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Abstract: Polymer-coated steel (PCS) is a new type of metal packaging material under development,
which has better performance in saving resources, energy, and environmental protection. The
lamination process has an important influence on the bonding quality of the PCS interface. PCS
samples under different lamination temperatures and lamination speeds were prepared through
experiments. A binding rate is defined to represent the real bonding area of the PCS interface.
The micro-scratch tester and scanner are used to study the influence of the lamination process on
the bonding rate and bonding strength of the PCS interface. It is proposed that the bonding rate
and bonding strength of the PCS interface increases with the increase of lamination temperature
and increases with the decrease of lamination speed. The PCS interface bonding rate and bonding
strength are positively correlated. SEM and DSC experiments revealed the cause of bubbles on the
PCS surface. It is proposed that controlling the uniformity of the TFS surface temperature can reduce
the quality defects of PCS surface bubbles. Relevant research results bring guiding significance for
the formation of enterprises.

Keywords: polymer-coated steel; lamination process; interface defect; lamination quality; binding
rate; bonding strength

1. Introduction

With the gradual development of the metal packaging industry in the direction of
green, energy saving, and environmental protection, more and more attention has been
paid to the surface-coating technology of metal products. Polymer-coated steel (PCS), a
new type of metal and non-metal layered composite strip, is mainly used in the metal
packaging industry. It can replace tin plate to reduce the consumption of tin resources and
increase the corrosion resistance and aesthetics of the product. At present, PCS products
have been widely used in Japan, Europe and the United States. The mass popularization of
PCS products is bound to be the future development trend [1-4].

PCS is prepared by roll-pressing and the hot-fusion coating process. Through a series
of physical and chemical reactions such as continuous contact temperature rise, surface
melting, roll bonding, hydrogen bonding, cooling and solidification, etc., the two different
materials of steel and plastic are firmly bonded at the interface. The material distribution
of PCS along the thickness direction is plastic, hydrated chromium oxide layer, metallic
chromium layer and ordinary steel plate [5-8].

Since the PCS material was born in Japan in the 1990s, it has a development history of
about 30 years. At present, the research on PCS materials in the world mainly focuses on the
PCS coating process [9-11], coating quality characterization [12-14], heat transfer during
the coating process [15], PCS heat treatment [16,17], PCS application [18,19], film surface
modification [20-22] and so on. Komai [23] used cathodic electrolysis to prepare tin-free
steel (TFS) with water and oxidation layers on the surface. The peeling experiment indicates
that the presence of a hydrated chromium oxide layer on the substrate surface can increase
the adhesion of the PCS interface. Suzuki [24] studied the wet adhesion characteristics of
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polymer films through cooking experiments on PCS samples and proposed two effective
methods to improve interfacial adhesion: chrome-plating the steel plate and increasing the
film temperature, thereby increasing the thickness of the amorphous polymer film layer.
This supplements the previous results. Cho [10,11] studied the influence of the coating
temperature on the thickness of the polymer crystalline layer and pointed out that as the
coating temperature increases, the thickness of the amorphous layer of the polymer film
increases, which improves the interface bonding strength. It can be seen that the thickness
of the melting layer of the polymer film during the pretreatment of the substrate surface
and the coating process is an effective method to improve the bonding strength of the PCS
interface. Regarding the surface treatment of substrates, most studies in the world are
related to the interaction between the hydrated chromium oxide layer on the surface of TFS
and the interface bonding, and the effect of the surface micro-morphology of TFS on the
interface bonding is rarely mentioned. At the same time, to propose a set of indicators to
accurately evaluate the quality of PCS coatings is a unified goal that has not been reached
by various experts in the world.

In addition, there is still a lot of research on the mechanism that restricts the high-
speed coating of metal plates in the field of PCS manufacturing process. Increasing the
speed of PCS coating can increase the production efficiency of enterprises and reduce the
production cost of PCS to a certain extent. In addition, experimental and theoretical studies
are required for the influence of the surface morphology of the substrate chrome plate
on the bonding quality of the PCS interface and the experimental basis for the hydrogen
bonding of the PCS micro-interface.

From the perspective of the bonding quality of the PCS interface, this paper proposes
an index that characterizes the true bonding area of the PCS interface—the bonding rate.
Through the preparation of coated iron samples, the detection of the interfacial bonding
rate and interfacial bonding strength as well as the influence of the rolling coating process
parameters on the quality of PCS interfacial bonding were studied. The interface bonding
rate index is defined to characterize the bonding quality of the PCS interface. The scratch
experiment explained the failure mechanism of the coated iron interface. Through the
differential scanning calorimetry test, the reason for the bubbles on the surface of the PCS
sample was studied because the surface temperature of the chrome-plated plate of the
base material was not uniformly controlled, and the melting thickness of the polymer film
was not uniform during the coating process. It solves the problem of film quality in PCS
production and brings certain production benefits to the production of enterprises.

2. Experiment
2.1. Materials

In the lamination experiment, tin-free steel (TFS) and polyethylene terephthalate (PET)
film were selected as raw materials. The laminated substrate TFS came from Shanghai
Yigang Storage Co., Ltd (Yigang Storage Co., Ltd, Shanghai, China). The cladding PET
film came from Shanghai Baowu Steel Co., Ltd (Shanghai Baowu Steel Co., Ltd, Shanghai,
China). The TFS material has a three-layer structure in the thickness direction, which are
strip steel, a metallic chromium layer, and a hydrated chromium oxide layer [6,7,25], as
shown in Figure 1. The thickness of the hydrated chromium oxide is 135 mg/m?. The
total thickness of the TFS is approximately 0.18 mm. The total thickness of the PET film is
25 um [26].

Hydroxide
—‘ Metallic chromium

Figure 1. The surface structure of tin-free steel (TFS).
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2.2. Laminating Experiment
2.2.1. Laminating Equipment

The PCS laminating equipment, as shown in Figure 2, came from Shanghai Lianjing
Electronic Technology Co., Ltd (Lianjing Electronic Technology Co., Ltd, Shanghai, China).
This laminating equipment can perform single-sided laminating tests of TFS samples.
The whole laminating equipment is mainly composed of three parts: console, heating
part and pressing device. The heating part is a pair of electromagnetic induction heating
rollers placed up and down. The main function is to heat the sample. The electromagnetic
induction heating roller has a diameter of 200 mm, a length of 1.2 m, and a temperature
control accuracy of +1 K. The pressing device uses a set of electromagnetic induction
heating rollers and silicone rubber rollers. The pressing control method is a displacement
control. The displacement of the silicone roller can be manually controlled by rotating the
handrail. The electromagnetic induction heating roller and the heating roller of the heating
part are the same. It is prepared by covering a layer of silicone rubber with a steel core.
The diameter of the steel core is 180 mm, the thickness of the silicone layer is 20 mm, and
the length of the silicone roller is 1.2 m. The operation of the heating part and the pressing
device are controlled by a console, which sends instructions through a human-computer
interaction panel to control the rotation speed and temperature of the rollers, respectively.

Figure 2. Lamination experimental equipment.

The principle of lamination experiment is shown in Figure 3. The laminating equip-
ment consists of three parts: heating roller, laminating roller, and worktable. The heating
roller is used to provide the temperature required during the lamination process. The
worktable can control the heating temperature of the heating roller and the rotation speed
of the laminating roller. The PET film is first fixed on the surface of the TFS with a high-
temperature adhesive tape, and then placed in the laminating device horizontally. The
PET film and TFS substrate are laminated under the double pressure of heating roller and
silicone roller.



Coatings 2021, 11, 472 4 0f 15

Laminating roller

Polymer
Silicone layer
Laminating roll
TFS
?
—_— . >
Running direction /' Running direction

S

Heating roller

Figure 3. Schematic diagram of laminating process.

During the laminating process, the heating roller acts as a heat source to continuously
provide heat to the TFS, and the TFS transfers the heat to the PET film and then to the
silicone roller. The silicone roller maintains a constant temperature under the action of
the cooling roller. Therefore, under the dual effects of TFS heating and silicon resin roll
cooling, a temperature gradient appears inside the PET along the thickness direction,
forming a partial melting. The PET film melts completely on the side near the TFS but
does not melt on the side near the silicone roller. After the PET film and TFS leave the
heating roller and the silicone roller, the PET film is quickly cooled with a coolant to quickly
solidify the molten part of the PET, thereby avoiding recrystallization of the PET. Finally,
the preparation of PCS material is completed.

2.2.2. Experimental Scheme

The size of the TFS sample plate is 150 mm x 10 mm x 0.18 mm, and the size of the
PET film is 130 mm x 8 mm. As the sample size is relatively small, the electromagnetic
induction heating roller in the pressing device can provide enough heat for the TFS, so
this experiment only uses the pressing device for lamination. By controlling the rotation
speed and temperature of the electromagnetic induction heating roller, the lamination test
under different temperature and speed conditions was carried out. The lamination test
under different pressure conditions can be carried out by controlling the displacement of
the silicone rubber roller. The experimental scheme is shown in Table 1.

Table 1. PCS experimental protocol.

Sample Number Temperature (K) Laminating Speed(m/min)

528
528
528
533
533
533
538
538
538

]

O 0 IO Ul WN —
O N WO WOoOR

2.3. Scanning Electron Microscope Experiment (SEM)

The PCS cross-section observation experiment was carried out on a scanning electron
microscope (ZEISS GeminiSEM 500, Aalen, Germany). The PCS cross-section was analyzed
by line scan using the matching EDS spectrometer to obtain the Fe, C, O, and Cr element
content on the cross-section.
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The sample size was 10mm x 10mm x 0.18mm. Alcohol was used to clean the surface
of the sample, and then the sample was placed in an ultrasonic cleaning machine for deep
cleaning for 5 min. A fan was used to dry the sample surface. It was observed where
bubbles appeared at the cross section.

2.4. Differential Scanning Calorimetry (DSC)

The thermal performance of the PET film was performed on a differential scanning
calorimeter (DSC 214 Polyma, Selb, Germany). Nitrogen was used as a protective gas.
The material required for the experiment was 3 to 5 mg. The implementation scheme is
shown in Figure 4. First, the temperature was raised to 573.15 K at a rate of 50 K/min,
and the temperature was kept for five minutes to eliminate the thermal history of the
material. Then it was cooled to 298.15 K at a rate of 10 K/min, and then heated to 573.15 K
at 10 K/min [27,28]. The experimental results use the curve during the second heating
process.

Constant temperature 5min
300

50 K/min

Temperature (K)

N
a1
T

\ 4

Time (s)
Figure 4. Differential scanning calorimetry experiment process.

2.5. Micro-Scratch Tester

The PCS interface bonding performance was performed on a micro-scratch tester
(CSM—MCT, Peseux, Switzerland). The load setting value was 15 N. The scratch length
was 5 mm. The test temperature was 293.15 K, and the air humidity was 60%. A round
diamond indenter with a radius of 100 um was used, and the experiment was carried out
perpendicular to the sample surface in a progressive loading manner. Through online real-
time observation of the contact pressure at the indenter, acoustic signals, friction, reduction
depth, residual depth and other information, the interface bonding strength of different
samples and the failure mechanism of the sample surface lamination were compared and
analyzed. The drawing method is a straight-line drawing at a constant speed. The sample
size was 10 mm x 10 mm. The experiment was repeated three times for each sample. The
average value was taken as the experimental result.

An acoustic emission (AE) sensor was installed on the scratch meter to monitor the
sound signal generated during the scratching process. Before the experiment, alcohol and
an air gun were used to clean the sample, using an MH-008S ultrasonic cleaning machine
to perform ultrasonic cleaning on the sample for 3 min, and alcohol as the cleaning solvent.
During the experiment, an optical microscope was used to observe the scratch morphology
of the sample surface. Then, a scratch test was performed on each sample. During the
experiment, the stroke speed was 5 mm/min, the loading pressure range was 0.01 to 15 N,
and the load was gradually loaded. The load increase rate was 15 N/min, the acoustic
sensor sensitivity was set to 9, and the acoustic signal acquisition frequency was 30 Hz.
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3. Results and Discussion
3.1. Characterization of Interface Binding Rate

The PCS sample prepared by the roll-pressing hot-melt coating process has irregularly
shaped white spots on the surface of the coated sample, as shown in Figure 5. The existence
of white spots greatly affects the aesthetics of PCS samples, and there may be problems
with the quality of the film. In order to explore the formation factors of this type of defect
and the influence of the process parameters on the area, the number and shape of white
spots, cross-sectional observation experiments and surface image recognition of white
spots were carried out using scanning electron microscopes and scanners.

Figure 5. Polymer-coated steel sample.

Taking the PCS sample prepared with the heating roller temperature of 528 K and
the film speed of 9 m/min as the object, the white spots on the surface of the sample
were randomly selected for SEM cross-sectional observation. As shown in Figure 6, the
polymer film was separated from the chrome-plated steel strip. Using an EDS energy
spectrometer to perform a line scan analysis in the direction perpendicular to the interface,
it was found that there is a gap of about 40-um thickness between the polymer and the
chrome-plated steel strip. The content of C, O, and Fe elements in the gap had a significant
drop, indicating that there were bubbles between the polymer film and the chrome-plated
steel strip. Therefore, the white spots observed on the PCS surface are due to bubbles
formed by the separation of the film/iron interface.
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Figure 6. Scanning electron micrograph of PCS interface.

The reason for the bubble generation should be a surface defect formed by the fast
coating speed during the roll-coating process, and the gas between the chrome-plated steel
strip and the polymer film cannot escape in time. Bubble formation is because there is no
common interface between the substrate and PET. The uneven temperature distribution
on the TFS surface during the coating process can cause bubbles to appear on the PCS
surface. The melting thickness of PET is mainly determined by the heating temperature
of the TFS surface. When the temperature is lower than the melting point of PET, PET
does not melt. Unmelted PET cannot be combined with TFS due to its inactive molecular
segment structure, and bubbles are formed. So, the non-wetting behavior of the steel by
molten PET is the cause of the bubble formation.

An interface bonding rate is defined to characterize the area of the “bubble” surface
defect. As shown in Equation (1), Sy is the total area of the selected area, Sy,pp;, is the
bubble area, and r is the binding rate. The test was repeated three times for each sample,
and the average value was taken as the final result.

» — Stotal = Sbubble 1000, 1)
Stotal

In order to study the thermal properties of the PET at the bubble, the DSC experiment
was performed on the PET film at the bubble on the PCS surface and the non-bubbled PET
film, and the DSC curve of the original PET before lamination was used as a comparative
analysis.

During the lamination process, the PET film is partially melted in the thickness
direction under the heating action of TFS and the cooling action of the laminating roll.
Then, under the action of the cooling liquid, the molten part is cooled and solidified and
transformed into an amorphous layer. During the heating process of the DSC experiment,
when the temperature of the laminated PET film is between 310 K and 350 K, the part of
the amorphous layer in the PET recrystallizes and absorbs heat to produce an endothermic
peak. The ideal original PET film is a crystalline polymer, and its DSC curve does not
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produce an endothermic peak. As shown in Figure 7, by comparing the size of the PET
endothermic peak in the DSC experimental curve, it can be determined whether the PET
film melts. It can be found that the DSC curves of PET at the bubble and PET before
lamination basically overlap. It shows that the PET film does not melt at the bubble.

Crystallization

exothermic peak 53
! PET after lamination

PET at bubble

Exo
—

PET before lamination

300 350 400 450 500 550 600

Temperature(K)

Figure 7. DSC curves of PET before lamination, at bubble, and after lamination.

A scanner was used to scan the surface images of the samples prepared under different
process conditions. Use image recognition software to perform secondary processing on
scanned images. Use Python language to write a picture color recognition program,
calculate the area of the white part and the area of the gray part in the picture. The white
part is the bubble. Calculate the interface binding rate according to formula (1). As shown
in Figure 8, the picture on the left is a film-coating test, using image software to identify
the surface of the sample. The blue part in the picture on the right is the part with a good
combination, and the white part is the bubble. It was calculated that the area of white
bubbles accounts for 37.9% of the total area. Therefore, the interface binding rate of the
sample is 62.1%.

Figure 8. PCS interface binding rate.
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3.2. Effect of Process Parameters on the Binding Rate

As shown in the test plan in Table 1, the gap between the roll gaps is 5 um, and the
surface roughness of the chrome-plated steel strip is 0.2 um. Taking the heating roller
temperature and filming speed as independent variables, and the interfacial bonding
rate as dependent variables, the influence of the heating roller temperature and filming
speed on the PCS interface bonding rate was studied. The temperature of the heating
roller was 528 K, 533 K, and 538 K; the film speed was 3 m/min, 6 m/min, and 9 m/min.
Surface scanning and image recognition processing were performed on the coated PCS
samples to characterize the binding rate. Each sample was randomly selected from three
different locations for testing, and finally, the average value was calculated. The size of
each inspection image is 30 mm x 30 mm. The interface bonding ratio of sample 1 to
sample 9 is shown in Figure 9, and the corresponding test parameters are shown in Table 1
test scheme.

(T=528 K, v =3 m/min, r=97.21%) (T= K, v =6 m/min, r = 76.50%)

Sample 4
(I=528 K, v =9 m/min, r = 36.9%) (T=533 K, v=3 m'min, r = 99.5%)

ws

Sample 5 Sample 6
(T=333 K, v = 6 m/min, r =96.33% (T=5333 K, v =9 m/min, r=5130%)

_ Sample 7 _ Sample 8
(I'=538 K, v=3 m/min, r=99.90%) {T=538 K, v = 6 m/min, r = 98.60%)

Sample 9
(T=538 K, v =9 m/min, r = 62.09%)

Figure 9. PCS interface binding rate (r) under different heating temperature (T) and speed (v) conditions.

Samples 1 to 3 are coated samples with a heating roller temperature of 528 K and a
coating speed of 3 m/min, 6 m/min, and 9 m/min. Comparing sample 1, sample 2 and
sample 3, it can be found that the bubbles on the surface of sample 3 are obvious, while
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the bubbles on the surface of samples 1 and 2 are relatively few. Comparing samples 4 to
6 and samples 7 to 9, the same pattern can be found. Under the same heating roll degree
and reduction conditions, as the coating speed increases, the PCS surface bonding rate
gradually decreases. This is because the lower coating speed increases the PCS coating time.
The increase in the coating time leads to an increase in the heat transfer time of the film iron,
which increases the internal temperature of the polymer film and increases the melting of
the polymer film. Thickness improves the interface bonding rate. At the same time, the
reduction of the coating speed also increases the heat transfer time between the heating
roller and the chrome-plated steel, making the surface temperature of the chrome-plating
steel more uniform, so that the high polymer films are melted. The cause of bubbles on the
surface of the coated sample may be the low melting thickness of the polymer film, and the
faster coating speed reduces the heat transfer time at the film/iron interface and increases
the instability of the surface temperature of the chrome-plated steel strip. On the contrary,
when the coating speed is low, the increase of heat transfer time at the film/iron interface
makes PET easier to melt, the number of bubbles on the surface of PCS decreases and the
binding rate increases. Therefore, in order to ensure the bonding rate of the PCS coating
interface and ensure an effective coating quality, the coating speed should be reduced.

Comparing sample 1, sample 4, and sample 7, it can be found that as the temperature
of the heating roller increases, the bubbles on the surface of the PCS gradually decrease,
and the interface bonding rate gradually increases. Under the same laminating speed, the
laminating time is the same, but as the temperature of the heating roller increases, the
internal temperature of the PET film increases. Comparing the law of the influence of the
coating speed on the bonding rate of the PCS interface, it can be found that the bonding
rate of the PCS interface has a great relationship with the internal temperature of the PET
film. The increase in the temperature of the heating roller directly leads to an increase in the
internal temperature of the PET and improves the bonding rate of the PCS interface. Table
2 shows the experimental results of each binding rate test and the standard deviation of the
binding rate. Figure 10 shows the interface bonding rate of the coated samples prepared
under the conditions of different heating roller temperatures and filming speeds. It can be
found that the influence of the heating roller temperature on the interface bonding rate is
much smaller than that of the filming speed. The effect of heat transfer time on the bonding
rate is much greater than the initial heating temperature of the polymer film.

Table 2. PCS interface bonding rate under different temperature and speed conditions.

L. Binding Rate
Sample Temperature  Laminating Speed
Number (K) (m/min) 1 2 3 Average Standard
Value (%) Deviation (%)
1 528 3 98.91 99.58 99.14 99.21 0.28
2 528 6 73.2 84.36 71.94 76.5 5.58
3 528 9 37.4 33.11 40.19 36.9 291
4 533 3 99.85 99.89 99.66 99.8 0.1
5 533 6 94.25 97.63 97.11 96.33 1.49
6 533 9 56.33 48.33 49.24 51.3 3.57
7 538 3 99.89 99.93 99.88 99.9 0.02
8 538 6 99.3 99.67 96.83 98.6 1.26
9 538 9 59.31 66.43 60.53 62.09 3.11
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Figure 10. PCS interface bonding rate (r) under different temperature (T) and speed (v) conditions.

The bonding rate between the chrome-plated steel strip and the polymer film interface
is intended to indicate the problem of bubble defects on the surface of the finished PCS.
Through the coating test and the bonding rate detection test under different test parameters,
it is found that the main factor affecting the area and number of bubbles at the film/iron
bonding interface is the coating speed. This is because the decrease in the coating speed
increases the film/heat transfer time at the iron interface and the heating time of the
chrome-plated steel strip. The increase in the heating time of the chrome-plated steel strip
makes the surface temperature of the steel strip more uniform and consistent, thereby
reducing the interface bonding rate.

3.3. Interfacial Damage and Failure Mechanisms

The micron scratch test was performed on samples 1, 2, 3, 6, and 9. Holmberg [29]
studied the deformation behavior of the diamond spherical indenter sliding on the surface
of TiN coated steel through the scratch experiment and used a finite element to simulate the
stress and crack formation during the scratching process. It is pointed out that the contact
and deformation mechanism between the indenter and the coating can be divided into three
types: ploughing, interface sliding and fracture. In the plowing stage, the indenter slides
on the surface of the coating, and the coating material undergoes elastoplastic deformation
to form grooves on the surface. The interface sliding stage is during the movement of the
spherical indenter, the front surface of the indenter rubs against the upper surface of the
coating, and the bending or stretching of the coating is accompanied by the generation and
release of stress. Fracture is the separation of the coating from the base material.

The scratch morphology in Figure 11 shows that in the initial stage of pressure applica-
tion, no obvious scratches are left on the surface of the sample, and the polymer film mainly
undergoes elastic deformation. As the pressure of the indenter increases, the surface of the
polymer film has dents and plastic deformation occurs. This stage is the plowing stage, and
the polymer film has undergone elastoplastic deformation. As the pressure increases, the
indenter and the film slide relatively, and the film deforms to release the stress. Then, the
film breaks to release the stress again. It can be seen from the scratch morphology map in
Figure 11 that there is no crack or film/iron separation on the surface of the sample before
and after the scratch experiment, only a dent formed by the scratch track. It shows that the
stress caused by ploughing, interface sliding, and fracture during the experiment did not
affect the area outside the scratch track. It indirectly indicates that the bonding strength
between the polymer film and the chrome-plated steel sheet is greater than the sum of the
pressure required to cause the film to undergo plastic deformation, bending and stretching.
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From the perspective of PCS product application, scratches on the PCS surface will not
cause cracks near the scratches and film/iron separation.
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Figure 11. Schematic diagram of scratch morphology.

The penetration depth is the depth at which the indenter penetrates into the sample
during the experiment, the residual depth is the depth after the material rebounds, and
the difference between the penetration depth and the residual depth is the elastic recovery
of the film. The difference between the penetration depth and the elastic recovery is the
plastic deformation of the film.

As shown in Figure 11, when the scratch length is 0.9 mm, the slope of the penetration
depth and the residual depth has abrupt changes, and the acoustic signal and friction have
also changed significantly. Combining with the scratch topography, it can be concluded
that the polymer film has been completely broken. Due to the large difference between the
elastic modulus of PET and TFS, the sudden gradual penetration depth indicates that the
indenter has touched TFS, resulting in a decrease in penetration depth as the pressure of
the indenter increases. The sudden change in friction is also caused by the difference in the
coefficient of dynamic friction between the indenter and PET and TFS. The head pressure
corresponding to 0.9 mm is approximately 2.5 N. It can be concluded that the critical load
of this coated sample is about 2.5 N.

3.4. Effect of Process Parameters on the Bonding Strength

As shown in the experimental program in 2.2.2, the micro-scratch test was performed
on samples 1-3, 6, and 9. Figure 12 (a—c) are graphs of micron scratches when the heating
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Figure 12. Critical load of sample under different process parameters ((a—c) correspond to lamination speed 3 m/min, 6

m/min, 9 m/min, (d,e) correspond to heating temperature 533 K, 538 K).

As the lamination speed increases, the critical load of the sample gradually decreases,
and the bonding strength of the PCS interface gradually decreases. This is because as
the lamination speed increases, the contact time of the lamination zone decreases during
the lamination process, which leads to a decrease in the heat transfer time at the contact
interface of PET and TFS, which in turn causes the melt thickness of PET to decrease.
According to the principle of the PCS roll hot melt lamination process, the high polymer
film is partially melted in the thickness direction under the heating of the chrome-plated
steel during the lamination process. The molten part of the substance quickly transforms
into an amorphous substance to reduce the recrystallization of the molten polymer during
the cooling process. Therefore, the key to improving the bonding strength of the PCS
interface is to increase the thickness of the polymer amorphous layer. The increase in the
filming speed reduces the melting thickness of the polymer film, resulting in a decrease in
the interface bonding strength.
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Figure 12c—e are the samples under different heating temperatures and the same
laminating speed. The critical loads of the coated samples correspond to the heating
temperatures of 528 K, 533 K and 538 K are 2.65 N, 2.76 N, and 2.86 N, respectively. As
the heating temperature increases, the bonding strength of the PCS interface increases.
Under the same lamination speed, the heat transfer time in the laminating area is the same,
but an increase of the heating temperature can directly lead to an increase of the melting
thickness of the polymer film. Therefore, increasing the heating temperature can increase
the bonding strength of the PCS interface.

4. Conclusions

The lamination temperature and lamination speed during the lamination process
have an important influence on the interface bonding quality of PCS materials. As the
lamination temperature increases, the PCS interface bonding rate gradually increases, and
the interface bonding strength gradually increases. As the lamination speed increases,
the PCS interface bonding rate gradually decreases, and the interface bonding strength
gradually decreases. The PCS interface bonding rate and interface bonding strength are
positively correlated. Increasing the lamination temperature and reducing the lamination
speed are effective measures to improve the bonding rate and bonding strength of the PCS
interface. SEM and DSC experiments revealed that the non-wetting behavior of the steel by
molten PET is the cause of the bubble formation. It is speculated that the main reason is
that the surface temperature of TFS is uneven during the filming process, which leads to
the formation of bubbles in some areas of the polymer film not melting. Relevant research
results provide guidance for enterprise production.
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