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This paper involved a phosphate conversion coating on magnesium alloy AZ91D. The effects of
components and their content in phosphating bath on the phosphate conversion coatings were studied.
The optimum content for each component in phosphating bath was zinc oxide (ZnO) 2.0 g/L,
phosphoric acid (H3PO,4) 12.0 g/L, sodium fluoride (NaF) 1.0 g/L, sodium tartrate (C4H4O¢Nay) 4.0
g/L, sodium nitrate (NaNO3) 6.0 g/L and sodium pyrophosphate (NasP,0O;) 0.5 g/L. The presence of
NasP,O7 in phosphating bath refined the microstructure of the crystal layer and made the phosphate
conversion coatings more fine and smooth. The phosphate conversion coating formed at the optimum
condition was composed of Zn3(PO4),, Zn,Mg(PQO,), and Zn.
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1. INTRODUCTION

Magnesium alloys are good materials for aerospace, automobile, electron and other industries
attributed to their very high strength to weight ratio and good formability. However, there are many
pores and defects in the air-formed oxide films on magnesium alloys surface, resulting in that the air-
formed oxide films cannot provide good corrosion protection for magnesium alloys substrate and the
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corrosion susceptibility of magnesium alloys is higher than that of other alloys [1]. Therefore, the
applications of magnesium alloys are very limited due to their relatively bad corrosion resistance
mainly [2-4]. There have been many studies on corrosion protection techniques for magnesium alloys:
organic coatings [5], anodizing films [6], laser surface treatments [7] and chemical conversion coatings
[8], especially phosphate conversion coatings [9]. The advantages of phosphate conversion coatings
include easy operation, low cost, little size limitation and so on [10].

During the preparation process of a phosphate conversion coating, the critical and important
program is the components in phosphating bath, and the composition of the prepared phosphate
conversion coating depends on the bath components, which usually contains five parts: film-forming
agent, inhibitor, complexant, accelerator and additive [11-13]. Lian et al. [11] applied zinc oxide and
phosphoric acid as film-forming agent, sodium fluoride and organic amine as inhibitor, tartaric acid as
complexant, sodium nitrite and sodium nitrate as accelerator, and a zinc phosphate conversion coating
was prepared on magnesium alloy AZ91D surface. The prepared phosphate conversion coating had
typical phosphate microstructure, and the coating was composed of Znz(PO,),, Zn, AIPO, and
Zn,Mg(PQOy),. Li et al. [12] applied zinc oxide and phosphoric acid as film-forming agent, sodium
fluoride as inhibitor, tartaric acid as complexant, ethanolamine as additive and prepared a zinc
phosphate conversion coating on magnesium alloy AZ91D surface. The presence of ethanolamine in
phosphating bath refined the microstructure of phosphate crystal layer, and the phosphate conversion
coating formed at the optimum ethanolamine content of 1.2 g/L showed the most uniform and compact
crystal layer and provided the best corrosion protection for magnesium alloy AZ91D substrate.

In our previous study [14], the formation of a phosphate conversion coating on magnesium
alloy AZ91D was studied with electrochemical methods and scanning electron microscope (SEM). In
this paper, based on our previous study, the effects of components and their content on the phosphate
conversion coatings are studied, and the studied phosphating bath is composed of five parts: zinc oxide
(Zn0O) and phosphoric acid (H3PO,) as film-forming agent, sodium fluoride (NaF) as inhibitor, sodium
tartrate (C,H4O¢Nay) as complexant, sodium nitrate (NaNO3) as accelerator and sodium pyrophosphate
(NasP,0y) as additive.

2. EXPERMENTAL

2.1 Material and preparation

The studied material was magnesium alloy AZ91D with the following chemical composition
(wt %): Al, 9.4; Zn, 0.82; Mn, 0.23; Si, 0.01; Cu, 0.02; Ni, 0.0021; Fe, 0.005, and Mg. Samples were
manually abraded up to 1000 grit with SiC abrasive papers, rinsed with de-ionized water and
degreased in acetone. The samples were processed to many small plates with the size of 25 mm x 15
mm X Smm.

2.2 Preparation of phosphate conversion coatings

The phosphate conversion coatings were formed on the samples surface by immersing the
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samples into each phosphate bath shown in Table 1. The phosphating temperature and time were
respectively 45 °C and 20 min.

Table 1. The components and their content in phosphating bath.

Component Content range (g/L) Optimum content (g/L)
Zinc oxide 10-25 2.0
Phosphoric acid 6.0 - 15.0 12.0
Sodium fluoride 05-15 1.0
Sodium tartrate 1.0-6.0 4.0
Sodium nitrate 0-120 6.0
Sodium 0-1.0 0.5

pyrophosphate

2.3 Grade of phosphate conversion coatings

The samples immersed in phosphating bath for 20 min were called phosphated magnesium
alloys. In order to evaluate the quality of phosphate conversion coatings, the appearance of the system
form phosphate conversion coatings and phosphated magnesium alloys was classified into four grades
shown in Table 2. In Table 2, grade “0” represented that there were no phosphate conversion coatings
on phosphated magnesium alloys surface and magnesium alloys substrate were corroded; grade “1”
represented that there were no phosphate conversion coatings but magnesium alloys substrate were not
corroded; grade “2” represented that phosphate conversion coatings could be formed on phosphated
magnesium alloys surface but not complete; grade “3” represented that compact and integral phosphate
conversion coatings could be formed on phosphated magnesium alloys surface.

Table 2. The appearance of phosphate conversion coatings.

Grade 0

2.4 Weight and forming rate of phosphate conversion coatings

The weight of the phosphate conversion coatings was calculated with the following equation:
W=(W1—W2)/S (1)
Where W was the weight of the phosphate conversion coatings, W; was the weight of the
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phospahted magnesium alloys, W, was the weight of the naked magnesium alloys, and S was the
surface area of the naked magnesium alloys.

The forming rate of the phosphate conversion coatings was calculated with the equation as
follows:

v=W/t (2

Where v was the forming rate of the phosphate conversion coatings, W was the weight of the
phosphate conversion coatings, and t was the phosphating time (20 min).

2.5 Scanning electron microscope (SEM) observation

The surface morphology of the samples was observed with a LEO-1450 SEM instrument
(USA).

2.6 X-ray diffraction (XRD) analysis

The surface composition of the samples was analyzed with a 2500VB2+PC XRD instrument
(Japan).

3. RSEULTS AND DISCUSSION

3.1 Effect of film-forming agent

In the present study, the film-forming agents in phosphating bath are ZnO and H3POy, and the
following reaction may occur in the studied phosphating bath:

Zn0O + 2H3PO,4 + H,O — Zn(H2P04)2'2H20 (3)

The product Zn(H2P04),-2H,0 of the reaction (3) can dissolve to produce ZnPOy,’, H,PO, , HY
and H,0 as follows:

Zn(H2PO4)2‘2H20 — ZnPO4 + H,PO, + 2H" + 2H,0 (4)

After that, the complex anion ZnPO, can dissociate to produce Zn®* and PO,* in the studied
phosphating bath as follows:

ZnPO, — Zn* + PO, (5)

Table 3 shows the effect of ZnO and H3zPO, on the quality of phosphate conversion coatings on
the magnesium alloys surface. It is seen that the compact and integral coatings can be formed on the
AZ91D alloys surface when the relative quantity ratio of ZnO and H3PO, is 1:6 and the content of ZnO
and H3POy is respectively more than 2.0 g/L and 12.0 g/L, as shown in No. 11, 15 and 16. Therefore,
the optimum content for film-forming agent in the studied phosphating bath is ZnO 2.0 g/L and H3PO,
12.0 g/L.

Zn0O and H3PO, are usually applied as the film-forming agents during the process of phosphate
treatment due to their low cost and easy operation. Lian et al. [11] prepared a zinc phosphate
conversion coating on magnesium alloy AZ91D surface, and the optimum content of ZnO and H3PO,
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was respectively 3.2 g/L and 17.5 g/L, which consumed more film-forming agents compared with our
study. Li et al. [12] prepared a zinc phosphate conversion coating on magnesium alloy AZ91D surface,
consuming ZnO 6.8 g/L and H3PO,4 27.2 g/L.

Table 3. Effect of ZnO and H3PO, on the quality of phosphate conversion coatings on the magnesium
alloys surface.

No. ZnO (g/L) H3PO,4 (g/L) Grade
1 1.0 6.0 2
2 1.0 9.0 0
3 1.0 12.0 0
4 1.0 15.0 0
5 1.5 6.0 1
6 1.5 9.0 2
7 15 12.0 0
8 1.5 15.0 0
9 2.0 6.0 1
10 2.0 9.0 1
11 2.0 12.0 3
12 2.0 15.0 0
13 2.5 6.0 1
14 2.5 9.0 1
15 2.5 12.0 3
16 2.5 15.0 3

3.2 Effect of inhibitor

According to previous investigations [15, 16], only when the corrosion rate of magnesium
alloys substrate is much lower than the forming rate of phosphate conversion coatings, phosphate
conversion coatings can be formed on magnesium alloys surface. In the present study, NaF is applied
as the component of inhibitor and is added into the studied phosphating bath directly in order to
decrease the corrosion rate of the AZ91D alloys.

Fig.1 shows the effects of pH and NaF on the quality of phosphate conversion coatings on the
magnesium alloys surface. It is seen that the compact and integral coatings can be obtained on the
AZ91D alloys surface when the content of NaF is more than 1.0 g/L and the pH of phosphating bath is
in the range from 2.5 and 3.0. Conversely, when the content of NaF is less than 1.0 g/L and the pH of
phosphate bath is lower than 2.5, the AZ91D alloys substrate are attacked partly, which may be
attributed to that the corrosion rate of the AZ91 alloys substrate is higher than the forming rate of the
coatings. Further, when the pH of phosphating bath is higher than 3.0, there are no complete coatings
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on the AZ91D alloys surface regardless of NaF content in the studied phosphating bath. Therefore, the
optimum content for inhibitor agent in the studied phosphating bath is NaF 1.0 g/L.
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Figure 1. Effects of pH and NaF on the quality of phosphate conversion coatings on the magnesium
alloys surface.

3.3 Effect of complexant

In the present study, C4H4OgNa, is applied as the component of complexant in the studied
phosphating bath in order to adjust the pH value and to decrease the production of sludge. According
to previous investigations [11, 17], if there is no complexant in phosphating bath, the insoluble
H,PO,* can precipitate out as sludge on magnesium alloys surface or in phosphating bath.

Fig.2 shows the effect of C4H4OsNa, on the appearance of phosphate conversion coatings on
the magnesium alloys surface. It is seen that the presence of sludge is on the AZ91D alloys surface
when the content of C4H;OgNa is less than 4.0 g/L. However, when the content of C4H4OgNa, is more
than 4.0 g/L, there is no sludge on the AZ91D alloys surface and the appearance of the coatings is
compact and integral. Therefore, the optimum content for complexant agent in the studied phosphating
bath is C4H405N8.2 4.0 g/L

There are other complexant can be applied during the process of phosphate treatment, such as
tartaric acid (C4H¢Og) [11, 12] and organic amine [15, 21]. Lian et al. [11] prepared a zinc phosphate
conversion coating on magnesium alloy AZ91D surface, and the optimum content of C4HgOg was 2.2
o/L. Niu et al. [21] prepared a phosphate conversion coating on magnesium alloy AZ91D surface, and
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the content of organic amine was 1.2 g/L. However, tartaric acid is more expensive than sodium
tartrate, and the application of organic amine may lead to environmental problems. Therefore, sodium
tartrate is a rational complexant in phosphate treatment for magnesium alloys.

1.0 g/L 2.0 g/L 3.0 g/L 4.0 g/L 5.0 g/L 6.0 g/L

Figure 2. Effect of C4H40sNa, on the appearance of phosphate conversion coatings on the magnesium
alloys surface.

3.4 Effect of accelerator

In the present study, NaNOj is applied as the component of accelerator in phosphating bath
instead of the traditional and toxic nitrite [11, 17]. According to previous investigations [18, 19], in
acidic environment, NOs3 anions can react with H" ions as follows:

NO;3; + 2H" + 2e — NO; + H,0 (6)

Further, the generated NO," anions by reaction (6) can react with H* ions as follows:

NO; +2H" +2e > N2 + 02 + H,0  (7)

During the formation of phosphate conversion coatings, the anodic and cathodic reactions
occur at different electrochemical sites on magnesium alloys surface respectively: magnesium and
aluminum dissolves and releases electrons at micro-anode sites, and H* ions get electrons and
hydrogen is released at micro-cathode sites, simultaneously. In the present study, there are two
reactions occurring at the micro-anode sites on the AZ91D alloys surface as follows:

Mg — Mg” +2e  (8)

Al— AP +3e  (9)

At the same time, the following reaction occurs at the micro-cathode sites:

2H"+2¢ > H, (10)

The local pH would be increased on the AZ91D alloys surface due to the occurrence of above
reaction (6), (7) and (10), resulting in the precipitation of insoluble phosphate. The following four
reactions may occur on the AZ91D alloys surface:

3Zn** + 2P04> + 4H,0 — Zn3(PO4),'4H,0  (11)

2Zn*" + Mg®* + 2PO,> + 4H,0 — Zn,Mg(PO,),-4H,0  (12)

3Zn?" + 2H,PO, + 4H,0 + 4e — Zn3(PO4),-4H,0 + 2H,  (13)

2Zn*" + Mg?* + 2H,P04” + 4H,0 + 4e — Zn,Mg(PO4),-4H,0 + 2H,  (14)

where Zn3(PO,)24H,0 and Zn,Mg(PO,),-4H,0 are the main composition of the phosphate
conversion coatings [11,13,15,17].



Int. J. Electrochem. Sci., Vol. 10, 2015 8461

Fig. 3 shows the effect of NaNO3 on the forming rate and weight of phosphate conversion
coatings on the magnesium alloys surface, where each datum is the average value of ten parallel
processes for the preparation of phosphate conversion coatings, and the error ranges are also shown. It
is seen that the forming rate increases with the increase of NaNOj3; content from 0 to 8.0 g/L.
Afterwards however, the forming rate shows very slight change with the increase of NaNO3; content
from 8.0 to 12.0 g/L. At the same time, the weight of the coatings decreases with the increased NaNO3
content in the studied phosphating bath. According to previous investigations [11, 15], the higher the
weight of phosphate conversion coatings, the more thick is the coatings, indicating good corrosion
protection for magnesium alloys substrate. Both the forming rate and the weight of the coatings are
relatively suitable when the content of NaNOs in the studied phosphating bath is approximate to 6.0
g/L, so the optimum content for accelerator agent in the studied phosphating bath is NaNO3 6.0 g/L.

During the process of phosphate treatment, nitrite is usually applied as accelerator agent due to
its good performance and low coat [11, 13, 16]. However, nitrite is a toxic substance, and it should be
avoided for application.
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Figure 3. Effect of NaNOj3 on the forming rate and weight of phosphate conversion coatings on the
magnesium alloys surface.

3.5 Effect of additive

In the present study, NasP,O; is applied as the component of additive in the studied
phosphating bath according to our previous study [20]. Fig. 4 shows the effect of NasP,O; on the
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surface SEM morphology of phosphate conversion coatings on the magnesium alloys surface. It is seen
from Fig. 4a that the coating formed in the phosphating bath free of NasP,0; shows many big crystal
clusters, and there are many small crystal clusters among the big crystal clusters. However, the
microstructure of the crystal layer is refined and the crystal structure of the coatings becomes more
fine and smooth after the addition of NasP,O- into the studied phosphating bath, as shown in Fig. 4b,
4c and 4d. When the content of Na,P,0- in the studied phosphating bath is 0.2 g/L, there are a lot of
pores and cracks on the coating shown in Fig. 4b. However, when the content of Na4P,O7 is more than
0.5 g/L, the quantity of cracks and pores decreases obviously shown in Fig. 4c and 4d. Therefore, the
optimum content for additive agent in the studied phosphating bath is Na;P,0; 0.5 g/L.

Mag= 1.00KX WD= 23mm EHT=2000kV SignalA=SE1 il Mag= 1.00KX WD= 24mm EHT=2000kV Signal A=SE1

(© (d)

Figure 4. Effect of NasP,0; on the surface SEM morphology of phosphate conversion coatings on the
magnesium alloys surface: (a) 0 g/L, (b) 0.2 g/L, (c) 0.5 g/L and (d) 1.0 g/L.

From the above results involving components and their content in phosphating bath, it is seen
that the optimum content for each component is ZnO 2.0 g/L, H3PO, 12.0 g/L, NaF 1.0 g¢/L,
C4HeOgNa, 4.0 g/L, NaNO3 6.0 g/L, NasP,07 0.5g/L.
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3.6 Phosphate conversion coating composition

Fig. 5 shows the XRD spectrum of the phosphate conversion coating formed in the phosphating
bath at the optimum condition. The major phases of the coating includes Zn3(POj)2, Zn,Mg(PQO,), and
Zn, which is consistent with the above discussion and other authors’ reports [11, 12, 15]. The presence
of Zn in the phosphate conversion coating may come from the reduction of Zn?*: the generated Zn**
ions by reaction (5) get electron and be reduced to zinc on the AZ91D alloys surface. The related
reaction of the reduction for Zn?* ions is as follows:

Zn* +2¢ — Zn (15)

A Zn (PO),
B Zn,Mg(PO,),
C Zn

Count (a.u.)

Figure 5. XRD spectrum of the phosphate conversion coating formed in the phosphating bath at the
optimum condition.

4. CONCLUSIONS

(1) The phosphate conversion coating was prepared on magnesium alloy AZ91D surface. The
optimum content for each component in phosphating bath was zinc oxide (ZnO) 2.0 g/L, phosphoric
acid (HzPO4) 12.0 g/L, sodium fluoride (NaF) 1.0 g/L, sodium tartrate (C4H4O¢Nay) 4.0 g/L, sodium
nitrate (NaNO3) 6.0 g/L and sodium pyrophosphate (Na;P.0;) 0.5 g/L.

(2) The presence of NayP,O- in phosphating bath refined the microstructure of the crystal layer
and made the phosphate conversion coatings more fine and smooth.
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(3) The phosphate conversion coating formed at the optimum condition was composed of
Zn3(POy)2, Zn;Mg(PO4), and Zn mainly.
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