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Ternary Phase Equilibria at 450 °C in the Zn-Fe-P System
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The 450 °C isothermal section of the Zn-Fe-P ternary phase diagram has been determined
experimentally using optical microscopy, scanning electron microscopy (SEM) coupled with
energy dispersive x-ray spectroscopy (EDS), and x-ray diffraction (XRD). The research of the
work has concentrated on the Zn-rich corner, which is relevant to galvanizing. Experimental
results indicate that P solubility in liquid zinc and all four Fe-Zn compounds, including &, 3, [';,
and [, is limited at 450 °C. Fe,P is found to be in equilibrium with the { and & phases. Fe;P is
found to be in equilibrium with §, ', ', and aFe, respectively. Liquid Zn is in equilibrium with

the Fe,P and FeP phases.

Keywords phase equilibria, zinc-base alloy, Zn-Fe-P ternary
system

1. Introduction

Zinc and zinc alloy coatings are widely used for
improving the corrosion resistance of steels. Phosphorus is
sometimes added to steel to improve its mechanical
properties.["! It is well known that the addition of phospho-
rus to interstitial-free (IF) steel can prevent denting of
automotive steel.””! In the galvanizing industry, steels that
contain Si show that the thickness of a galvanized layer
initially increases with increasing Si content to reach a
maximum, after which the thickness decreases. This behav-
ior is commonly known as the Sandelin effect.”] Phospho-
rus in steel behaves in an analogous manner as has been
shown by the work of Pelerin et al.l*, who studied the
thickness of galvanized layers on steel as a function of
phosphorus content of the steel.

The effect of phosphorus on the kinetics of coating
formation during continuous galvanizing has been studied
by many researchers.'>>*! Mercer!”! found that phosphorus
segregated to the grain boundaries, impeded Fe and Zn
interdiffusion, and lowered the amount of Fe that was found
in galvanized coatings. Therefore, phosphorous in steel
actually acts as an inhibitor to Fe-Zn alloy formation.!®*]
However, Lin et al.l'®'"") thought that the phosphorous
enrichment at the steel surface during recrystallization
annealing retarded the formation and growth of Fe-Zn
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phases during the galvanizing process. Gladman et al.l'>
studied the beneficial influence of phosphorus on the
adhesion of galvanized layers on steels containing some
silicon. If aluminum was added to a galvanizing bath, the
work of Tobiyama and Kato!'*! showed that the Al-rich
layer formed during galvanizing was independent of either
the phosphorus content of the steel or that in the galvanizing
bath.

Currently available knowledge indicates that data
concerning phase equilibria in the Zn-Fe-P ternary system
is very important for understanding the effect of phos-
phorus on Fe-Zn reaction kinetics during galvanizing.
Vogel and Horstmann!'* have determined an isothermal
section of the Zn-Fe-P system at 750 °C. However, an
isothermal section of the Zn-Fe-P system at temperatures
relevant to hot dip galvanizing has not as yet been
determined. In the present work, an isothermal section for
the Fe-rich portion of the Zn-Fe-P system at 450 °C was
established experimentally with techniques combining
optical microscopy, scanning electron microscopy with
energy dispersive x-ray spectroscopic capability (SEM-
EDS), and x-ray diffraction.

2. Experimental Information for the Zn-Fe, Zn-P,
and Fe-P Boundary Systems

Because of its importance to the galvanizing industry, the
Zn-Fe binary system has been investigated repeatedl%/. 15-17]
The most recent version was proposed by Su et al.l'®! There
are four compounds: { (FeZn3), 6 (FeZnyg), I'; (FesZny;),
and I' (FesZn(), and they are shown in the phase diagram
of Fig. 1(a).

Figure 1(b) shows the Zn-P phase diagram as compiled
by Dutkiewicz, " but the P-rich side of the diagram is
unknown, and only two compounds, Zn;P, and ZnP,, have
been confirmed.

The Fe-P system is reported'?”! to form five intermediate
compounds: Fe;P, Fe,P, FeP, FeP,, and FeP,. However, the
P-rich portion (P>50%) of the diagram is undetermined
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Fig. 1 (a) Zn-Fe binary system proposed by Su et al.l'®] (b) Zn-P phase diagram. (c) Fe-P phase diagram

Fig. 2 Microstructure of Alloy P3. Three phases: {, n-(cph
Zn), and Fe,P Fig. 3 Microstructure of Alloy P19. Two phases: { and Fe,P
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Fig. 5 The microstructure of Alloy P7. Two phases: 6 and Fe,P
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because of the high volatility of phosphorus. The available
data for the system are shown in Fig. 1(c).

3. Experimental Methods

In order to deduce the phase relationships in the Zn-Fe-P
ternary system, a number of alloys were prepared from the
elements with both Zn and Fe of 99.99% purity and P of
99.5% purity. For each sample, the three elements were
mixed and sealed in an evacuated quartz tube. Each alloy
mixture was heated to a temperature above its liquidus
temperature and kept at this temperature for 2 days and was
then quenched in water to minimize Zn loss and obtain a
relatively compact sample. A bottom-quenching technique
that has been reported in detail elsewhere!®'! was used. The
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Fig. 6 Alloy P8. Three phases: '}, 8, and FesP. (a) Microstructure. (b) X-ray powder diffraction pattern

samples were sealed again and annealed at 450 °C for
60 days, then quenched into water at the end of the
treatment. A nital etching solution was used for revealing
microscopic details, and an optical microscope was used for
the examination of all specimens. Structural studies of the
alloys were performed using a D/max-rA x-ray diffractom-
eter with Cu Ko radiation. SEM-EDS analyses were
performed using a JSM-6360LV microscope to study the
morphology and the chemical composition of the phases in
the samples.

4, Results and Discussion

Forty samples were prepared for this study. Table 1
shows the nominal compositions of selected alloys in
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column 2, the phase in the alloys in column 3, and
compositions determined by SEM-EDS in column 4. The
compositions of the phases in column 4 are the averages of
at least five measurements.

Examination of the microstructure of alloy P3 is shown
in Fig. 2 and indicates that it consists of three phases. The
SEM-EDS analyses suggest that the phases are {, Fe,P, and
N-(cph)Zn with the latter being in the liquid state at 450 °C.
The microstructure of alloy P19 is shown in Fig. 3 and
indicates that it is a two-phase mixture of  and Fe,P phases.
EDS analyses indicate the P content of the { and n-(cph)Zn
phases is negligible.

A micrograph of alloy P5 is shown in Fig. 4(a) and
indicates the presence of three phases. The x-ray diffraction
of this alloy appears in Fig. 4(b) and identifies the three
phases to be 9, {, and Fe,P. The microstructure of alloy P7 is
shown in Fig. 5, and the phases were identified as & and
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Fig. 7 Alloy P9. Three phases: I'}, I, and Fe;P. (a) Microstructure. (b) X-ray powder diffraction pattern

Fe,P. SEM-EDS analyses show the P solubility in the 6 and
Zn solubility in the Fe,P phase to be undetectable and that
the Fe to P ratio is near the ideal value of 2 to 1.

The microstructures and diffraction patterns are shown
for alloy P8 in Fig. 6 and for alloy P9 in Fig. 7. The
combined data show that the three alloy phases in P8 are 'y,
0, and Fe;P, and in P9 the phases are I', I'y, and Fe;P. EDS
analyses indicate that the P solubilities in o, I'j, and T
phases are very limited. In the FesP phase the atom ratio is
again nearly ideal at 3 to 1 and Zn is undetectable.

Examination of the microstructure of alloy P10 in
Fig. 8(a) shows the presence of three phases that were
identified as FeP, Zn;P,, and m-(cph)Zn. The volume
fraction of FeP in the alloy is too small to be resolved
from the x-ray diffraction pattern that is shown in
Fig. 8(b). Alloy P12 contains FeP, Fe,P, and n-(cph)Zn,

and the microstructure of this alloy is shown in Fig. 9.
From the data in Table 1 it can be seen that the ratio of Fe
to P in FeP is about 1 to 1 and of Zn to P in Zn;P, is
about 3 to 2.

The microstructure and x-ray diffraction pattern of alloy
P26 in Fig. 10 indicate that the alloy contains three phases:
aFe, I, and FesP. As shown in Table 1, P solubility in aFe
and I' is also very limited. Figure 11 shows the x-ray
diffraction pattern from alloy P29. This pattern clearly
indicates that this alloy contains d, Fe,P, and Fe;P.

When P>50 at.%, samples are very difficult to prepare
because of the high volatility of P. An attempt to determine
the P-rich (P>50 at.%) of the Zn-Fe-P system failed.

After examining the experimental results for all alloys,
it was found that in no case was Zn detected in FeP, Fe,P,
or FesP. The atomic ratios of these compounds were
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Fig. 8 Alloy P10. Three phases: FeP, Zn;P,, and n-(cph Zn). (a) Microstructure. (b) X-ray powder diffraction

consistently found to be about 1 to 1, 2 to 1, and 3 to 1,
respectively. Accordingly, these three phases are treated
herein as stoichiometric compounds. EDS analyses have
shown that P solubilities in all four Fe-Zn compounds, £, 9,
I'y, and I, are limited at 450 °C. The compositions of these
four phases in the ternary alloys are closely comparable to
the compositions in the binary alloys.

Information from SEM-EDS analyses and x-ray diffrac-
tion patterns for the foregoing alloys were combined with
data for the binary boundary phase diagrams to propose the
partial 450 °C isothermal section of the ternary Zn-Fe-P
phase diagram for the composition region where
P<50 at.%. This partial section is shown in Fig. 12. In
this section there are eight three-phase fields with no
indication of a ternary compound. These three-phase fields
are: { + Liq Zn + Fe,P, { +0+ Fe,P, 6 + I'y + FesP, ' +
Fig. 9 Microstructure of Alloy P12. Three phases: FeP, Fe,P Iy + FesP, Liq Zn + ZnsP, + FeP, Liq Zn + Fe,P + FeP,
and n-(cph Zn) oFe + I + Fe;P, and 6 + FesP + Fe,P.
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Table 1 Design compositions and phases of the alloys
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Alloy Design composition Phase at.% Fe at.% Zn at.% P

P3 Fe7Zn92.0P1 4 7.2 92.8 0
Lig. Zn 0 100 0
Fe,P Fe:P (at.%)~2:1

P5 Fe9Zn90.25P0.75 4 7.5 92.5 0
) 9.2 90.8 0
Fe,P Fe:P (at.%)~2:1

P7 Fel2.8Zn85.7P1.5 ) 9.4 90.6 0
Fe,P Fe:P (at.%)~2:1

P8 Fe20Zn79P1 ) 14.5 85 0.5
I 19.7 80.3 0
FesP Fe:P (at.%)~3:1

P9 Fe29Zn70P1 I’ 29.0 71.0 9
I 22.1 77.9 0
FesP Fe:P (at.%)~3:1

P10 FelZn93.5P5.5 Lig. Zn 0 100 0
Zn3P2 0 59.5 40.5
FeP Fe:P (at.%) =~ 1:1

P12 Fe4Zn93P3 Lig. Zn 0 100 0
Fe,P Fe:P (at.%) ~2:1
FeP Fe:P (at.%)~ 1:1

P19 Fel0Zn87P3 ¢ 7.3 92.7 0
Fe,P Fe:P (at.%)~2:1

P26 Fe44Zn53P3 aFe 92.7 7.3 0
I’ 30.3 69.7 0
Fe;P Fe:P (at.%)~3:1

P29 Fel6Zn83P1 S
Fe;P
FCzP

5. Conclusions Science Foundation of China (No. 50271059, No.

In this work, a partial ternary phase diagram at 450 °C
has been determined for the Zn-Fe-P system in the region
where P <50 at.%, and the main findings are:

There are eight three-phase regions in that portion of the
Zn-Fe-P phase diagram lying below 50 at.% P.

P solubility in liquid Zn and in the four Zn-Fe compounds
is very limited at 450 °C, and the compositions of the ,
8, I'1, and T phases in ternary alloys are not significantly
different from those of the binary system.

Fe,P was found to be in equilibrium with the { and 6
phases, Fe;P was found to be in equilibrium with §, Ty,
I', and oFe, respectively, and FeP was found in equilib-
rium with Zn;P, and liquid Zn.
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