
or the PA6 side. Excellent welding strength and perfect welding
cross section proved that PP/ISS2 and PA6/ISS2 interfaces
were well cured.
4.7. Fusion Bonding Model for PP−PA6 Interfaces.

Wool first proposed the healing mechanism of a polymer−
polymer interface.49 There were five sequential stages:50 (1)
surface−rear arrangement, (2) surface approach, (3) wetting,
(4) diffusion, and (5) solidification. For similar polymer
bonding, molecular chains were easier to wet and diffuse.
Therefore, the two distinct interfaces could be diffused across

each other, followed by autohesion and consolidation. However,
when bonding an incompatible polymer interface, it became
difficult. To resolve these problems, the compatibilizers play a
key role. Simmon51 indicated that designing sequence-specific
copolymer compatibilizers, which have been employed to
enhance material properties in settings ranging from emulsions
to polymer blends, could improve the stability of an interface.
According to FTIR and DSC curves, the PP-g-PA6 copolymer

was formed in the blends of ISS2. The two distinct interfaces of
PP/ISS2 and ISS2/PA6 still existed before ultrasonic welding
(Figure 11a). At the initial stage of ultrasonic application, PP-g-
PA6 played the role of an emulsifier composed of distinct repeat
units with preferential orientation and affinity for each of the two
incompatible phases (PP and PA6) (Figure 11b). With the
conversion of ultrasonic energy into frictional heat, the polar
PA6 and nonpolar PP molecular chain migrate to the PP and
PA6 welding interface, respectively, and produce wetting and
interdiffusion under the promotion of ultrasonic energy.
Meanwhile, the PP-g-PA6 copolymer as a bridge connected
each other (Figure 11c). In this way, the potential barriers
associated with inhomogeneities at the interface disappeared.
The two molecular chains were free to move across the two
interfaces. Then, after solidification, the two incompatible
workpieces could be fusion-bonded. Thus, a molecular chain
bridge was formed, and quick autoadhesion of the two interfaces
for PP/ISS2 and PA6/ISS2 could be performed.

Figure 9. Welding performance of ISS with different PP-g-MAH
contents on PP-PA.

Figure 10.Morphologies of welding section with different ISS2 compositions. (a) PP before weld; (b) PA6 before weld; (c) PP side, ISS2 with 10%
PP-g-MAH; (d) PA6 side, ISS2 with 10% PP-g-MAH; (e) PP side, ISS2 with 50% PP-g-MAH; (f) PA6 side, ISS2 with 50% PP-g-MAH; (g) PP side,
ISS2 with 90% PP-g-MAH; and (h) PA6 side, ISS2 with 90% PP-g-MAH.
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5. CONCLUSIONS
Our study on the fusion bonding possibility for incompatible
polymers by USW showed the following.

(1) The incompatible polymers polypropylene (PP) and
polyamide6 (PA6) could be successfully welded by the
ultrasonic welding method, through the introduction of
an ISS and interfacial modification.

(2) The welding strength of PP−PA6 by ISS2 reached 22.3
MPa, about 84% welding strength for the PP body and
63% tensile strength for PP.

(3) The PP-g-PA6 copolymer played the role of an emulsifier
to enhance the interfacial adhesion between PP and PA6
in two phases, leading to a micron-scale homogenous
structure in ISS2.

(4) The fusion bonding model for PP−PA6 interfaces was
proposed. The copolymer PP-g-PA6 acted as a bridge
between PP and PA6 molecular chains in ISS2. Under
ultrasonic welding, the PP and PA6molecular chains were
free tomove across the two interfaces (PP/ISS2 and PA6/
ISS2), promoting the formation of a better welding
interface after solidification.
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PP polypropylene
PA6 polyamide6
ISS interlayer solder sheet
PP-g-MAH maleic anhydride-functionalized polypropylene
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FSW friction stir welding
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PEEK polyether ether ketone
ABS acrylonitrile-butadiene-styrene copolymer

Figure 11. Healing of PP−PA6 interfaces showing (a) two distinct interfaces, (b) achievement of intimate contact, and (c) collapse of the interface
through interdiffusion.
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PA66 polyamide66
PLA polylactic acid
POM polyformaldehyde
PMMA poly(methyl methacrylate)
EE emulsion-in-emulsion
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