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used in food, medicine, and electronic 
packaging, and metal-polymer joints as 
used in automotive and aerospace engi-
neering where moisture adsorption at 
the interface plays an important role in 
the long-term joint performance.[3,4] This 
is because the flat-on lamellar structures 
help to significantly reduce the diffusion 
rate of small molecules, e.g., oxygen and 
moisture, due to their unique structure, 
with tightly packed polymer chains ori-
ented perpendicular to the substrate.

The formation of the flat-on lamellar 
crystalline structures is currently 
understood as the result of confined 
crystallization.[5] Two types of confined 
crystallization have been reported. The first 
type has been found when microphase-sep-
aration occurs, e.g., in block copolymers or 
polymer blends. When the crystallization 

temperature (Tc) of each component is different, the component 
with a higher Tc crystallizes first and forms a nano- or micro-
scale confinement for the other polymer. Thus, the component 
with a lower Tc crystalizes under confinement.[6] The second 
type of confined crystallization has been found in ultrathin films 
from dilute polymer solutions or polymer melts.[7] This lamellar 
crystalline structure has been found in various crystalline poly-
mers, such as poly(vinylidene fluoride), poly(ethylene oxide), 
poly(3-hydroxybutyrate), and poly(l-lactide).[8] Although the crys-
tallization mechanisms for the formation of these lamellar crys-
talline structures, e.g., regarding growth orientation, are still not 
well understood, the nanoscale confinement (with an order of 
few tens of nanometers) is considered as the key for the forma-
tion of these lamellar crystalline structures.

In our previous paper, on the influence of the polymer inter-
phase structure on the adhesion between a semicrystalline 
thermoplastic and a metal, we showed that a lamellar structure 
can be found at the polymer-metal interphase.[9] The forma-
tion of the lamellar structure has a significant influence on the 
fracture behavior of the metal-thermoplastic interface, which 
is crucial in, for example, the release of thermoplastics from 
mold surfaces. These results indicate that a lamellar crystalline 
structure may form without the aforementioned nanoscale con-
finement. In this paper, the lamellar crystalline structure at the 
polymer interphase is further studied for various semicrystal-
line thermoplastics and different substrate materials. The role 
of surface physical properties of the substrate on the forma-
tion of this lamellar structure is also studied by using a silicon 
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In semicrystalline polymers, chains can tightly pack and fold 
back and forth into crystalline lamellae. This lamella is the 
fundamental structure of 3D larger scale assemblies, such 
as sheaves and spherulites.[1] Under the right conditions, a 
lamellar crystal can form, with chains perpendicular to the sub-
strate (flat-on lamella), as shown in Figure 1.[2]

The flat-on lamellar structure is crucial for many engineering 
applications of polymers, such as gas-barrier polymer films as 
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wafer and a graphene-coated surface. A hypothesis is proposed 
to explain the formation of the lamellar structure by taking 
into account the role of surface physicochemical properties 
including surface chemical composition and lattice parameters. 
These results help the fundamental understanding of the for-
mation of lamellar structures and may give a guide to the devel-
opment of a new methodology to prepare such 2D structures.

Experimental Section

Materials: Four different polymers are studied in this work, 
namely

• Poly(ether ketone ketone) (PEKK) known as Kepstan 8000, 
from Arkema in the form of film.

• Poly(ether ether ketone) (PEEK), known as Victrex 150P, 
from Victrex in the form of powder.

• Poly(phenylene sulfide) (PPS), known as Fortron 0214, from 
Celanese in the form of film.

• Polyamide 6 (PA-6), known as AM306300 as bought from 
Goodfellow in the form of powder.

• Besides the polymers, the following substrates were 
considered:

• AISI 430 stainless steel sheets as supplied by Metaalketen.
• A graphene-coated silicon wafer was purchased from Gra-

phene Supermarket.
• Highly ordered pyrolytic graphite (HOPG) was obtained 

from Sigma-Aldrich.
• A (100) Silicon wafer with a native oxide layer of about 2 nm 

obtained from Sil’Tronix Silicon Technologies.

Characterization and Sample Preparation—Characterization: 
The atomic force microscopy (AFM) morphology characteriza-
tion is performed using a Park XE-100 AFM from Park Systems 
using an ACTA AFM probe purchased from AppNano. The 
spring constant of the probe is 26 N m−1 determined using the 
thermal noise method.[10]

A Sensofar S Neox confocal microscopy is used for all the 
optical microscopy characterizations. A ZEISS MERLIN scan-
ning electron microscope (SEM) was used to characterize the 
surface morphology of the crystalized PEKK surface and the 
cross-section of the PEKK film. All the SEM characterizations 
are operated at 1 kV.

A THMS600 hot-stage, purchased from Linkam Scientific 
Instruments, is used in conjunction with a VHX-6000 polarized 
light digital microscope from KEYENCE Corporation, to charac-
terize the crystal growth at the contact with a graphene-coated 
surface.

Characterization and Sample Preparation—Sample Preparation: 
Polymer Residual on the Substrate: Sample preparation involves the 
following steps. First, a thermoplastic film is sandwiched between 
two substrates, e.g., two stainless steel sheets. Subsequently, the 
samples are placed in an oven, melted for 5 min (380 °C for PEKK 
and PEEK, 320 °C for PPS, and 250 °C for PA-6), and then natu-
rally cooled down to room temperature at a rate of ≈0.5 °C min−1. 
Then, the sandwich is mechanically opened to provide the two 
substrates partially covered with residual polymer. A detailed 
description of the separation procedure can be found in our pre-
vious paper.[9] Due to its brittleness, a slightly different procedure 
was followed for the silicon wafer. Here, a steel-PEKK-Si sand-
wich is first prepared. To open the sandwich, another stainless 
steel plate is then adhesively bonded on the backside of the sil-
icon wafer, after which it can be opened. Despite the precautions, 
the silicon wafer still breaks during the debonding because of the 
strong adhesion force between the PEKK and the silicon surface. 
The preparation of the sample with PEKK residual on a silicon 
wafer is schematically shown in Figure 2.

Characterization and Sample Preparation—Sample Prepara-
tion: Crystalline (Spherulitic) Substrates: To prepare the crystal-
lized PEKK and PA-6 samples, used to characterize the lamellar 
crystal thickness in a spherulite by means of AFM, a 1  cm x 
1  cm thermoplastic film with a thickness of 50  µm is placed 
on a stainless steel substrate in a vacuum oven. After melting 
(380 °C for PEKK and 250 °C for PA-6) for 5 min, the film is 
cooled down and crystallized at a rate of 0.5 °C min−1 inside the 
vacuum oven.

Figure 1. Schematic drawing of the flat-on lamella.

Figure 2. Schematic drawing of the preparation of the sample with PEKK residual on a silicon wafer.
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Characterization and Sample Preparation—Sample Prepara-
tion: PEKK Films for SEM Characterization: Two PEKK films 
were prepared for SEM characterization
• A 1  cm x 1  cm PEKK film with a thickness of 50  µm was 

placed on a stainless steel substrate inside an oven. The 
other side was exposed to air. After melting at 380  °C  for 
5 min, the film and substrate were cooled down at the rate 
of 0.5 °C min−1; the thermal treatment was the same as used 
to prepare the steel—PEKK—steel sandwich. Afterward, the 
stainless steel was chemically etched away using a 250  mL 
H2SO4 solution (4  mol  L−1 H2SO4 solution, 98.0 wt% Sul-
furic acid purchased from Sigma-Aldrich). Subsequently, the 
PEKK film was bent until it breaks using two tweezers to 
obtain information on the crystalline structure in the cross-
section using microscopy.

• A 1  cm x 1  cm PEKK film with a thickness of 50  µm was 
placed on the graphene-coated silicon wafer surface. The 
thermal treatment of the sample was the same as the first 
sample. After cooling, the PEKK film was released from the 
graphene-coated surface using a tweezer. Again, the PEKK 
film was bent until it breaks to allow microscopy on the 
cross-section to study the crystalline structure.

Characterization and Sample Preparation—Sample Prepara-
tion: Hot-Stage Polarized Light Microscopy Characterization: 
The surface of a piece of graphite flake, mechanically exfoli-
ated from the highly oriented pyrolytic graphite (HOPG) using 
scotch tape, was used to represent a graphene-coated sur-
face. As schematically shown in Figure  3, the graphite flake 
composed of multilayer graphene is folded and then used in 
hot-stage experiments. During the experiments, the folded 
graphite flake and the thermoplastic film were put on top of 
a transparent glass plate. Next, the sample was heated up to 
400  °C at a rate of 40  °C  min−1. After annealing for 5  min to 
remove all the PEKK crystals, the system cools down to 315 °C 
at a rate of 20  °C  min−1. Polarized light microscopy was then 
used to study the formation of the crystalline structure.

The height morphology of the thermoplastic residual layer 
on the stainless steel substrates, after the opening of the sand-
wich joint, is shown in Figure 4. Four types of thermoplastics 
including PEKK, PEEK, PPS, and PA-6 were used. (PEKK on 
stainless steel has been published in our previous paper and 
is not included here).[9] The first column shows the obtained 
results for PPS. Figure 4a shows the optical image of the PPS 
residual on the stainless steel surface. The polymer layer is 

recognized on the substrate and can be distinguished by the 
difference in brightness. Figure  4b shows the height mor-
phology of the area marked by the red square in Figure  4a as 
characterized using AFM. The height profile along the dashed 
line in Figure  4b is shown in Figure  4c. The height peaks at 
the beginning and end of the scanned lines are probably due 
to the pulling force applied to the film during the separation of 
the metal-thermoplastic joint. The thickness of the PPS residual 
film is about 30 nm. The characterization of the polymer film 
structure of PEEK and PA-6, including the optical images and 
AFM height characterizations, are shown in Figure  4d–f,g–i,  
respectively. The thickness of the PEEK and PA-6 lamella is 
characterized as 20 and 40 nm, respectively. The thickness of the 
PEKK layer is characterized as 20 nm as published in our ear-
lier work.[9] The results in Figure 4 show that when semicrystal-
line thermoplastics are melted and crystallized in contact with a 
stainless steel surface, a polymer layer structure is formed at the 
interface with the substrate. This polymer layer structure has a 
uniform thickness which varies between different types of ther-
moplastics. Results in our previous paper show that the forma-
tion of this layer structure influences the fracture behavior of 
the polymer-stainless steel interface. The bond strength between 
the polymer layer and the stainless steel substrate is stronger 
than the bond strength between the polymer layer and the bulk 
polymer.[9] Thus, fracture occurs at the interface between the 
polymer layer and the bulk polymer during the opening of the 
stainless steel-thermoplastic joint, hence, leaving a polymer res-
idue on the substrate. Next, two characterization approaches as 
detailed in part 3.2 and 3.3 are used to make plausible that these 
polymer residual layers are, in fact, flat-on lamellar crystals.

As a first step in our approach to make plausible that these 
polymer residual layers are flat-on lamellar crystals, the thick-
ness of the polymer residual layers is compared with the 
thickness of the lamellar crystals formed in spherulites.[11,13] A 
spherulite is composed of an assembly of many lamellar crys-
tals as schematically shown in Figure  5a.[11,12] The surface of 
a spherulite is occupied by lamellar crystal regions and amor-
phous regions. Figure 5b shows the height morphology of the 
PA-6 surface from which the spherulites can be recognized. It 
is good to stress here that the sample was prepared using the 
same thermal treatment as the sample shown in Figure  4g. 
Figure  5c shows the high-resolution scan of the area marked 
in the red square in Figure 5b. Lamellar crystals are recognized 
with a thickness of 40  nm. This thickness is the same as the 
PA-6 residual layer as shown in Figure 4g–i.

Figure 3. Schematic drawing of using folded graphite flake in the polarized light hot-stage microscopy.
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Figure  5d shows the height morphology of the PEKK sur-
face, characterized using AFM. Again, the sample was prepared 
using the same thermal treatment as the sandwich specimens  

discussed in the previous section. Also here, the PEKK spheru-
lites are recognized on the surface. Figure 5e shows the high-res-
olution scan of the area marked in the red square in Figure 5b. 

Figure 4. Optical images of the PPS a), PEEK d), and PA-6 g) residual on the stainless steel substrate. AFM height image of the PPS b), PEEK  
e), and PA-6 h) structure of the areas marked as the red square in a), d), and g), respectively. c), f), and i) show height profiles along the dark line in  
b), e), and h), respectively.

Figure 5. a) Schematic drawing of a spherulite.[11,12] b) AFM height morphology of the crystalized PA-6 surface wherein spherulites are recognized.  
c) High-resolution AFM height morphology of the area marked as the red square in b). d) AFM height morphology of the crystalized PEKK surface where 
spherulites are recognized. e) High-resolution AFM height morphology of the area marked as the red square in d). f) High-resolution SEM image of 
the crystalized PEKK surface. g) AFM phase image corresponding to subfigure e).
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The AFM phase image corresponding to Figure 5e is shown in 
Figure  5g. In an AFM phase image, the phase shift measured 
is proportional to the stiffness of the materials.[14] The PEKK 
lamellar crystalline regions and amorphous regions are recog-
nized in the AFM phase image in Figure 5g. The thickness of 
the PEKK lamellar crystal is characterized as 20 nm. The PEKK 
spherulite surface was also characterized using the high-resolu-
tion SEM as shown in Figure 5f. The PEKK lamellar crystals can 
be distinguished and the thickness of the PEKK lamellar crystal 
is characterized as 20  nm. The thickness of a PEKK lamellar 
crystal as found in the PEKK spherulite is the same as the 
PEKK residual layer on the stainless steel surface. Though the 
lamellar thickness for a specific polymer varies depends on the 
processing conditions, the order of magnitude is the same.[15] It 
is concluded that the thermoplastics residual layer on a stainless 
steel substrate has the same thickness as lamellar crystals found 
in the thermoplastics spherulites. These results are consistent 
with the assumption that the layer as shown in Figure 4 consists 
out of the flat-on lamellar crystals with chains perpendicular to 
the substrate. In the next section, more evidence is gathered by 
examining multiple areas of the PEKK residual layer.

To further analyze the layer thickness for PEKK, an atomically 
smooth silicon wafer was used as a substrate. This allows accu-
rate determination of the thickness of the polymer residual layer. 
Figure 6a shows the height morphology of the PEKK residual layer 

found on the silicon wafer characterized using AFM, while the 
height profile along the red line in Figure 6a is shown in Figure 6d. 
A uniform PEKK lamellar layer with a thickness of 20 nm is rec-
ognized, which is similar to the layer thickness observed for PEKK 
in contact with steel and similar to the PEKK lamellar crystal 
thickness. Figure 6b shows the height of the PEKK residual layer 
found in a different area. Here, a uniform PEKK lamellar layer 
with a thickness of about 40 nm is recognized, which is equal to 
twice the layer thickness observed for a PEKK lamellar crystal.  
Figures  6c shows the height morphology of the PEKK residual 
layer found on yet another location. A uniform PEKK lamellar 
layer with a thickness of about 60 nm is recognized, which is equal 
to three times the layer thickness observed for a PEKK lamellar 
crystal. The formation of uniform PEKK residual layers with the 
thickness of one, two, and three times the PEKK lamellar crystal 
thickness indicates that lamellar crystals form at the contact with 
the stainless steel and a silicon wafer surface.

The results, as shown in Figures  4–6, demonstrated that 
the flat-on thermoplastic lamellar crystals with chains per-
pendicular to the substrate form when molten thermoplastics 
crystallize in contact with both the stainless steel surface and 
the silicon wafer surface. The lamellar layer remained on these 
substrates after a brittle fracture with the main body of the 
polymer. As such, the formation of these flat-on lamellar crys-
tals occurs without the presence of the nanoscale confinement. 

Figure 6. a) AFM height image of the PEKK residual layer on the silicon wafer surface. b) AFM height image of the PEKK residue layer on the silicon 
wafer surface in another area. c) AFM height image of the PEKK residue layer on the silicon wafer surface in a third area. d), e), and f) show height 
profiles along the red lines in a), b), and c), respectively.
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We hypothesize that this structure forms due to crystallization 
at the contact with the solid substrate surface. To further study 
the role of surface physicochemical properties on the formation 
of such a lamellar crystalline structure, graphite (graphene-
coated) surface is further used as the substrate.

The crystalline structure at the contact with the graphite sur-
face was studied for the different thermoplastics (PEKK and 
PA-6) using hot-stage polarized light microscopy. Figure  7a,b 
shows the formation of PA-6 and PEKK trans-crystalline struc-
tures at the contact with a graphite surface. Different from 
the flat-on lamellar crystals formed at the contact with stain-
less steel and Si surface, a trans-crystalline structure with 
crystal growth orientation perpendicular to the substrate was 
recognized (polymer chains are parallel to the substrate). The 
growths of crystals normal to the fiber surface is caused by a 
high nucleation density of polymers at the contact with the sub-
strate surface, e.g., a carbon fiber.[16] A schematic drawing of the 
trans-crystalline structure is shown in Figure  7c.[16] Moreover, 
when a trans-crystalline structure forms at the polymer inter-
phase, the thermoplastic film easily releases from the substrate 
which has been studied in our previous paper.[9]

Figure  8a shows the fracture surface of a PEKK film after 
release from a graphene-coated silicon wafer surface. The top 
bright part is the surface formed at the contact with graphene 
and the dark part is the cross-section of the film. A neat frac-
ture surface is recognized, with a trans-crystalline structure, for 
the side which was in contact with the graphene. The fracture 
surface of a PEKK film formed at the contact with the stainless 
steel surface was also prepared after the stainless steel substrate 

was chemically etched away (more details can be found in the 
Experimental Section). The fracture surface of the polymer 
film with flat-on lamellar crystals on the surface is shown in 
Figure  8b,c. More deformation was recognized on the surface 
due to the presence of this lamellar crystal structure. The dif-
ferent fracture behavior of these two thermoplastic films is 
consistent with our argument that they have different polymer 
interphase structures.

All samples were prepared under the same thermal treat-
ment and no efforts were taken to confine crystallization. Com-
paring all polymer/substrate combinations, the formation of a 
flat-on lamellar crystal with chains perpendicular to the sub-
strate is probably due to the surface physicochemical properties 
of the substrates. Based on these results, a hypothesis is pro-
posed using heterogeneous crystallization theories to further 
explain the formation mechanism of a lamellar crystal without 
the nanoscale confinement.
Figure  9 shows a schematic drawing of the formation of 

trans-crystalline (Figure  9a,b) and flat-on crystalline structures 
(Figure  9c) formed at the contact with the substrates. During 
the cooling of the thermoplastic melts, the polymer molecules 
fold back and forth to minimize the free energy. During crys-
tallization, the total free energy of the system including both 
the polymer crystal and polymer-substrate interface needs to 
be minimized.[17] For a specific polymer, the free energy at the 
polymer-substrate interface is determined by the chemical com-
position of the substrate and atomic lattice matching between 
the polymer crystal and the substrate.[18] These surface phys-
icochemical properties vary with different substrates.[19] For 

Figure 8. a) HR-SEM image of the surface and fracture surface morphology of a PEKK film with a trans-crystalline structure at the top surface.  
b) HR-SEM image of the surface and fracture surface morphology of a PEKK film with a lamellar crystalline structure at the top surface. c) High-
resolution image of the area marked with a white square in b).

Figure 7. PA-6 a) and PEKK b) crystallized at the contact with a graphite surface characterized using hot-stage polarized light microscopy. c) Schematic 
drawing of the trans-crystalline structure formed at the contact with a graphite surface.
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graphite or graphene-coated surfaces, the surface is composed 
of carbon atoms with high lattice periodicity (a hexagonal honey-
comb lattice, with a bond length of 0.142 nm) as schematically 
shown in Figure 8a.[20] Due to the high lattice matching between 
the polymer chains (CC bond length of 0.154  nm and CC 
bond length of 0.134  nm) and the substrate, the graphite sur-
face has a high nucleating ability.[21] For the stainless steel and 
silicon wafer surface with a native oxidized layer, the surface has 
an amorphous structure composed of Fe, Cr, and oxygen or Si 
and oxygen atoms as schematically shown in Figure 8b,c (FeO 
bond length of 0.215 nm, CrO bond length of 0.209 nm and 
0.193 nm, and SiO bond length of 0.165 nm).[22] A hypothesis is 
proposed to explain the formation of the flat-on lamellar crystal 
at the contact with a stainless steel surface or a silicon wafer sur-
face. Figure 9b,c shows the schematic drawing of a trans-crystal 
and a flat-on lamellar crystal in contact with an amorphous sub-
strate structure. For an amorphous substrate surface, because 
of the mismatching of the atomic lattice between polymer 
chains and the substrate surface, the free energy at the inter-
face between the trans-crystal and the substrate is high. Thus, 
the trans-crystal will not form on an amorphous surface. For a 
flat-on lamellar crystal, because of the optimization of the chain 
packaging geometry at the polymer and substrate interface as 
shown in Figure 8c, the free energy at the interface can be fur-
ther minimized. Thus, a flat-on lamellar crystal forms at the 
contact with an amorphous surface.

The formation of the flat-on lamellar crystals of various sem-
icrystalline polymers on stainless steel and silicon wafer sur-
face is reported. These results indicate that the flat-on lamellar 
crystals form without the presence of a nanoscale confinement. 
It is demonstrated that the surface physicochemical proper-
ties of the substrates also play an important role in the forma-
tion of such flat-on lamellar crystals. A hypothesis is proposed 
to explain the formation of the flat-on lamellar crystals based 
on the lattice matching between polymer crystals and the sub-
strate. Our results are crucial for a fundamental understanding 
of the formation of lamellar crystals and may give a guide to the 
development of new approaches to purposely create or avoid 
such structures.
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