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Abstract. In this paper, the effect of surface treatment on the adhesion between D16AM aluminum alloy
and thermoplastic polyurethane is studied. Adhesion between the metal and polymer plays a key role in
the formation of the strength properties of the metal-polymer based laminar composites, which are
nowadays widely used in load-bearing structures like beams, columns, roofs, pedestrian bridges, etc. The
effects of the metal surface treatment, such as chemical etching, electrochemical anodizing, laser
treatment, and a combination of the mentioned processing, on the composite’s shear strength were
examined. The morphology of the metal surface after treatment was studied via scanning electron
microscopy and atomic force microscopy. The true value of the adhesive strength was calculated, taking
into account the micro- and macro-relief of the surface and its actual surface area determined via atomic
force microscopy. A combined method of metal surface treatment to increase adhesion to a polymer is
proposed, the method includes chemical or electrochemical etching followed by laser treatment. It was
shown that complex treatment of the aluminum surface allows to increase the shear strength of composites
by 50 %. It is established that with chemical etching or laser treatment, the value of the true adhesive
strength remains virtually unchanged, however, when using the combined method, its significant increase
is observed.
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1. Introduction

Metal-polymer based laminar composites (MPLCs), consisting of alternating layers of metal and
polymer, belong to the class of lightweight structural materials [1,2]. These materials find applications in
load-bearing structures like beams, columns, roofs, multifunctional panels, pedestrian bridges, etc.,
contributing to improved construction practices and efficiency. Due to combination of light weight,
sufficiently high strength, low cost, and easy technological process, MPLCs are widely used in government
supported public infrastructure upgrade, thus, it is predicted that the construction composites market will
exceed $65 billion by 2025 [3].

Laminar composites consist of continuous two-dimensional panels or sheets aligned for maximum
high-strength, their qualities influenced by the constituent materials’ characteristics and the geometrical
design of the structural elements [1]. The main constituents in MPLCs are layers of metal, usually
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lightweight ones, for example, aluminum or titanium, and fiber-reinforced polymer. The layered structure of
the MPLC provides a significant reduction in the rate of crack growth [4]. When a crack initiates and
propagates in one of the layers at the interface, its growth stops until a crack appears in the next layer, and
so on. MPLCs dissipate and dampen vibrations via a similar mechanism, and, thus, can be used as
damping structural materials [5-7].

The main parameters affecting the properties of MPLCs are the thickness of the layers and their
number, the properties of the constituents itself, the quality of pre-preg impregnation, the metal sheet
surface condition, and interlayer adhesion. Adhesion between the metal and polymer plays a key role in
the formation of the strength properties. It is known [8-10] that adhesion can be increased by increasing
the metal layer surface roughness, since this leads both to an increase in the actual metal-polymer contact
area and to the engagement of the liquid polymer to the unevenness of the metal surface.

Surface treatment is usually used for metal substrate preparation providing removal of contamination,
good wettability, high roughness, mechanical and chemical stability [11,12]. It was shown that a number of
factors are important for the adhesion: a stable oxide on the surface is important as this can prevent or
minimize the formation of a relatively weakly bound inorganic layer; topography, which favours mechanical
keying and provides an increased area over which interfacial interactions can occur is clearly beneficial.
There are many methods of metal surface treatment [13]; among chemical ones, the most promising are
etching in iron sulfate [14], nitric acid [15], sulfuric acid anodizing [16], and anodizing in a mixture of sulfuric
acid with aluminum sulfate. In addition to chemical methods, physical methods are also widely used, the
most popular are sandblasting [17,18]. It was found that the chemical treatment resulted in a more wettable
and deeper roughness surface than the achieved using a sanded and degreased treatment and the
chemical treatment yielded a superior cleaned surface, which in junction with the roughness area, resulted
in a superior interfacial contact between the metal and the adhesive-composite material [15,19].

Recently, it was also shown that the laser processing [20-25] offers a fast, easy, and clean operation
in metal microstructuring and can be a new strategy to improve joint strength. Laser cleaning enabled to
increase dramatically the adhesion between the substrate irrespective of the previous aluminium surface
condition [19]. It was shown [20] that laser texturing improved AA7475 surface roughness and wettability
and also confirmed that the Al-O-C chemical bond represents the secondary bonding mechanism along the
micro-mechanical interlocking. The results presented in the paper [21] have indicated that the laser
micropatterning of AlSI 430 stainless steel samples have a marked influence on the surface roughness and
surface grove morphology, and consequently on joining properties of the materials.

In this paper, the effect of surface treatment of aluminum sheets on the shear strength of the MPLC
was investigated. This paper aims to understand how laser treatments affect the mechanical behaviour of
joints and the possible improvement achieved by adopting the sequence of laser and chemical treatment
steps. Testing the shear strength and studying the surface morphology were conducted.

2. Methods

To manufacture the composites, layers of aluminum alloy D16AM of 0.5 mm thick (hereinafter
referred to as aluminum) and thermoplastic polyurethane (TPU) film (OOO NPF Vitur) of 0.1 mm thick were
used.

The aluminum samples were pre-cleaned with detergents, etched in a 10 % NaOH solution, and then
washed with water. The exception was a series of samples processed by laser at different fill factors (D),
in which the aluminum samples were only wiped dry, without cleaning agents.

Three types of treatment were carried out: 1) chemical etching in solutions of nitric acid and ferrous
sulfate; 2) electrochemical treatment in electrolytes based on sulfuric acid and aluminum sulfate; 3) and
laser treatment. The treatment parameters are given in Table 1.

Table 1. Aluminum surface treatment parameters.

Designation . .
Ne Treatment type in the text Processing details
1 ) HNOs HNO3—32 %; T'=20 °C; f = 1 min
Chemical
2 Fe2(S04)s Fe2(S04)s 127 g/l; H2S04 185 ml/l; T =65 °C; ¢ = 8 min
3 . H2S04 H2S04 200 ml/l; T'= 20 °C; ¢ = 20 min;
Electrochemical )
4 Al2(SO4)s Al2(S04)3 200 g/l; H2S04 60 ml/l; T = 20 °C; ¢ = 20 min; j = 1.5 A/dm?
. P=10Bm; A=1pm; D =50 %;
5 Physical Laser

t=5ns;T=20°C; V=1mls
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The composites were manufactured by hot pressing. Two plates of size of 80x10 mm were placed
in a mold with an overlap of 10 mm. One layer of TPU was placed between the plates. Pressing temperature
was 200 °C, time was 20 min.

The shear strength test was performed according to GOST R 57066-2016 on a Zwick//Roell Z050
machine with a constant deformation rate of 1 mm/min. Surface microstructure studies were carried out
using a Phenom Pro X scanning electron microscope. Atomic force microscopy (AFM) studies were
conducted for a more thorough analysis of the surface relief. Basing on the preliminary study of the optimal
scanning parameters, areas of 40x40 um were analyzed since this provides high data reliability but does
not lead to a radical increase in scanning time.

3. Results and Discussion

Fig. 1 shows the microscopic images of the aluminum surfaces after different types of etching. The
surface treated in the HNO3 solution has minimal porosity (Fig. 1a). Maximum porosity was observed after
chemical etching in the Fez(SOa4)s (Fig. 1b). The pores’ size does not exceed 5 um. Surfaces treated
electrochemically in sulfuric acid and aluminum sulfate electrolytes are almost identical (Figs. 1c, 1d). It
should be noted that the pores formed during chemical etching (Figs. 1a, 1b) are shallower than those
formed during electrochemical treatment (Figs. 1c, 1d).

——
20 pm

Figure 1. Surface morphology of aluminum depending on the etching:
a— HNOg3; b — Fe2(S04)3; ¢ — H2SO4; d — Alx(SO4)s.

The results of shear strength tests depending on the aluminum surface etching type are presented
in Fig. 2 (orange bars). The shear strength of the composite generally correlates with the observed porosity
of the metal surface. Low roughness of the surfaces treated in HNOj3 solution resulted in a lower strength.
Etching in Fe2(S04)3, H2SO4, Al2(SO4)3 showed fairly close values of shear strength (5+£0.5 MPa). However,
the shear strength values of the specimens after treatment in Fe2(SO4)s have a much wider spread of values
revealing inhomogeneity of the surface condition. This can be explained by the difficulty of maintaining the
same concentration of the etchant during the treatment. Since during etching at an elevated temperature
(65 °C), there is active evaporation of the components, which changes the ratio of the etchant components.
The main advantages of the chemical etching in Fe2(SO4)s are simplicity, high efficiency, and high
productivity. The disadvantage of the method is low environmental safety, since the vapors formed during
etching are chemically active. The advantages of electrochemical processing are high repeatability, high
quality, higher shear strength of the MPLC, and higher environmental friendliness. However, unlike
chemical etching, anodizing is a more difficult method to implement, as it requires an adjustable power
source and cooling, since the efficiency of the process decreases with increasing temperature.
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Figure 2. Shear strength of the composites depending on the aluminum surface treatment.

Microphotographs of the aluminum surface in the initial state and after laser treatment with fill factors
D =50 % are shown in Fig. 3. After laser treatment, there is a distinctive structure — craters formed due to
the expulsion of molten metal from the heating zone.

Figure 3. Surface morphology of aluminum:
a — initial state; b — after laser treatment with D = 50 %.

Next, the effect of combination of etching and laser processing and their sequence on the surface
condition and shear strength of the composite was studied.

Fig. 2 shows the results of the complex surface treatment on the shear strength of the composite. As
seen, laser treatment is effective both before and after chemical or electrochemical treatment. However, a
greater effect appears if the laser treatment is carried out after any etching. Thus, changing the order
between etching in Fez(SOs)s and laser treatment allowed to increase the shear strength by 10 %.
Regardless of the preliminary treatment, after laser treatment, all samples (except those treated in HNO3)

acquire the same shear strength, because the maximum shear strength of the composite is limited to the
yield strength of TPU, which is about 6 MPa.

The effect of laser treatment is most noticeable after etching in Fe2(SOa4)s. In this case, the increase
in shear strength was about 20 %. The morphology of the aluminum surface after different modes of
complex treatment is practically identical: the surface is covered with “splash” spots as a result of laser
treatment (Fig. 4a). An exception is the treatment mode in which chemical etching in iron sulfate Fe2(SQOa4)
was carried out after laser treatment (Fig. 4b). Instead of “splash” spots, the surface has developed porosity,

significantly exceeding the porosity acquired after chemical etching of the surface not treated with a laser
(Fig. 1b).
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Figure 4. Surface morphology of aluminum depending on the sequency
of etching in Fe2(S04)3 and laser processing: a — Fe2(S04): —Laser; b — Laser—Fez(S04)s.

The visually observed surface relief obtained because of various complex treatments does not show
a strict correlation with the shear strength of the composite: the samples with visually identical surfaces
demonstrate different level of share strength. Based on this, it can be assumed that the difference in
strength is due to roughness at the submicron level or the chemical composition of the surface layer (for
example, the presence or absence of an oxide film, functional groups, etc.). For a more thorough analysis
of the surface relief, surfaces analyses using AFM were carried out. AFM images of the aluminum surface
in the initial state and after various processing modes are shown in Fig. 5.

54 pm

0.0 ym

Figure 5. AFM images of the aluminum surface in initial state (a); after laser treatment (b); after
complex treatment: laser followed by Fez(S0O4); (c) and vice versa Fe;(SO4); followed by laser (d).

Results of AFM measuring of the actual surface area (S f) are presented in Table 2. The ratios of
the projected surface area (SO) to the actual one (Sf) are presented in the form of a dimensionless

normalization coefficient (Sn ):

S
s, =-L. (1)
SO
The data obtained show that all types of processing provide an increase in the actual surface area

from 14 to 21 %. The maximum increase in the surface area was reached via complex processing —
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chemical etching in Fe2(SO4)s followed by laser processing. Next, the true shear strength (‘Ctme) was
calculated as the ratio of the measured shear strength (’Csh) to the normalization coefficient (Sn ):
Tsh
Ttrue = S«L (2)

n
The calculation results are given in Table 2.

Table 2. Surface characteristics of aluminum and shear strength of the joint depending on the
processing method.

Surface treatment So,um?z Sy, um? S, Csh» Tfrye» MPa Lirue
MPa 7y
Without treatment 1660 1.04 3.9 3.7 (o) -
Fea(SOu)s 1820 114 47 41 1.10
Laser 1600 1876 1.17 4.4 3.7 1.00
Laser—Fez(SOu)s 1835 115 5.4 47 1.27
Fe2(SO4)3—Laser 1933 1.21 5.9 4.9 1.32

It was found that when using only one type of processing (etching or laser processing), the ratio of

T

Tyye 1O 1:0[ m’ej has a value close to 1. This suggests that the observed increase in shear strength is
To

associated only with the increase in the actual area of the surfaces being joined. However, when combining

two processing methods, a significant increase in ftrue shear strength, more than 25 %

T
[M:1.27+1.32J, is observed. This allows us to conclude that during the complex processing, a
To

significant change in the chemical composition of the thin surface layer of aluminum occurs, which has a
great impact on the adhesive strength of the joint and on the final properties of the composite.

It is already known that the enhancing the adhesion between dissimilar materials represents a key
aspect of producing structural hybrid multi-material structures [19]. Additional chemical or laser treatment
of the samples surface before hot pressing of metal-polymer composites leads to an increase in shear
strength by approximately 25 %. It was shown that the laser treatment of sample surface significantly
increase actual surface area of Al-based materials as compare with just chemical treatment of the samples,
however, true shear strength remains about the same even with the samples without any treatment, and
that means the absence of any additional chemical bonding for the laser treated surface and polymer.

Combined chemical and laser treatment of the sampled provides further increase in shear strength
of the material by almost 50 % compared to the original samples without treatment and gives significant
increase of true stress as compare with simple single treatment of Al surface.

As a result of the AFM study, it was established that complex treatment of the aluminum surface,
including both etching and laser treatment, leads to a significant increase in adhesion to thermoplastic
polyurethane, while the mechanism of influence of such treatment consists not only in the increase in the
actual surface area but also in its chemical modification. That shows the best results in as compare with
modern study of plastic-Al composites (+39 % strength increase with the two-step laser texturing + cleaning
treatment), R. Sandeep [20] (+30 % — one step laser treatment).

4. Conclusion

An experimental study of the influence of various methods of surface treatment of aluminum alloys
(chemical, electrochemical, and physical) on the adhesive strength of the metal-polymer interface was
conducted.

A combined method of metal surface treatment to increase adhesion to a polymer is proposed, the
method includes chemical or electrochemical etching followed by laser treatment. It was shown that
complex treatment of the aluminum surface allows to increase the shear strength of composites by 50 %.
The laser treatment is effective both before and after chemical or electrochemical treatment. However, a
greater effect appears if the laser treatment is carried out after etching. Thus, changing the order between
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etching and laser treatment allowed to increase the shear strength by 10 %. The effect of laser treatment
is most noticeable after etching in Fe2(SOa4)s. In this case, the increase in shear strength was about 20 %.

Based on the study of changes in the morphology of the aluminum surface during treatment, the true

value of the adhesive strength is determined, taking into account the micro- and macro-relief of the surface.
It is established that with chemical etching or laser treatment, the value of the true adhesive strength
remains virtually unchanged (less than 10 %), however, when using the combined method, its significant
increase is observed (about 30 %), and that leads to 50 % increase in shear strength.

References

1.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Phiri, R., Rangappa, S.M., Siengchin, S., Oladijo, O.P., Ozbakkaloglu, T. Advances in lightweight composite structures and
manufacturing technologies: A comprehensive review. Heliyon. 2024. 10(21). Article no. e39661. DOI:
10.1016/j.heliyon.2024.e39661

Kadhum, A.M,, Faris, S.T., Al-katawy, A.A. Improvement and Properties of Fiber Metal Laminates Used in Aircraft Wing by Using
Graphite-Polyester. Diyala Journal of Engineering Sciences. 2019. 12(4). Pp. 92—-103. DOI: 10.24237/djes.2019.124010

Masterson, J. Construction Composite Materials Market Forecast to Exceed $65 Billion. 2018. [Online]. URL:
https://www.constructionexec.com/article/construction-composite-materials-market-forecast-to-exceed-65-billion (reference
date: 17.03.2025).

Po-Yu Chang, Po-Ching Yeh, Jenn-Ming Yang. Fatigue crack initiation in hybrid boron/glass/aluminum fiber metal laminates,
Materials Science and Engineering: A. 2008. 496(1-2). Pp. 273—280. DOI: 10.1016/j.msea.2008.07.041

Kobykhno, I., Didenko, A., Honcharenko, D., Vasilyeva, E., Kudryavtsev, V., Tolochko, O. Development thermoplastic elastomer-
based fiber-metal laminate for vibration damping application. Materials Today: Proceedings. 2020. 30(3).
Pp. 393-397. DOI: 10.1016/j.matpr.2019.12.383

Sarlin, E., Liu, Y., Vippola, M., Zogg, M., Ermanni, P., Vuorinen, J., Lepistd, T. Vibration damping properties of
steel/rubber/composite hybrid structures. Composite Structures. 2012. 94(11). Pp 3327-3335.
DOI: 10.1016/j.compstruct.2012.04.035

Chandra, R., Singh, S. P., Gupta, K. Damping studies in fiber-reinforced composites—a review. Composite structures. 1999. 46(1).
Pp. 41-51. DOI:10.1016/S0263-8223(99)00041-0

Xie, M., Zhan, L., Ma, B., Hui S. Classification of fiber metal laminates (FMLs), adhesion theories and methods for improving
interfacial adhesion: A review. Thin-Walled Structures. 2024. Article no. 111744. DOI: 10.1016/j.tws.2024.111744

Jiang, N., Lyu, H,, Li, Y., Xu, N., Zhang, H., Zhou, N., Zou, X., Zhang, D. Enhanced interfacial adhesion of CF/PEEK-titanium
hybrid laminates via rare-earth coordination interaction. Composites Science and Technology. 2023. 239. 110070.
DOI: 10.1016/j.compscitech.2023.110070

Prolongo, S.G., Urefia, A. Effect of surface pre-treatment on the adhesive strength of epoxy—aluminium joints. International
Journal of Adhesion and Adhesives. 2009. 29(1). Pp. 23-31. DOI: 10.1016/j.ijadhadh.2008.01.001

Critchlow, G.W., Brewis, D.M. Review of surface pretreatments for aluminium alloys. International Journal of Adhesion and
Adhesives. 1996. 16(4). Pp. 255-275. DOI: 10.1016/S0143-7496(96)00014-0

Harris, A.F., Beevers, A. The effects of grit-blasting on surface properties for adhesion. International journal of adhesion and
adhesives. 1999. 19(6). Pp. 445-452. DOI: 10.1016/S0143-7496(98)00061-X

Sinmazgelik, T., Aveu, E., Bora, M.O., Coban, O. A review: Fibre metal laminates, background, bonding types and applied test
methods. Materials & Design. 2011. 32(7). Pp. 3671-3685. DOI: 10.1016/j.matdes.2011.03.011

Lefebvre, D., Ahn, B., Dillard, D. et al. The effect of surface treatments on interfacial fatigue crack initiation in aluminum/epoxy
bonds. International Journal of Fracture. 2002. 114. Pp. 191-202. DOI: 10.1023/A:1015094701018

Gonzalez-Canche, N.G., Flores-Johnson, E.A., Cortes, P., Carrillo, J.G. Evaluation of surface treatments on 5052-H32 aluminum
alloy for enhancing the interfacial adhesion of thermoplastic-based fiber metal laminates. International Journal of Adhesion and
Adhesives. 82. 2018. Pp. 90-99. DOI: 10.1016/j.ijadhadh.2018.01.003

Bjergum, A., Lapique, F., Walmsley, J., Redford, K. Anodising as pre-treatment for structural bonding. International Journal of
Adhesion and Adhesives. 2003. 23(5). Pp. 401-412. DOI: 10.1016/S0143-7496(03)00071-X

Liu, J., Chaudhury, M., Berry, D., Seebergh, J., Osborne, J., Blohowiak, K. Effect of Surface Morphology on Crack Growth at a
Sol-Gel Reinforced Epoxy/Aluminum Interface. Journal of Adhesion. 2006. 82(5). Pp. 487-516. DOI:
10.1080/00218460600713725

Ozun, E., Ceylan, R., Ozgiir Bora, M., Coban, O., & Kutluk, T. Combined effect of surface pretreatment and nanomaterial
reinforcement on the adhesion strength of aluminium joints. International Journal of Adhesion and Adhesives. 2022. 119. 103274.
DOI: 10.1016/j.ijadhadh.2022.103274

Nassir, N.A., Birch, R.S., Cantwell, W.J., Rico Sierra, D., Edwardson, Dearden, S.P., G., Guan, Z.W. Experimental and numerical
characterization of titanium-based fibre metal laminates. Composite Structures. 2020. 245. Article no. 112398. DOI:
10.1016/j.compstruct.2020.112398

Sandeep, R., Nagarajan, B.M., Kumar, S.K., Adarsh, S.J., Manoharan, M., Natarajan, A. Strategies to improve joint strength of
friction lap welded AA7475/PPS hybrid joint with surface pre-treatment on AA7475. Materials Letters. 2023. 333. Article no.
133561. DOI: 10.1016/j.matlet.2022.133561

Moldovan, E.R., Concheso Doria, C., Ocafia Moreno, J.L., Baltes, L.S., Stanciu, E.M., Croitoru, C., Pascu, A., Tierean, M.H.
Geometry Characterization of AlISI 430 Stainless Steel Microstructuring Using Laser. Archives of Metallurgy and Materials. 2022.
67(2). Pp. 645-652. DOI: 10.24425/amm.2022.137801

Kochemirovskaia, S.V., Lebedev, D.V., Fogel, A.A. et al. Properties of Selenium Colloidal Solution Obtained via Laser Ablation
and a Subsequent Method for Producing Highly Dispersed CulnSe2. The Journal of The Minerals, Metals & Materials Society.
2021. 73. Pp. 646-654.

Trauth, A., Lohr, C., Lallinger, B., Weidenmann, K.A. Interface characterization of hybrid biocompatible fibermetal laminates after
laser-based surface treatment. Composite Structures. 2022. 281. 115054. 10.1016/j.compstruct.2021.115054


http://dx.doi.org/10.1016/j.heliyon.2024.e39661
http://dx.doi.org/10.1016/j.msea.2008.07.041
http://dx.doi.org/10.1016/j.matpr.2019.12.383
http://dx.doi.org/10.1016/j.tws.2024.111744
https://doi.org/10.1016/S0143-7496(96)00014-0
https://doi.org/10.1016/j.matdes.2011.03.011
http://dx.doi.org/10.1016/j.ijadhadh.2018.01.003
http://dx.doi.org/10.1016/S0143-7496(03)00071-X
http://dx.doi.org/10.1080/00218460600713725
http://dx.doi.org/10.1016/j.compstruct.2020.112398
http://dx.doi.org/10.24425/amm.2022.137801

Magazine of Civil Engineering, 18(1), 2025

23. Li, W., Jin, Y., Gu, J., Zeng, Z., Su, X., Xu, J., Guo, B. Critical surface characteristics for coating adhesion and friction behavior
of aluminum alloys after laser cleaning. Journal of Materials Processing Technology. 2024. 332. Article no. 118549. DOI:
10.1016/j.jmatprotec.2024.118549.

24. Lambiase, F., Yanala, P. B., Leone, C., & Paoletti, A. Influence of laser texturing strategy on thermomechanical joining of AA7075
aluminum alloy and PEEK. Composite Structures. 2023. 315. 116974. DOI: 10.1016/j.compstruct.2023.116974

Information about the authors:

Dmitry Goncharenko,
ORCID: https://orcid.org/0000-0002-0827-6816
E-mail: honcharenkodmitry@gmail.com

llya Kobykhno,
ORCID: https.//orcid.org/0000-0002-3873-9316
E-mail: ilya.kobykhno@gmail.com

Elizaveta Bobrynina, PhD in Technical Sciences
ORCID: https://orcid.org/0000-0001-5054-3482
E-mail: bobrynina _ev@spbstu.ru

Viadimir Yadykin, PhD in Economics
ORCID: https://orcid.org/0000-0003-3603-4635
E-mail: v.yadikin@gmail.com

Received 17.12.2024. Approved after reviewing 28.01.2025. Accepted 28.01.2025.


https://orcid.org/0000-0002-0827-6816
mailto:honcharenkodmitry@gmail.com
https://orcid.org/0000-0002-3873-9316
mailto:ilya.kobykhno@gmail.com
https://orcid.org/0000-0001-5054-3482
mailto:bobrynina_ev@spbstu.ru
https://orcid.org/0000-0003-3603-4635
mailto:v.yadikin@gmail.com

	Aluminum surface treatment for shear strength improvement  of the laminate composites
	1. Introduction
	2. Methods
	3. Results and Discussion
	4. Conclusion


