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Abstract

This work discusses the effect of surface roughness and surface physicochemical properties on the initial adhesion
of phosphate to steel. The steel samples used in this study are made from A36 low alloy steel. The phosphate was
extracted from the BenGurir-Morocco area and is used in this work in the form of pellets that were compacted using
different pressures. The steel surface is treated by two methods of surface pretreatment such as honing and
horizontal milling. The influence of this pretreatment procedure on the surface morphology, roughness, surface
energy and hydrophobicity are examined. By measuring the contact angle on the surfaces of the phosphate pellets
and the substrates of low-alloy A36 steel, we were able to identify the physicochemical parameters by calculating the
surface energy. In addition, the roughness of each steel sample was investigated using the roughness meter and the
metallurgical microscope. The results obtained showed that the phosphate surface is is subject to dispersing forces
and has a hydrophilic character. For the surfaces of different A36 steel substrates, the effect of roughness was well
examined, the minimum surface energy was obtained for both pretreatment (honing and horizontal milling) for a
determined roughness. This result can be used for preparing surfaces with minimum surface energy in order to
minimize fracture energy and therefore minimize the adhesion and clogging of the phosphate on steels.

Keywords: Phosphate; low-alloy A36 steel; clogging; adhesion; surface energy; wetting.

BIV/IMB IOPCTKOCTI HA ®I3UKO-XIMIYHI BJIACTUBOCTI CTAJII A36:
JOCIIIKEHHSA AATE3II ®O0CPATIB
HOced Hamxix, Mycrada Axap*, Mamkaa Meakyp, xkamaa benryppawm,
Myctada Mabpyki

Jla6opamopis npomucao602o iHxcuHiputey, Yuisepcumem Cyamana Myaas Caimana, pakysbmem HAyKu i mexHo.102ill, beni
Meanan, Mapokko

AHoTaliga

Y uiii po6oTi 0GroBOPHETHCA BIJIUB ILIOPCTKOCTI MOBepxHi Ta (i3sMKoO-XiMiYHMX BJIACTUBOCTEH NOBEpPXHiI Ha
no4yaTtkoBy aaresin d¢ocdariB g0 crtasi. 3pa3ku cTajsi, BUKOPHCTaHi B LbOMYy JAOCJIiJ)KeHHi, BUTrOTOBJIEHi 3
HU3bKOJIeroBaHoi ctaai A36. Pocdar 6yB BA006yTHUi B paiioHi beH-T'ypip-MapokKko i B il po60Ti BUKOPUCTOBYBaBCA
y BUIVIAAI TpaHyJ/i, COpecOBaHMX MNiJ pi3HMMH TUcCKaMu. CTajleBy NOBEPXHI0 OGpOGJIAIM ABOMAa METOAAMH
nonepejHbOi 06pOGKU NOBEPXHi - XOHIHI'YBaHHAM Ta rOPM30HTAJbHUM ¢pe3epyBaHHAM. /l0CaAiAKeHO BIUIUB LUX
npouneAyp Ha Mopd¢oJiorilo moBepxHi, IWOPCTKICTb, NOBEPXHEBY eHeprilo Ta rigpo¢oGHicTb. Bumipwoiodyn KyT
KOHTAKTY Ha NOBepXHsIX pocPaTHUX rpaHy.I i miJKIaJ0K 3 HU3bKOJIETOBaHOI cTasii A36, MM 3MOIJIM BU3HAYUTH JesiKi
disuko-ximiuHi mapamMeTpu Ta po3paxyBaBIIM NOBepXHeBy eHeprilo. KpiM Toro, mopcTkicTh K0KHOT0 CTajeBOro
3pa3ka Gy/a JAOCJaiJ)KeHa 3a AO0MNOMOrol BHMipHBaya IIOPCTKOCTI Ta MeTaaypriiiHoro Mikpockoma. OTpumaHi
pe3yJbTaTH NOoKa3aiu, mo ¢ocdpaToBaHa NMOBEPXHA MiAJAETHCA BIUVIMBY AMcCHepCiiiHUX cua i Mae€ rigpodinbHuin
xapakTep. /i1 NOBEPXOHb Pi3HMX MiAKAaAOK 3i crani A36 Jo6pe AOCHIA)KEHO BIUIMB IIOPCTKOCTiI, OTPUMAHO
MiHiMa/IbHy TIOBepXHEBy e€Heprilo fK JJd nonepejHboi O06GPOGKHM (XOHIHTyBaHHSI Ta TOPU30HTAJILHOTO
dpesepyBaHHA), Tak i A/ BU3HayeHOl mopcTKocTi. Ileil pe3yabTaT MoXKe GYyTH BUKOPUCTAHUIl AJIS MiJrOTOBKH
NMOBEPXOHb 3 MiHIMa/IbHOIO MOBEPXHEBOIO eHepri€elo A1 MiHiMi3anii eHeprii pyiiHyBaHH1 i, 0TXKe, MiHiMi3anii agresii
Ta 3acMiueHHA pocdaramu crasi.

Katwouosi caosa: docdaT; HU3bKOJIeroBaHa ctanb A36; 3acMiueHHs; aire3is; NoBepxHeBa eHEPTisl; 3MOYyBaHHS.
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Introduction

In Morocco, the mining sector occupies a very
important place in its economic plan, representing
21 % of export revenues. Since the beginning of
the 20th century, large sources of phosphates have
been discovered containing three quarters of the
known reserves on the planet. The exploitation of
phosphates is a monopoly of the Moroccan State
represented by the Cherifian Phosphate Office
(OCP) created in 1920. from extraction to
treatment. Phosphate is generally transported by
high-capacity trucks. One of the areas of research
was the reduction of phosphate losses during
transportation, because phosphate adheres to the
walls of the truck body, which causes major
problems, and also the high cost related to the
number of transportation cycles, which results to
long delivery times. The remaining problem is
related to the adhesion phenomena between the
phosphate and the steels (which make up the
truck). Their close nature is likely to favor
phenomena of diffusion or molecular interactions
involved in phosphate adhesion. This adhesion is
harmful for transport operations, slowing down
production rates and thus creating a loss of
income for the manufacturer.

Adhesion is a phenomenon that corresponds to
the interfacial forces that occur when two surfaces
are brought into contact [1]. These forces can be
valence efforts and/or result from anchoring
actions. It is thus the set of physical or chemical
interactions that take place at the interface of two
phases [2]. The main mechanisms of adhesion
have been the subject of several studies [3-12]
throughout the last century and it has become
apparent that adhesion is systematically the result
of a series of mechanisms. Recently, Awaja et al.
put forward 3 main mechanisms to explain
adhesion between two materials: mechanical
anchoring, intermolecular bond formation and
adhesion thermodynamics [6].

In nature we find a variety of materials that
have a rough surface. This parameter (roughness)
can be observed at the microscopic scale mainly
due to the fabrication and implementation
processes. Much work [13-19] deals with the
influence of the roughness of a material on its
wetting properties, and it is accepted that
roughness affects the wetting properties of a
material that is initially wetting [13] and the non-
wetting properties of a material that is initially not
very wetting [15; 17]. Roughness is also the only
way to access hydrophobic and hydrophilic
surfaces [13; 14]. A large number of studies have
been devoted to studying the effect of the

physicochemical properties of the surface on the
adhesion between a material and steel, which
induces the formation of relatively strong acid-
base interactions [20].

To date, to the best of our knowledge, no
studies have systematically examined the
influence of steel surface properties on the initial
adhesion of phosphate. Therefore, the aim of this
work is to obtain a better fundamental
understanding of the mechanisms and
phenomena responsible for initial adhesion
between phosphate and steels. Our objective is to
control the surface properties of steel bearing the
reference A36 for the non-adhesion of phosphate
on its surface. For this reason, we would like to
modify the physicochemical properties by
changing the roughness and pretreatment of the
steel surface. Since the control of the physical
chemistry of the surface will be of first
importance, it is crucial to control the main
parameters affecting it (surface energy,
roughness), which allows to obtain a surface with
low wetting properties to minimize the
interactions causing adhesion phenomena
between phosphate and steel. Using the droplet
technique of a goniometer, we carried out contact
angle measurements in order to calculate the
surface energy of the steels. The results showed
that each treatment of the steel surfaces achieved
a minimum surface energy. Therefore, we also
proved that roughness has a direct influence on
the physicochemical properties and consequently
on the adhesion of phosphates on A36 steels used
in this study.

Material and Method

Phosphate Pellets Preparation. The purpose of
this section is to describe the preparation of
phosphate pellets from the phosphate rocks
obtained from the BenGurir extraction area of
Morocco, which were used to characterize the
phosphate surfaces. To eliminate the interstices in
volume during compression, we prepared the
pellets with a 20 % water content. Specifically, we
used a MAGNUS-England hydraulic press to
compress 9g of phosphate under different
pressures (90,110, 150, 210, 250 and 310 bar) for
5 minutes. The pellets were then heated at a
temperature of 60°C for 2 hours to promote
sintering. We chose this temperature because it is
below the melting point of phosphate and allows
the formation of solid pellets without
decomposition.

Pretreatment of A36 steel substrates. The low-
alloy A36 steels were chosen due to their high
strength and toughness, which are attributed to
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their composition of 0.18 % carbon, 0.2 % copper,
and 0.8 % manganese. To investigate the effect of
surface roughness on the coating adhesion, we
prepared five A36 steel substrates by honing with
varying durations to obtain different roughness
parameters (0.05 pm, 0.2 pm, 0.4 pm, 0.8 pm, and
1.6 pm). Additionally, we used horizontal milling
to modify the roughness by adjusting the
parameters of the cut, such as the speed of
rotation of the tool and the table of the milling
machine, resulting in five more substrates with
roughness parameters of 0.4 pm, 0.8 um, 1.6 pm,
3.2 um, and 6.3 pm. Note that the honing and
milling treatments were performed on separate
substrates to avoid any cross-contamination.
Contact angle measurement. The contact angle
measurements were conducted using the
DIGIDROP device from GBX France. Droplets with
a volume of approximately 10 uL were dispensed
onto the sample surface using a micro-dispenser
and a syringe with a 0.5 mm outer diameter
needle. The droplets were allowed to fall from a
height of 10 mm to minimize the effects of gravity.
The device included a camera, a backlight system,
and a sample holder for precise alignment. Contact
angle measurements were performed using
standard liquids: water and formamide, which are
polar, and methylene iodide, which is non-polar
[21-23]. The measurements were taken on both
steel substrates and phosphate pellets to calculate

the surface energy. The surface energy
components of the liquids were obtained from
[24].

Surface energy calculation. The surface energy
of a solid is characterized by the thermodynamic
equilibrium of the three interactions solid/liquid
¥s1, solid/vapor ys, and liquid/vapor y;y, as
stated by Thomas Young [25]. This equilibrium is
expressed as:

Ysv = Vs + YLy €0s 0, (1)
where 6 is the contact angle measured.

Direct measurement of the surface energy of a
solid is difficult, and thus the Van Oss model [26]
is adopted to calculate the surface energy for
phosphate pellets and A36 steel substrates. This
model considers the molecular interactions
between the liquid and solid properties, resulting
in the surface energy being written as:

y =y +y4f (2)

The first term y" (Lifshitz-Van der Waals)
includes all the Van der Waals forces (London,
Debye and Keesom), while the term y“Zis defined
as:

y4% = 20y )Y2, (3)
where y~and yTare the electron acceptor and
electron donor parameters, respectively. The
expression, in Equation 4, allows direct calculation
of the surface energy components of a solid.

(cos @ +1)/2 = (yeWyW) 12 Jyp + (v V2 [ v+ (s v V2 [y (4)

To obtain the surface energy of a solid from at
least 3 different liquids is required [27; 28].
Free energy of interaction (Hydrophobicity)

The quantitative hydrophobicity of a material

(i) is defined by the change in the free energy of

interaction between two interfaces of this
material immersed in water (w) [24]. It has two
components: acid base (AB) and dispersive (LW).
The expression for the interaction free energy
equation is written as:

MGy =-2[((vi™) 1/2 - ™) 1/2) 2+ 2(0iTvi) 1/2+ Wdva) 1/2 - (i ve) 1/2 - (v ) 1/2)1 (5)

A negative value of AG;,; (attractive free
energy of interaction between molecules)
indicates that solid surfaces have less affinity for
water than for each other, implying a hydrophobic
character. Conversely, a positive of AG;,,; implies a
hydrophilic character of the solid surface.

Result and discussion

Physicochemical characterization of phosphate
pellets. After 2 hours at 180°C heating and
compacting under different pressures (90, 110,
150, 210, 250 and 310 bar), contact angle
measurements of three probe liquids are made on
the surface of the phosphate pellets. The probe
liquids wused are water, formamide and
diiodomethane. The values of the contact angles of
these liquids in contact with the phosphate pellet

surfaces are shown in Table 1. This table also
contains the values of the surface energy
components (dispersive, acid and base) and also
the values of the interaction free energy
(hydrophobicity).

Figure 1 shows not only the evolution of the
contact angle of the water but also the variation of
the interaction free energy as a function of the
compacting pressure. Firstly, we find that the
surface of phosphate pellets has a hydrophilic
character (AG;,,; is negative), we also notice that
the water contact angle measured on the pellets
decreases as the compacting pressure increases.
We assume that for a pressure P=90 bar we have
the highest corresponding contact angle value
0=28.7° and the lowest contact angle value
0=17.3° is obtained for the pressure P = 310 bar.



584
Journal of Chemistry and Technologies, 2023, 31(3), 581-589

Table 1
Contact angle values and surface energy components of the phosphate pellets
Phosphate Contact angle (°) Surface Energy components (mJ/m?2) (1;‘1](;/1'1‘:11.2)
pellets Ow or o YW v v V4B yTot

Poo 28.70 32.50 22.10 47.17 0.03 52.40 2.51 49.68 34

P110 25.80 31.00 22.00 47.00 0.01 54.38 1.14 48.14 34.47
P1so0 22.30 28.10 21.00 47.48 0.002 55.67 0.68 48.15 38.40
P210 23.00 25.30 20.10 47.78 0.02 53.00 2.06 49.84 33.60
P2s0 19.80 23.00 17.50 48.30 0.02 54.40 2.09 50.39 35.00
P310 17.30 20.00 13.20 49.50 0.03 55.00 2.57 52.07 34.60
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Fig. 1. Variation of the contact angle of water and hydrophobicity

We present in figure 2 the variation of the to have a decomposition of this energy into
surface energy of the phosphate pellets according  dispersive, electron donor and electron acceptor
to the compaction pressure. The surface energy interactions.
was calculated using the Van Oss modulus in order
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Figure 2: Surface energy components of phosphate pellets
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On the one hand, the wvariation of the
compaction pressure slightly modified the values
of the surface energy of the phosphate pellets. On
the other hand, we found that the phosphate
surface is dominated by long-range forces, i.e. the
dispersive component of the surface energy has
the highest value. However, the polar component
composed by the acid-base interactions has a low
value. Analyzing the electron acceptor/donor
character we found that the surface of the
phosphate under any compacting pressure has a
very important electron donor character.

Characterization of Steel A36 Surface.

Morphological characterization. Surface pre-
treatment is one of the first and most important
technological steps to control the processes of
clogging and adhesion of materials. It is preceded
by the analysis of the properties, type and

geometric structure of the material surface, as the
choice of a suitable surface pre-treatment method
depends on these data. Therefore, the aim is to
determine the influence of topographic
parameters such as the roughness of low-alloy
A36 steels on the physicochemical properties.
Using the metallurgical microscope (Figures 2 and
3) SOMECO 30° inclined binocular, 360° rotatable,
Diopter adjustment on both eye tubes, we
identified the topographic characteristics of A36
steel support according to different roughness
parameters. By adjusting the surfacing conditions,
we obtained surfaces with different roughnesses.

The images presented with a zoom *10 show
the influence of the surface parameters that we
applied on the A36 steel substrates.

The roughness was well observed according to
the nature of the pre-treatment applied.

. 5
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Fig. 2. Images of Steel A36 surface obtained by Honing
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Fig. 3. Images of Steel A36 surface obtained by horizontal milling

Pysicochemical characterization
The physicochemical properties of the steel
surface determine the suitability of the resulting

surface layerfor processes where adhesion plays
an essential role. Here we are talking about
adhesive properties that can be described by
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different physical quantities: the contact angle and
the associated wetting phenomenon, the work of
adhesion and the surface energy.

Table 2
Surface energy components of A36 Steel obtained by horizontal Honing
Surface Energy Components (mJ/m?2) AG;y;
Roughness (um) Yy v v Y28 yrot (m]J/mz2)
0.05 42.2 0.4 38.7 6.6 48.8 -3.71
0.2 40.7 0.6 36.2 9.3 50 10.45
0.4 38.8 0.2 22.8 4.8 43.6 0.97
0.8 39.2 0.1 31.1 2.4 41.6 -28.83
1.6 39 0.1 15.2 1.3 40.3 -61.66
Table 3
Surface energy components of A36 Steel obtained by horizontal milling
Surface Energy Components (mJ/m?2) AG;y;
Roughness (um) Yy v v y4B yTot (m]J/mz2)
0.4 33.7 0.1 10.9 1.2 34.90 -35.68
0.8 33.7 0.1 16.6 2.5 36.20 -21.05
1.6 38.9 0.2 15.2 1,3 40.20 -26.11
3.2 37.3 0.1 9.3 1,4 38.70 -42.01
6.3 30.2 0.02 12.3 1,5 31.71 -31.65
Table 2 and 3 show the development of surface a maximum value of surface energy

energy as a function of roughness. The surface
energy is calculated from the Von OSS model. After
analysis of results presented in figures 4, it
appears that there is a maximum value of surface
energy for thea roughness value for both surface
treatments (honing and horizontal milling). For

50

I N N
IN > ©
L L L

Surface Energy (mJ/mz)
]
L

40 4

yT°t= 50 mJ/m2 and a minimum value y7°'= 40,3

mJ/m2was obtained for a roughness of Ra=1.6 pum.
In the case of A36 steels obtained by horizontal
milling, the substrate surface of the steel has a
maximum value of surface energy yT°'= 40.2
m]J/m? for a roughness Ra=1.6 pm and a minimum

A36 steel substrates obtained by surface honing, value y7°*=31.71 mJ/m? for a roughness
we find that for aroughness of Ra=0.2 um, we have  Ra=6.3pum.
A 40 B
€ 384
B
E
336 -
2
L
8 344
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(2]
32 4
T T T T T 30 T T T T T T T 1
0,0 0,4 0,8 1,2 16 0 1 2 3 4 5 6 7

Roughness (um)

Roughness (um)

Fig. 4. Surface energy of A36 Steel Vs roughness. (A): Honing, (B): horizontal milling

Nevertheless, it can be noted that the increase
in roughness has systematically decreased the
surface energy values of the A36 steel. The results
obtained affirm that the surface energies of A36
steel vary from high to low. We know that the
molecular force of attraction between different

materials determines their adhesion. The force of
attraction depends on the surface energy of the
substrate. High surface energy means high
molecular attraction, while low surface energy
means lower attractive forces. Therefore, to
decrease the clogging between phosphate and
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steel substrates, we need to increase the
roughness to minimize the surface energy.

The geometrical structure of the surfaces is of
considerable importance from the point of view of
clogging. The mechanical theory of adhesion
recognizes the various factors contributing to the
increase or decrease in bond strength [29-31].
These factors include surface roughness; the
amount of unevenness can degrade the
appearance of the adhesive. This leads us to the
conclusion that the adhesive forces of the
phosphates on the surface of A36 steel can be
reduced if the roughness is increased.

The calculation of the interaction energy gives
an approximation of the molecular interactions
between two surfaces linking the hydrophobic
properties to their specific roughness. We have
attempted to evaluate the wetting properties of
the surface of A36 steel by varying the topographic
properties (roughness) in order to understand

20 = A

Roughness (pum)

T T T v T
08

-20 4

40 -

Free Energy of interaction (mJ/m®)

M

Free Energy of interaction (mJ/m”)

how these properties change as a function of the
free energy of interaction. From Figure 5, which
shows the variation of the free energy of
interaction as a function of roughness, we can see
first of all that roughness affects the wetting
properties and hydrophobicity. The surface of
A36 steel substrates prepared by horizontal
milling have a purely hydrophobic character
(AG;,; positive). The minimum value of
interaction energy AG;,;= -42 m]/m2 has
beenobserved for roughness Ra=3.2 pm and the
maximum value of this energy AG;,; = -21.05
mJ/m2 has been obtained for Ra=0.8 pm. In
addition, the surfaces of A36 steel substrates
obtained by honing have a hydrophilic character
at roughness levels between 0.2 um and 0.4 um
and a hydrophobic character fat roughness levels
of 0.05 um, 0.8 um and 1.6 um. We can perceive
that the substrates have a repulsive interaction.

10 =

Roughuness (pun)
20 -

30

A -

Fig. 5. Free energy of interaction of A36 Steel Vs roughness. (A): Honing, (B): horizontal milling.

Figure 6 presents a more detailed analysis of
the polar and dispersive components of the
surface energy of A36 steels. This analysis shows
that the dispersive component represents the
major part of the surface energy for the different
steel substrates obtained by the two pre-
treatment methods (honing and horizontal
milling). For example, for a roughness of 0.2 um of
the surface obtained by honing, the dispersive
component of the surface energy represents 81%
of the total surface energy and 18.6% regarding
the polar component. Consequently, the
interactions engaged by this type of surfaces are
mainly London dispersive interactions. When the

roughness of A36 steel substrates is increased, a
clear decrease in the dispersive component is
observed. At the same time, the polar component
of the initially low surface energy is also reduced.
The London dispersive interactions, although still
predominant, are therefore reduced by the
increase in roughness leading to a decrease in the
total surface energy. It can be concluded from this
analysis that the wetting properties of A36 steel
surfaces are influenced by topography and
roughness. High surface roughness progressively
reduces the surface energy and therefore reduces
the adhesion phenomenon.
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Fig. 6. Components of surface energy of A36 Steel Vs roughness. (A): Honing, (B): horizontal milling

Conclusion

In order to consider the possibility of reducing
the clogging of phosphate on steels, it was
essential to minimize the interactions between
steels and phosphate. The challenge of this work
was therefore to identify non-adhesion
phenomena in order to be able to modify
topographic properties such as the surface
roughness of steels. First, we performed a
physicochemical analysis of the phosphate pellets
to extract the surface energies and also the
interfacial interactions that govern them. We also
established pre-treatments on A36 steels with
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