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Abstract: In construction process, the formwork must be in contact with concrete to help the concrete
solidify and fix the shape. Coating the formwork with a polymer can prolong its service life by
reducing the amount of concrete sticking to the mold. Herein, an aluminum template substrate was
coated with polyvinylidene difluoride (PVDF) or polyurethane (PU). Aluminum template material
analysis was conducted, polymer film thickness was measured, and weather, moisture, pollution, salt
spray, abrasion, impact, and acid and alkali resistance tests were conducted, as were tensile, bending,
adhesion, hardness, and salt water resistance tests. Cement adhesion resistance was repeatedly tested.
The experimental results indicated that the PVDF-coated template was superior. The novel PVDF
Aluminum template exhibited high corrosion resistance and can be used in building materials, for
example, in ceilings, partition walls, curtain walls, roof panels, and roof trusses. For reference, it can
also be applied to ship structures and seaside and wind power generation projects.
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1. Introduction

The design and application of aluminum alloy formwork represents a new generation
of building formwork, especially for improving the construction efficiency and reducing
the environmental impact [1–3]. The key points of the application and construction of green
building materials include green construction management, environmental protection, and
the saving of materials, water, energy, and land. In construction, aluminum formwork has
the advantages of high strength and resistance to acids and alkalis, cold, heat, moisture,
and deformation. It is suitable for operations in environments at various temperatures
and is especially suitable for rapid building construction. Furthermore, aluminum-type
material has strong bearing capacity and is light. It enables zero discharge of construction
waste to be achieved during the construction process, reducing both the pressure of waste
on the environment and the consumption of materials [4–7].

Aluminum–magnesium series alloys belong to the 5000 series of Aluminum alloys,
which are non-heat-treated aluminum alloys that have a process strengthening effect.
Therefore, large-scale 5000 series Aluminum alloys have no heat treatment problems.
Therefore, the 5000 series Al alloys are used for constructing trains or ships. Furthermore,
Al–Mg alloys exhibit excellent corrosion resistance but poor wear resistance. Therefore, in
this study, the elements Cu and Cr were added to a 5000 series aluminum alloy. The 5089
Aluminum alloy material was then prepared and its surface coated with polymer, and its
relevant application characteristics were reviewed.

Polyvinylidene fluoride (PVDF) is an environmentally friendly and medical mate-
rial [8–10]. It has the characteristics of both fluororesin and general resin in addition to
favorable chemical resistance, high temperature resistance, electrical insulation properties,
and oxidation, weather, and radiation resistance. It is also piezoelectric, dielectric, and
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thermoelectric, with wear and impact resistance. Furthermore, it has high fade and ul-
traviolet resistance in extremely harsh environments and can be used outdoors for long
periods [11–17].

Polyurethane (PU) is easy to process and has favorable physical and chemical prop-
erties, high abrasion resistance, high flexibility, high tensile strength, great elongation,
good chemical resistance, and excellent elasticity. Additionally, it has low volatile or-
ganic compound content, causes low or no environmental pollution, and is convenient
in construction. In recent years, PU has been widely used in outdoor sports and leisure
equipment coatings [18–22].

In view of this, this study coated the surface of a 5089 Aluminum alloy template with
PVDF and PU materials. The aluminum alloy is fully functional and environmentally
friendly, but also, more crucially, it can overcome the construction disadvantages of poor
corrosion resistance and low wear resistance. The present results are of great importance to
the application of aluminum alloys in coastal resorts, airports, highways, and general con-
struction and can provide references for ship and wind power projects. In this innovative
study, the polymer coating on the 5089 lightweight Aluminum template was used to study
the applicability of architectural technology [23,24].

2. Experimental Procedure

First, the surface of the 5089 Aluminum template was boiled at 70–80 ◦C for 30–
40 min to remove grease and other impurities. The template was then left to dry at
room temperature. The size of the aluminum template was 15 cm × 5 cm × 1 mm.
PVDF and PU coatings were applied to the template. The template coating layer was
divided into a bottom layer of thickness approximately 20 µm and outer layer of thickness
30 µm; between each coating, the template was left to set for 1 h at room temperature.
In the experiment, in addition to analyzing the thickness of the front and back coating
films of PVDF and PU substrates, the hardness was tested, weather, moisture, pollution,
salt spray, abrasion, impact, tensile, bending, adhesion, salt water, and acid and alkali
resistance tests were conducted, and other material properties were reviewed; each test
was conducted in accordance with ASTM specifications. Furthermore, in accordance with
the Chinese National 61 gold-grade standard for environmentally friendly cement, an
appropriate amount of cement was applied to the aluminum formwork after proportioning
and allowed to stand at room temperature for 72 h. PVDF and PU aluminum formwork
concrete adhesion tests were performed for obtaining three-point probe results (1, 5, and
10 times). In addition to investigating the organization, each test involved computer image
analysis of the coating characteristics. Test pieces were also processed for tensile and
particle erosion abrasion tests. The tensile test was performed using a universal testing
machine with a tensile rate of 1 mm/min and initial tensile strain rate of 8.33 × 10−4S−1.
The particle erosion test apparatus is depicted in Figure 1. The selected erosion particles
were irregularly shaped 295-µm silica sand. In all, 500 g of erosion particles was used; the
inlet pressure value was 3 kg/cm2 (0.29 MPa); the erosion angles were 15◦, 30◦, 45◦, 60◦,
75◦, and 90◦; and the material weight loss (δW) after erosion and single shot were measured.
The total weight ratio (W) of erosion particles is the erosion wear rate (ER% = δW/W). In
addition, the deterioration of the material after the salt spray test was analyzed. Therefore,
the salt spray (625-h and 1250-h) test pieces underwent a tensile test to compare the
chlorination effect and obtain corrosion resistance data. The relevant experimental results
were the average of three to five measurements.
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Figure 1. Apparatus for the particle erosion test (A: compressed air flow; B: erosion particle supplier;
C: erodent nozzle; D: specimen; E: specimen holder; θ: impact angle).

3. Results and Discussion

As Figure 2 indicates, the average grain size of the 5089 template was approximately
32 µm, and it was evenly distributed in the base. The base hardness was HRB 62, and the
alloy base exhibited an equiaxed structure. The fine dark particles are silicon particles,
and considerably magnesium. Solid solution was evident in the aluminum matrix, and
the organization was homogeneous, with both these factors having a strong effect on the
strength of the base. X-ray diffraction analysis revealed that the entire 5089 template was
almost aluminum base; a small amount of Al6Mn phase, which belonged to the solid
solution strengthening system, was present (Figure 3; Table 1).

Figure 2. Surface characteristics of the 5089 alloy.

Figure 3. X-ray diffraction (XRD) results of the 5089 alloy

Table 1. Chemical composition of the 5089 Aluminum alloy (wt.%).

Al Mg Si Mn Cr Cu Fe

Bal. 4.22 0.48 0.72 0.16 1.28 0.25

The subsurface of the PVDF aluminum alloy template was analyzed using an image
analyzer, Figure 4a,b. The coating thickness of the PVDF front surface had an inner layer of
22 µm and outer layer of 36 µm; the back coating thickness was 17 µm for the inner layer
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and 12 µm for the outer layer. The subsurface image analysis of the PU aluminum alloy
template, Figure 5a,b, indicated the following: a front-coating film inner layer of 21 µm and
outer layer of 32 µm, and a back coating film inner layer of 15 µm and outer layer 12 µm.

Figure 4. 5089 aluminum template coating PVDF subsurface structure: (a) front side (b) back side.

Figure 5. 5089 Aluminum template coating PU subsurface structure: (a) front side (b) back side.

The tensile test was performed in accordance with ASTM-B209. The test results
(Table 2) indicated that for the lightweight 5089 aluminum template, UTS = 340 MPa,
YS = 224 MPa, UE = 12.8%, and TE = 18.0%. Compared with 5000 series Aluminum al-
loy, the 5089 template used in this study was confirmed to have higher strength because it
contained Cu and Cr. The mechanical properties recorded by the tensile machine after the
surface of the 5089 Aluminum template was coated with PVDF or PU are summarized in
Table 2. The tensile mechanical properties of the PVDF-coated 5089 Aluminum template
were superior to those of the PU-coated test piece. The differences in tensile properties
are attributable to the higher hardness and ultimate tensile strength (UTS) of the PVDF
coating than those of the PU coating (Shore A of hardness, PVDF = 68, PU = 52; UTS,
PVDF = 65 MPa, and PU = 50 MPa). Therefore, the tensile strength of the PVDF coating
was higher than that of the PU coating.

Table 2. Tensile stress, elongation, and yield stress for 5089:TE, total elongation; UE, uniform
elongation; YS, yield strength.

Probes YS (MPa) UTS(MPa) UE (%) TE (%)

5089 224 340 12.8 18.0

PVDF 229 349 12.3 18.2

PU 204 333 12.1 19.5

The salt spray test was conducted in accordance with ASTM B117/ASTM G23 (the
experimental hours were 625 h and 1250 h). As Tables 3 and 4 suggest, the PVDF test piece
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exhibited higher corrosion resistance and had YS > 200 MPa. After the salt spray test, the
surface of the test piece was normal without discoloration, corrosion, or blistering, and salt
residue was present. Furthermore, the PVDF piece retained its strength and elongation after
the 1250-h salt spray test. By contrast, the PU piece exhibited considerable embrittlement
after the salt spray test. Thus, the PVDF coating performed more highly than did the
PU coating.

Table 3. PVDF- coated 5089 Aluminum template. Tensile curve strength, elongation, and drop
strength after salt spray.

hr (s) YS (MPa) UTS (MPa) UE (%) TE (%)

0 229 349 12.3 18.2

625 221 341 11.1 17.3

1250 220 333 10.8 15.3

Table 4. PU-coated 5089 Aluminum template, tensile curve strength, elongation, and drop strength
after salt spray.

hr(s) YS (MPa) UTS (MPa) UE (%) TE (%)

0 204 333 12.1 19.5

625 198 325 11.4 19.2

1250 185 302 9.8 18.5

The erosion and abrasion test (Figure 6) employed a dry particle erosion and abrasion
test method. The erosion particle size was approximately 295 µm, the erosion pressure was
3 kg/mm2, and the amount of erosion sand was 500 g. The experimental results indicated
that the wear resistance of PVDF was higher than that of PU at all erosion angles. The
two curves in Figure 6 exhibit a highest abrasion rate at 30◦ and lowest abrasion rate at
90◦, indicating that the abrasion at these angles was the result of ductile-dominated wear
failure behaviors.

Figure 6. Particle erosion angle and wear resistance.

The weather resistance test as performed in accordance with ASTM G53, and the
exposure time was 1500 h. The test result was normal, and the grade was less than NO.4
(ASTM D4214; ASTM D659), ASTM D523 600-11%; ASTM D2244 color change 1 NBS. The
hardness test was performed in accordance with the ASTM D3363 specifications, and the
test results signified that the 3H hardness was normal (Table 5).
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Table 5. Hardness test.

Hardness PVDF PU

HK 0.01 (MPa) 86.3 81.9

Conversion to HRF (MPa) 71.7 68.4

The humidity resistance test was conducted in accordance with ASTM D2247; the
exposure temperature was 38 ± 1 ◦C, exposure humidity was 100%, and exposure time was
1500 h. Both the PVDF and PU had normal humidity resistance (ASTM D523 600-9%; ASTM
D2244-color change amount of 1 NBS). In addition, the results of the bending, adhesion
resistance, alkali resistance, and acid resistance tests were all normal. The experimental
results are provided in Table 6.

Table 6. Experimental test pieces method specifications and result.

Test piece Test name and Method Result

PVDF 1. Bending
2. Specifications: ASTM-D1737

(1) Tests were all normal
(2) No cracks on the surface.PU

PVDF 1. Adhesion Resistance
2. Specifications: ASTM-D3359

(1) Tests were all normal
(2) 1 mm square 100% adhesion.PU

PVDF 1. Alkali resistance
2. Specifications: ASTM-D1308

3. Times:500 hrs

(1) Tests were all normal
(2) No discoloration, corrosion and

blistering.PU

PVDF 1. Acid Resistance
2. Specifications:ASTM-D1308

3. Times:500 hrs

(1) Tests were all normal
(2) No discoloration, corrosion and

blistering.PU

The results of repeated cement adhesion experiments for the PVDF aluminum template
indicated that this template was superior to the PU aluminum template. Figure 7 presents
a photograph of the first cement coating test. The results of the test revealed that the PVDF
had superior anti-adhesion property. After the cement adhesion test had been performed
five times, the PVDF 5089 Aluminum template was found to continue to exhibit superior
antiadhesive cement property, and no significant difference in coating color was observed
(Figure 8).

Figure 7. First PVDF and PU aluminum template cement adhesion experiment: (a) The template was
coated with cement; (b) the dry cured cement peeled off, with the coating adhering to it.
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Figure 8. Fifth PVDF and PU aluminum template cement adhesion experiment: (a) The template
was coated with cement; (b) the cement was dry cured; and (c) the dry cured cement peeled off, with
the coating adhering to it.

Figure 9 illustrates the result of the cement adhesion test after it was performed
ten times. The results confirmed that the PVDF 5089 Aluminum template had favorable
antiadhesion property. However, considerable amount of cement was found to adhere to
the PU 5089 coating, which is not conducive to subsequent aluminum template applications.

Figure 9. Tenth PVDF and PU Aluminum template cement adhesion experiment: (a) The template
was coated with cement for construction; (b) the cement was dry cured; and (c) the dry cured cement
peeled off, with the coating adhering to it.
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5089 Aluminum template has excellent corrosion resistance and mechanical properties.
In addition, PVDF coating can adhere to 5089 Aluminum template and has good density.
So it can inhibit cement adhesion and increase the quality and efficiency of buildings.

4. Conclusions

First, the mechanical properties of the lightweight 5089 Aluminum template were
superior to those of commercial 5000 series alloys. The surface coated with PVDF or PU
exhibited favorable coating adhesion. The coating structure was dense, and no pores
formed.

Second, comparisons determined that the material properties of the PVDF-coated
5089 Aluminum template were superior to those of the PU-coated template, especially
in terms of strength, hardness, and particle erosion resistance. The main reason is PVDF
contains fluorine and is denser. The erosion and abrasion behavior of the two specimens
was dominated by the ductile failure mechanism. Maximum erosion occurred when the
erosion angle is 30◦ oblique, and the lowest erosion rate occurred at 90◦.

Third, the repeated cement adhesion test confirmed the following: the 5089 Alu-
minum template coated with PVDF had superior ability to prevent cement adhesion and
underwent less of a change in color due to cement corrosion. Therefore, the template is
suitable for the construction industry, for shipbuilding, and as a reference for wind power
engineering applications.
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