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XRD AND STA CHARACTERIZATION OF PHOSPHATE LAYERS DEPOSITED
ON THE CARBON STEEL SURFACE

Carbon steel is one of the most widely used alloys in many industries, however, its use is limited by its low corrosion resist-
ance. Depositing a layer of phosphate on its surface improves the corrosion resistance as well as other properties, such as wear
resistance, adhesion etc. Accordingly, preliminary studies demonstrated that carbon steel coated with phosphate layers can be used
in the manufacture of carabiners for various fields: civil engineering, oil industry etc. Whereas, to demonstrate their capacity to
operate in severe conditions related to fire rescue and extinguishing operations, it is necessary to evaluate the thermal behaviour of
these materials. Thus, the main goal of this paper is to study the behaviour at high temperatures of three different types of phosphate
layers deposited on carbon steel surface, by STA analysis. Also, the paper aims to study the formation of different phosphate layers
by determining the types of compounds formed after the completion of the phosphating process, by XRD analysis.
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1. Introduction

The personal protective equipment used by firefighters in
rescue/evacuation operations during firefighting contains parts
made of carbon steel, due to the good mechanical properties
and the low manufacturing cost. These components can be of
the type of hooks or carabiners and have the role of keeping the
elements of the system together [1].

There are a multitude of standards that recommend the
removal of these components when oxides are formed on their
surface, which lead to a decrease in the mechanical properties of
the material, respectively the protection assembly [2-6].

It is well known that carbon steel has superior mechani-
cal properties [7], but like any other material, it also has weak
points. In the case of carbon steel, the low corrosion resistance
is the main reason why much personal protective equipment is
withdrawn from use [8,9].

Several studies [10-13] have been carried out to improve the
corrosion resistance of carbon steel in different environments,
without significantly increasing its manufacturing cost. This was
possible by depositing a layer of phosphate on the surface of the
carbon steel by conversion.

The process by which the layer was deposited is called
phosphating and is one of the most used deposition methods to

improve the corrosion resistance and wear of metallic materials
[14,15]. This process is used in a variety of areas such as civil
construction [16], automotive industry [17], plastic deformation
processing [18] etc.

The paper studies the formation of three different phosphate
layers by determining the compounds formed on the surface of
carbon steel following the phosphating process, by X-Ray Dif-
fraction analysis (XRD). Also, to conclude whether the carbon
steel connectors coated with a phosphate layer can be used by
firefighters in rescue/evacuation operations during a fire, the
high-temperature behaviour of three types of phosphate layers
was analyzed, by Simultaneous Thermal Analysis (STA).

2. Experiment

The base material used is C45 carbon steel, with the chemi-
cal composition presented in previous studies [19]. The phos-
phate layer was immersed for 30 minutes in the phosphating
solutions. For the phosphate layer to deposit uniformly on the
entire surface of the steel, before phosphating the samples were
prepared by immersion in a degreasing solution and subsequently
in a pickling solution [20]. For the actual phosphating of the
samples, three different phosphating solutions were used. The
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only difference between the three solutions, in terms of chemical
composition, is the metal ions dissolved in phosphoric acid (zinc,
zinc/iron and manganese). The samples obtained by immersion
in the zinc-based solution were symbolized with I-Zn, those with
zinc / iron-11-Zn / Fe and those with manganese I1I-Mn.

Structural characterization by X-ray diffraction (XRD) was
performed to highlight the main types of crystals that form the
phosphate coat deposited on the surface of carbon steel, as well
as to confirm the composition of the deposited coats (Zayed et
al., 2009). To determine the types of crystals existing on the
surface of carbon steel following its phosphating with three
different solutions, 10x10 x 3 mm?® samples were used. Crystal-
lographic characterization of phosphate coats was done using
the Panatical X Pert Pro MPD equipment equipped with a sin-
gle channel detector and a copper X-ray tube. This study used
a 0-20 angle range between 5°+90°, the number of steps: 6093,
step size: 0.0131303° every 60 seconds with a scanning speed
of 0.054710°s. To obtain the diffractograms of the phosphate
coats, the collected data were processed with the Highscore Plus
program version 4.8.

The thermal stability of phosphate coats deposited by con-
version on the surface of carbon steel samples was determined
using simultaneous thermal analysis equipment, model LINSEIS
STA PT-1600 equipped with LINSEIS L81PT software. To per-
form this determination using differential thermal analysis (DTA)
and thermogravimetry analysis (TGA), the samples were cut to
specific dimensions of the crucible, so that their mass is less
than 50 mg. After cutting, the samples underwent phosphating
for each solution. After phosphating, the samples were weighed,
their mass ranging from 45 to 50 mg. The temperature range
used to determine the thermal behaviour of the coats ranged
from ambient temperature (20 + 2°C) and 600°C. The crystalline
structure of hopeite, phosphophyllite and hureaulite is hydrated.
Therefore, once they are subjected to a higher temperature, coat
dehydration phenomena occur.

3. Results and Discussion

Structural characterization of phosphate coats
by X-ray diffraction

The resulting diffractograms for the two zinc-based and
zinc/iron-based coatings are shown in Figs. 1 and 2.

The XRD studies showed that phosphophyllite
(Zn,Fe(PO,), 4H,0) and hopeite (Zn;(POy),-4H,0) are the
main constituents of the zinc phosphate coating of ferrous
materials [17].

The mechanism of formation of zinc phosphate coats on the
surface of ferrous alloys consists of three stages. In the first stage,
the reversible reaction between zinc phosphate and phosphoric
acid occurs, according to the reaction (Eq. (1)), resulting in zinc
phosphate and free phosphoric acid.

37Zn(H,PO,), < Zns (PO, ), +H;PO, (1)
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Fig. 2. Diffractogram of sample II-Zn/Fe

In the next step, a hydrogen release reaction takes place in
which phosphoric acid attacks the surface of carbon steel ac-
cording to the reaction (Eq. (2)), resulting in ferrous dihydrogen
phosphate and hydrogen.

Fe+2H;PO, < Fe(H,PO, ), +H, T )

This reaction is followed by the formation of the first
crystalline coat, iron phosphate, which helps to grow and form
the crystalline phosphate coating. After the hydrogen is released
from the solution, in the third stage, an insoluble coat of zinc
phosphate (hopeite) is precipitated on the steel surface, according
to the reaction (Eq. (3)).

Fe+3Zn(H,;P0,), - F, (H,PO,)+2H,PO, +H, T

v 3
Zn;(PO,),-4H,0 ¥



However, the reaction between the compounds present in
the solution also results in the precipitation of another crystal-
line zinc phosphate compound (phosphophyllite), according to
the reaction (Eq. (4)).

2Zn(H,PO,), +Fe(H,PO, )+
+ 4H,0 — Zn,Fe(PO,), -4H,0 | + 4H;PO,  (4)

Literature [18] has shown that the phosphophyllite on the
surface of carbon steel, which crystallizes in the monoclinic
crystalline system, begins to form before the hopeite that crystal-
lizes in the orthorhombic crystalline system.

TABLE 1 illustrates the results obtained by X-ray diffrac-
tion, namely the interplanar distance and relative intensities
compared to the data in the JCPDS database.

TABLE 1
XRD results for zinc phosphate coatings
Relative Intensity [%]
Samples JCPDS Data Base
20 | dy[A]| I-Zn | Il - Zn/Fe | Hopeite P;'lfysﬁi':z' Steel
9.93 | 8.90 | 90.00 45.94 85
1945 | 445 | 38.99 80.00 40
1947 | 4.56 15.61 20
19.99 | 446 | 55.02 59.39 25 100
24.50 | 3.63 6.68 10
26.27 | 3.39 | 23.72 4.05 45 60
31.29| 2.86 | 11.58 3.1 100 50
31.75| 2.82 | 18.51 5.63 15 45
35.32| 2.54 3.26 20 15
36.74 | 2.45 3.26 10
39.38| 2.29 | 3.74 1.99 15 4
4046 | 2.23 | 3.26 9.00 30
44.65| 2.03 [100.00 | 100.00 100.00
51.40 | 1.78 0.55 3
60.58 | 1.53 | 3.46 1.16 13 10
62.51| 149 | 2.73 7.80 30
8230 | 1.17 | 3.55 3.94 70

As one may notice both in the diffractograms shown in
Figs 1 and 2 and in TABLE 1, the use of iron in the second
phosphating solution leads to an increase in the phosphophyllite
content deposited on the surface of the samples.

The diffractogram of the phosphate coated sample result-
ing from the immersion of carbon steel in the third phosphating
solution is shown in Fig. 3.

The coating mechanism of sample I11-Mn is different from
the one of samples [-Zn and 1I-Zn/Fe. In this case, the first stage
sees the dissociation of acid H;PO, in H,PO, ions, according
to the reaction presented in Eq. (5) and Eq. (6).

H,PO, — H,PO; +H; T (5)

3Mn, +2H,PO, — Mn; (PO, ), +4H" T (6)
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Fig. 3. Diffractogram of sample I1I-Mn

The second stage sees the formation of ferric phosphate
resulting from the reaction Eq. (7) between iron cations and
phosphate anions; this ends with the formation of the manganese
phosphate precipitate on the surface of carbon steel according
to reaction Eq. (8) and Eq. (9).

Fe, + PO}~ — FePO, T (7)
3Mn** +2H,PO, - Mn; (PO, ), ¥ +4H" T (8)
5Mn** +2H,PO, — Mn,H, (PO, ), L+ 6H* T (9)

The presence of iron in the phosphating solution determines
the formation of an orthophosphate coat that crystallizes in
amonoclinic crystalline system that is made of hureaulite crystals
(Mn,Fe)sH,(PO,),-4H,0 [19], as shown by Fig. 3.

Evaluation of the thermal behaviour of phosphate coats
by Simultaneous Thermal Analysis (STA)

The thermal behaviour of the zinc phosphate and manganese
coats deposited on the surface of carbon steel was determined by
simultaneous thermal analysis (STA) that carries out measure-
ments of heat flow and mass loss under the same temperature
conditions.

The thermogram of the zinc phosphate coated sample, I-Zn,
obtained further to DTA and TGA tests, is shown in Fig. 4.

The thermogram of the zinc phosphate coat has a specific
mass loss curve (TG), which highlights the decrease of the
sample mass over the entire temperature range analyzed. Water
is the main compound to which weight loss is due. The curve
shows a greater slope in the 20+300°C range due to the loss of
free water on the sample surface up to about 150°C and con-
tinues with water loss through the pores of the phosphate coat.
When the temperature approaches 300°C, the dehydration of the
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Fig. 4. The thermogram obtained for the I-Zn sample

phosphate coat begins by hopeite decomposition, a compound
confirmed by the XRD results.

The DTA curve shows several inflexion points spread over
large temperature ranges, which are due to the overlapping of
hopeite dehydration, water evaporation or water condensation
reactions.

However, the DTA curve of the sample shows an inflexion
point specific to an endothermic reaction starting at an initial
481°C temperature (Tj3) and ending at about 505°C (Ty), the
lowest temperature (T ,3) being 497°C. Its negative value proves
the endothermic nature of the reaction, which represents the
decomposition of the phosphate coat.

The zinc phosphate coated sample loses 5% of its mass
within the 20°C+600°C temperature range (P).

After changing the concentrations of the substances in the
first phosphating solution and adding iron, the thermogram of
sample II-Zn/Fe is shown in Fig. 5.

In this case, the mass loss in the analyzed temperature range
increased from 5% to 6%, this may be due to the higher amount
of free water in the structure of the phosphate coat.

The endothermic reaction occurs at the initial 483°C tem-
perature (Ty;) and ends at 504°C (Tg), showing an inflexion
point on the DTA curve.

However, the thermal behaviour of the two samples is
similar, since the ratio between the amount of phosphophyllite
and hopeite is very small, according to the XRD findings. The
thermogram of the manganese phosphate coated sample recorded
from the DTA and TGA tests is shown in Fig. 6.
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Fig. 5. The thermogram obtained for the II-Zn/Fe sample
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Fig. 6. The thermogram obtained for the III-Mn sample

As the porosity of manganese coats is higher than that of
zinc coats, the amount of free water on the surface and in the
pores is much higher, this being confirmed by the FTIR findings,
where vibrations occur in the vibration band ranging between
1700 and 1500 cm™' due to the H-O-H groups. Therefore, the
TG curve shows a sharp decrease to about 240°C, which is due
to the 4% mass decrease. Above this temperature, the curve
has several inflexion points that correspond to the overlapping
hureaulite oxidation and dehydration reactions.

The linear instability of the curve is due to the fact that
immediately after dehydration of the compounds in the coat
the substrate is exposed and it oxidizes rapidly. Therefore, the
mass increase is due to oxidation, and the decrease is specific
to coat dehydration.

The endothermic reaction specific to the destruction of the
phosphate coat begins at an initial temperature of 478°C and
ends at a temperature of 504°C.

From the point of view of thermal behaviour, the samples
show coat destruction reactions within the 478+505°C tempera-
ture range. Above this temperature, the corrosion resistance of
the samples decreases.

4. Conclusions

The I-Zn, II-Zn/Fe and I1I-Mn sample diffractograms reveal
the presence of compounds (hopeite, phosphophyllite and hureau-
lite) specific to each type of solution, which was formed on the
carbon steel surface. The phosphophyllite concentration increases
once iron is introduced in the phosphating solution II-Zn/Fe.

As far as thermal behaviour is concerned, the samples show
coat destruction reactions within the 478-505°C temperature
range, which means that carbon steel carabiners on which a coat
of phosphate has been deposited can be used without suffering
any changes, at the rescue/evacuation operations by firefighters
during fires. Above this temperature, the corrosion resistance of
the samples decreases.

Therefore, the phosphate coating represents an alternative
method to protect de carbon steel carabiners, used by firefight-
ers, against corrosion.
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