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Abstract Phase equilibria in the Mn-Zn binary system

were experimentally determined by chemical composition

examination, crystal structure determination, and thermal

analysis. Major changes were detected for the b, e, and d
phases. The b-B2 single-phase region could not be con-

firmed in the studied system because a disordered body-

centered cubic structure, which is identical to the dMn

phase, was confirmed in a quenched sample from the pre-

viously proposed region of b phase. The e phase has been

controversial whether the phase is separated into e, e1, and
e2 phases or not. By studying a diffusion couple and several

alloy compositions, it was established that the e, e1, and e2
phases are not separate and comprise a single e phase.

Furthermore, the d phase is not present in the Zn-rich

region of the system because the corresponding invariant

reactions were not detected via thermal analysis.

Keywords coating materials � experimental phase

equilibria � intermetallic compound � phase diagram

1 Introduction

High-manganese steels with twinning-induced plasticity

(TWIP) behavior are widely used in automobile bodies

because of their high strength and elongation.[1–3] How-

ever, their inferior corrosion and oxidation resistance are

problems to solve for practical applications. Therefore, hot-

dip Zn coating processes such as hot-dip galvanizing (GI)

and galvannealing (GA) are generally performed for these

steels. During the GI process, a steel sheet is dipped into a

Zn bath with a temperature of approximately 450 �C. In the

case of the GA process, the Zn-plated steel sheet is further

annealed at 500 �C to form the intermetallic compound

(IMC) layers at the interface between the steel sheet and

the molten Zn bath. During these processes, steels con-

taining a large amount of Mn are known to show different

types of IMCs compared to those in Fe-Zn; for example,

the C phase that appears in the Fe-Zn system may be

suppressed.[4] The above-mentioned GI and GA processes,

accompanied by the formation of various types of IMCs,

involve non-equilibrium reactions and are not fully

understood. Therefore, a precise determination of the phase

diagrams of relevant elements is important; the phase

diagrams reflect equilibrium conditions, but they provide

basic information and are the starting points for the

understanding of non-equilibrium reactions. Unfortunately,

the Mn-Zn phase diagram, which is a fundamental binary

system among the major components Fe, Zn, and Mn,

remains controversial because contradictory experimental

data were reported previously. In this study, the whole

range of the phase diagram in the Mn-Zn system was

determined.
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2 Literature Works

A phase diagram of the Mn-Zn binary system assessed by

Okamoto and Tanner[5] is shown in Fig. 1(a), and the

crystal structures of its constituent phases are listed in

Table 1.[6–12] This assessed phase diagram is primarily

based on the experimental data obtained by Wachtel and

Tsiuplakis[13] in the compositional range of 60 to 100Zn,

by Romer and Wachtel[14] from 0 to 60 Zn, and by Nak-

agawa and Hori[15] from 30 to 70Zn below 400 �C (all the

compositions in this work are reported in atomic percent-

ages). For comparison, a partial phase diagram determined

by Potter and Huber[16] is also shown in Fig. 1(b).

By performing thermal analysis and x-ray diffraction

(XRD), Potter and Huber[16] reported that the dMn and b
phases were separated by the cMn phase (Fig. 1b). Romer

and Wachtel[14] reported that these two phases neighbored

each other through an order-disorder transformation

according to thermal analysis data (Fig. 1a). Potter and

Huber[16] also established equilibria between the aMn,

bMn, cMn, and dMn phases via x-ray analysis and

microscopic observations (Fig. 1b). However, these results

did not agree with the data obtained by Romer and

Wachtel[14] and Nakagawa and Hori[15] (see Fig. 1a).

The liquidus and solidus lines related to dMn (and b)
phases were determined by Siebe,[17] Romer and

Wachtel,[14] and Schramm[18] via thermal analysis, as

shown in Fig. 1(a). These datasets are in good agreement

with each other. However, different values of the invariant

temperature for the reaction dMn ? L ? e were obtained

by researchers. Romer and Wachtel[14] and Wachtel and

Tsiuplakis[13] reported the value of 815 �C, whereas

Schramm[18] and Potter and Huber[16] obtained the value

of 835 �C.

The separation of the e phase into the e, e1, and e2 phases
remains a controversial topic. Wachtel and Tsiu-

plakis[13] indicate phase separation as a change in the slope

of isothermal magnetic susceptibility. Xu et al.[19] also

detected a concentration jump around the interface between

e and e1 phases using a diffusion couple (DC); however,

they were unable to determine the two-phase boundaries

even using electron probe microanalysis (EPMA). A phase

diagram containing the separated e, e1, and e2 phases is

presented in Fig. 1(a). In contrast, Henderson and

Wilkox[20] and Farrar and King[21] measured the compo-

sitional dependence of the lattice parameters without

detecting any anomalies related to phase separations. Fur-

thermore, Romer and Wachtel[14] examined a wide range

of compositions related to e, e1, and e2 phases via isother-

mal magnetic susceptibility measurements. They found that

the change of magnetic susceptibility was continuous with

composition and did not observe any phase separations.

Phase equilibria between the liquidus and e
phase(s) have been examined by several

researchers.[13,14,17,22–25] These data have been used to

determine the solidus and liquidus. Although the peritectic

reactions of the L ? e1 ? e2 and L ? e ? e1 were

observed by Wachtel and Tsiuplakis,[13] Parravano and

Perret,[22] Gieren,[25] and Ackerman,[23] these reactions

were not reported by other researchers.

In addition, some groups established equilibria between

the solid phases in the Zn-rich region. Their findings are

briefly summarized below.

Schramm[18] confirmed the phase boundaries around the

a’ phase via thermal analysis and XRD. Subsequently,

Nakagawa and Hori[15] determined the composition range

in the Mn-rich region of the a’ phase at 150 �C. Uchishiba
et al.[26] investigated the phase transition between the cubic

a’ and tetragonal a’1 phase via thermal analysis (Note the

Fig. 1. (a) Phase diagram of the

Mn–Zn binary system

constructed by Okamoto and

Tanner based on experimental

data.[5] (b) Partial phase

diagram of the Mn-rich region

determined by Potter and

Huber[16]
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a0/a01 transition is below 0 �C thus not shown in Fig. 1(a)).

However, the compositional limit on the Zn-rich side of the

a0 phase has not been accurately determined.

Schramm et al.[18] identified the d phase by conducting

thermal analysis and x-ray analyses. Its stable temperature

range was between 415 and 462 �C. After that, Wachtel

and Tsiuplakis[13] revised the stable temperature range to

380-462 �C. Currently, Wachtel and Tsiuplakis’ data are

adopted. However, the evidence for the existence of the d
phase is considered insufficient because the occurrence of

the e2 ? L ? d peritectic reaction was assumed based

exclusively on a very slight change in the slope of a

magnetic susceptibility curve.[13]

Li et al.[11] investigated the crystal structure of the d1
phase and the phase equilibria in the compositional range

above 88Zn at 400 �C via XRD and EPMA/wavelength-

dispersive x-ray spectroscopy (WDS), respectively.

The thermodynamic assessment of the Mn-Zn system

has been conducted.[11,27–29] In the calculated phase dia-

grams, the cMn-bMn two-phase region in the Mn-rich

portion is narrower compared to experimental data.[14] It

has also been pointed out the necessity to obtain more

information on the boundaries between the dMn and b
phases and that on the phase separation of the e phases for
an accurate thermodynamic assessment.[28]

3 Experimental Procedure

3.1 Alloy Preparation

Mn-Zn alloys with compositions expressed in at.% were

prepared from high-purity Mn flakes (purity 99.9%, pro-

duced by South Manganese Group Ltd.), and Zn granules

(purity 99.99%, produced by Kojundo Chemical Labora-

tory Co., Ltd.). The raw materials of Mn and Zn materials

Table 1 Crystallographic

information of the known solid

solution phases and

intermetallic compounds in the

Mn-Zn binary system

Phase Pearson symbol Space group Strukturbericht designation Prototype References

dMn cI2 Im3m A2 W Ref. 6

cMn cF4 Fm3m A1 Cu Ref. 6

bMn cP20 P4132 A13 bMn Ref. 6

aMn cI58 I43m A12 aMn Ref. 6

b cP2 Pm3m B2 CsCl Ref. 7

b1 cP2 Pm3m B2 CsCl Ref. 8

e hP2 P63=mmc A3 Mg Ref. 9

e1 … … … …
e2 … … … …
a’ cP4 Pm3m L12 AuCu3 Ref. 8

a’1 tP2 P4=mmm L10 AuCu Ref. 8

c cI52 I43m D82 cbrass Ref. 9, 10

c1 … … … …
d … … … …
d1 … P63=mmc … … Ref. 11

f mC28 C2=m … CoZn13 Ref. 12

Zn hP2 P63=mmc A3 Mg Ref. 12

Undetermined information is indicated by ‘‘... ‘‘

Fig. 2. Heat treatments performed for melting Mn-Zn alloys
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Table 2 Equilibrium compositions in the Mn-rich region determined via FE–EPMA/WDS

Equilibrium phases Nominal Composition

(at.% Zn)

Melting temperature (�C) Final heat-treatment condition Equilibrium composition (at.% Zn)

Phase 1 Phase 2 Temperature (�C) Time Phase 1 Phase 2

aMn bMn 10 1230 500 21 d 0.7 12.1

10 1230 400 61 d 1.2 20.5

bMn cMn 10 1230 800 8 d 6.4 13.5

15 1230 700 10 d 9.6 19.3

20 1200 600 33 d 15.9 23.6

cMn dMn 20 1200 900 3 d 17.3 23.4

25 1200 800 9 d 23.4 27.3

32 1150 700 13 d 29.4 33.8

cMn e 38 1150 600 8 d 30.7 40.9

bMn e 38 1150 525 10 d 23.9 42.0

32 1150 500 120 d 25.3 44.5

44 1100 400 120 d 35.6 51.9

dMn Liq. 46 1100 900 1 d 45.2 59.5

dMn e 47.5 1100 800 7 d 45.4 48.3

41 1100 700 14 d 39.0 43.2

Table 3 Equilibrium compositions of the alloys containing liquid phases determined via FE–EPMA/WDS

Equilibrium phases Nominal composition

(at.% Zn)

Melting temperature (8C) Final heat-treatment condition Equilibrium composition (at.% Zn)

Phase 1 Phase 2 Temperature (�C) Time (d) Phase 1 Phase 2

e Liq. 58 1050 800 3 55.6 68.9

70 900 700 5 66.9 78.6

80 800 600 7 77.4 88.2

88 800 500 21 85.4 94.9

92 700 450 42 89.9 97.7

Table 4 Equilibrium compositions in the Zn-rich region determined via FE–EPMA/WDS

Equilibrium phases Nominal composition

(at.% Zn)

Melting temperature (�C) Final heat-treatment condition Equilibrium composition (at.% Zn)

Phase 1 Phase 2 Temperature (�C) Time (d) Phase 1 Phase 2

e a0 66* 900 300 31 64.6 71.1

e c 75* 850 380 40 75.0 76.9

75* 850 360 7 74.5 76.7

a0 c 76 850 300 21 75.3 79.0

c e 83* 800 360 7 82.9 85.3

c d1 83 800 300 35 82.7 88.3

e d1 88 800 400 42 87.5 89.6

86* 800 360 7 85.6 88.8

d1 f 91.6 700 400 42 91.4 91.8

91.6* 700 360 7 91.2 91.9

91.6* 700 300 98 90.8 92.1

f Zn 94 700 400 42 92.2 99.0

94* 700 300 98 92.4 99.3

The nominal compositions marked by ‘‘*’’ indicate the use of powdered samples.
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were encapsulated in quartz tubes and backfilled with a gas

mixture containing 95 vol.% Ar and 5 vol.% H2. The alloys

were melted using a two-step melting method as shown in

Fig. 2 and Tables 2, 3, and 4. For compositions with 0 to 32

Zn, the alloys’ melting points are high thus we added a

third step at 950 �C to minimize the risk of the explosion of

quartz tubes during rapid cooling. After melting, each

quartz tube was cooled in ice water without breaking. In

addition, because the specimens that contained less than

30Zn could react with the quartz tubes at temperatures

above 1000 �C, they were placed in Tammann tubes

(Al2O3, 99.6%) before encapsulation. By conducting the

above-mentioned procedure, homogeneous Mn-Zn alloys

with different compositions were successfully prepared.

3.2 Preparation of DCs

Two DCs (82Zn/100Zn and 50Zn/75Zn) were prepared

from either pure materials or homogeneous alloys. The

obtained samples were cut into disks and the surfaces

polished. Two disks were mechanically joined with a

molybdenum jig. These samples, together with the

molybdenum jig, were encapsulated with Ti getters in

quartz tubes backfilled with argon gas. Heat treatments to

join the diffusion couples were performed at 400 and 500

�C for 2 hours. After that, the joint DCs were encapsulated

in quartz tubes backfilled with argon gas and heat-treated at

450 �C for 15 h (82Zn/100Zn) or 28 d (50Zn/75Zn), fol-

lowed by quenching in ice water. Note the pure Zn in the

82Zn/100Zn DC melts at 450 �C; thus a shorter heat-

treatment time was used.

3.3 Heat Treatments for Phase Equilibrium Studies

The prepared Mn-Zn alloys were cut and encapsulated in

quartz tubes backfilled with Ar gas. After that, the speci-

mens were heat treated at temperatures between 300 and

800 �C followed by quenching in ice water, as shown in

Tables 2, 3, and 4. For improved homogeneity, the samples

with compositions of 50-74Zn were heat-treated at 600 �C
for 7 d. Likewise, 80-90Zn were heat-treated at 400 �C or

450 �C for 42 d before the low-temperature heat treat-

ments. At temperatures below 400 �C, since it is more

difficult to reach the equilibrium state, when necessary,

strain was introduced by mechanically powdering the

samples using a stainless steel mortar, so that the disloca-

tion pipe diffusion phenomenon can greatly reduce the time

required for equilibration. For the powdered samples, after

heat treatments, quenching in ice water was conducted

without breaking the quartz tubes.

3.4 Determination of Binary Phase Diagram

3.4.1 Equilibrium Compositions

The equilibrium compositions of the samples and compo-

sition profiles of the DCs were determined by field-emis-

sion electron probe microanalyzers (FE-EPMA: JEOL

JXA-8500F and JEOL JXA-8530F) equipped with WDS at

an accelerating voltage of 25 kV and a beam current of 10

nA. During the FE–EPMA measurements, more than seven

points per phase were analyzed, and the obtained values

were averaged (except for outliers).

3.4.2 Thermal Analysis at High Temperatures

Thermal analyses were conducted via high-temperature

differential scanning calorimetry (DSC, Netzsch DSC-404

and DSC-404C). The fabricated samples were cut and

encapsulated in quartz tubes backfilled with 95vol%Ar-

5vol%H2 gas before measurements. In the cases involving

Fig. 3. BSE image of the 46Zn alloy heat-treated at 900 �C for 1 d

Fig. 4. DSC curves of the 61.5Zn and 56.7Zn alloys recorded at a

heating rate of 10 �C/min

J. Phase Equilib. Diffus. (2024) 45:3–17 7
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liquid phases where a reduced evaporation during mea-

surements is preferred, or in the cases of measurements of

second-order transformations where the signals are small, a

fast heating rate of 10 �C/min was applied. Otherwise, a

slow heating rate of 2 �C/min was used. Before

measurements, a temperature calibration was conducted

against the melting points of high purity In (99.999%,

Tm = 156.6 �C), Sn (99.99%, Tm = 231.9 �C), Al

(99.999%, Tm = 660.3 �C), Ag (99.99%, Tm = 961.8 �C),
Au (99.999%, Tm = 1064.2 �C), and Ni (99.99%,

Table 5 Phase transformation

temperatures determined via

DSC

Nominal composition (at.% Zn) Temperature (�C) Transformation during heating

56.7 787.3 e ? e ? L

833.2 e ? dMn ? L

61.5 720.4 e ? e ? L

833.7 e ? dMn ? L

80.3 563.6 e ? e ? L

680.2 e ? L ? L

74.7 621.4 e ? e ? L

737.4 e ? L ? L

83.2 525.9 e ? e ? L

84.8 497.1 e ? e ? L

86.1 487.1 e ? e ? L

87.8 477.5 e ? e ? L

88.6 465.0 e ? e ? L

90 454.5 e ? e ? L

92.8 414.3 f ? Zn ? L

427.4 f ? e ? L

94.6 414.6 f ? Zn ? L

427.0 f ? e ? L

Fig. 5. BSE images of the (a) 10Zn alloy heat-treated at 400 �C, (b) 10Zn alloy heat-treated at 800 �C, (c) 25Zn alloy heat-treated at 800 �C,
(d) 38Zn alloy heat-treated at 600 �C, (e) 44Zn alloy heat-treated at 400 �C, and (f) 47.5Zn alloy heat-treated at 800 �C

8 J. Phase Equilib. Diffus. (2024) 45:3–17
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Tm = 1455.0 �C) metals. During the measurements, pure

Sn (99.99%, Tm = 231.9 �C) was encapsulated in quartz

tubes and placed on the reference side of the DSC sample

holder. The obtained DSC curves were further calibrated

against the melting temperature of Sn to improve the

temperature measurement accuracy. All the measurements

were conducted under an Ar gas flow using an oxygen trap

system (Netzsch OTS�).

3.4.3 Thermal Analysis at Low Temperatures Below 600

�C

Thermal analyses below 600 �C were performed using a

low-temperature DSC instrument (Seiko DSC-6200).

Samples were placed into aluminum pans (99.9%) and

sealed with aluminum lids (99.9%) to suppress vaporiza-

tion during measurements, which were conducted at a

heating condition of 2 �C/min in air. For these measure-

ments no temperature calibration was required because the

temperature accuracy, which was verified against the

melting points of In and Zn, was sufficiently high.

3.4.4 Crystal Structure Analysis

The crystal structures of the fabricated alloy specimens

were investigated via TEM (JEOL ARM-200F) at an

accelerating voltage of 200 kV. Samples for analysis were

hand polished to a thickness of 100 lm, followed by Ar ion

milling processes using an ion slicer (JEOL EM-09100IS).

Furthermore, an ion milling system (Fischione M1010) was

applied for removing the damaged layer. In addition, to

identify the crystal structures, XRD (Rigaku SmartLab)

with Cu-Ka radiation was performed on the powdered

samples.

4 Results and Discussion

4.1 Mn-rich Region

4.1.1 Equilibria Involving the Liquid Phase

The equilibrium compositions of the liquid phase were

determined via FE–EPMA/WDS over a wide sample area.

Figure 3 shows the backscattered electron (BSE) image of

the 46Zn alloy obtained after the heat treatment at 900 �C
(The time of heat treatment is noted in Table 2), which

consists of the dMn and solidified liquid phases. A mea-

surement matrix of 20 9 20 points on a 100 lm 9 100

lm region was applied, as indicated by the white frame.

Since the frozen liquid phase is difficult to obtain because

phase separation and segregation occur during solidifica-

tion, as shown in Fig. 3, the average of the 400 measure-

ment points was treated as the equilibrium composition of

the liquidus, which is 59.5Zn; this value is close to that

determined by Romer and Wachtel (about 56.2Zn).[14]

Additionally, FE-EPMA/WDS spot analyses were also

conducted on the dMn phase to obtain the solidus

Fig. 6. Mn-rich region of the Mn–Zn binary phase diagram

determined experimentally in this study

Fig. 7. SADP and dark-field image of the 38Zn alloy heat-treated at

700 �C. The contrast of the upper right quarter of the SADP is

enhanced for better visibility of the weak reflection spots

J. Phase Equilib. Diffus. (2024) 45:3–17 9

123



composition (45.0Zn), which was similar to the value

reported by Romer and Wachtel (about 43.8Zn).[14]

So far, the reported invariant reaction temperatures of

dMn ? L ? e differ in literature. In the present study, we

used thermoanalysis to determine this temperature. The

DSC profiles of 61.5Zn and 56.7Zn are shown in Fig. 4,

and the measured transformation temperatures are listed in

Table 5. Gradual endothermic signals can be recognized,

corresponding to the solidus temperatures of 720.4 �C for

61.5Zn and 787.3 �C for 56.7Zn. The sharp endothermic

peaks of both samples are located at 833.7 �C and 833.2

�C; these peaks correspond to the peritectic invariant

reaction dMn ? L ? e, and their temperatures are slightly

lower than the value reported by Schramm (835 �C).[18]

Thus, the peritectic temperature was determined as 833.5

�C in this study by taking the average.

4.1.2 Phase Equilibria Between Mn-rich Phases

Figure 5(a)-(f) show the BSE images of the Mn-rich alloys.

Each microstructure contains two phases coarsened to sizes

over 10 lm, which is sufficient for analysis using FE–

EPMA/WDS. Note that the different contrast in single

phases seen in Fig. 5(b) is caused by difference in crystal

orientation. Equilibrium compositions are summarized in

Table 2 and plotted as the circles in Fig. 6. The obtained

results indicate that the aMn–bMn two-phase region is

significantly wider than that reported by Okamoto and

Tanner.[5] However, the results are in good agreement with

Romer and Wachtel’s study which reported the phase

boundary of the aMn ? bMn/bMn occurs within 18Zn to

20Zn at 400 �C and 12Zn to 14Zn at 500 �C.[14] Also,
Romer and Wachtel employed thermal analysis during the

Fig. 8. BSE images of the (a) 58Zn alloy heat-treated at 800 �C, (b) 70Zn alloy heat-treated at 700 �C, (c) 80Zn alloy heat-treated at 600 �C,
(d) 88Zn alloy heat-treated at 500 �C, and (e) 92Zn alloy heat-treated at 450 �C

Fig. 9. Partial phase diagram of the Mn–Zn binary system with the

liquid phase determined experimentally in this study

10 J. Phase Equilib. Diffus. (2024) 45:3–17
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heating process to determine the two-phase region between

bMn and cMn phases. Their determined temperatures for

both the bMn/bMn ? cMn and the bMn ? cMn/cMn

boundaries are generally higher than those in the present

study, which is probably due to slow diffusion in the Mn-

rich alloys that have high melting temperature.

4.1.3 Crystal Structure of the b Phase

In this study, the crystal structure of the b phase, which was

previously determined as the B2 structure, was investigated

for the 38Zn alloy. The alloy was heat-treated at 700 �C for

1 d and then quenched in ice water. The inset of Fig. 7

shows its selected area diffraction pattern (SADP), with the

upper right quarter enhanced for a better visibility of weak

reflection spots. The fundamental spots in the SADP sug-

gest that the current alloy basically has a bcc structure. In

addition to the fundamental reflections (such as 011 and

020), very weak satellite reflections were also confirmed,

such as the 010 spot and other even weaker extra spots

which are indicated by the square. The dark-field image

taken from the 010 spot characterizing B2 structure is

shown in Fig. 7, where a domain-like structure is observed.

The size of the domains is very small, being about 2 to

5 nm, and the fine microstructure may be anti-phase

domains or precipitates related to B2, which were most

likely formed during the quenching. Therefore, it is most

probable that the current 38Zn alloy shows a single phase

with A2 disordered bcc structure at 700 �C, and thus the

B2-ordered b phase does not exist in the equilibrium at this

temperature. The determined Mn-rich portion of the Mn-Zn

binary phase diagram is shown in Fig. 6.

4.2 Zn-rich Region

4.2.1 Equilibria Involving the Liquid Phase

The liquidus and solidus in the Zn-rich region were

determined in the same manner as those in the Mn-rich

region. Figure 8(a)-(e) show the BSE images of the L ? e
microstructures of (a) 58Zn at 800 �C, (b) 70Zn at 700 �C,
(c) 80Zn at 600 �C, (d) 88Zn at 500 �C, and (e) 92Zn at 450
�C. The areas used for the WDS analyses are indicated by

the white frames. Their average compositions are listed in

Table 3 and plotted in Fig. 9.

A thermal analysis was performed to confirm the relia-

bility of the conducted measurements. The solidus and

liquidus temperatures determined for the 80.3Zn and

74.7Zn compositions are shown in Fig. 10(a). In addition,

the solidus temperatures of the Zn-rich compositions are

displayed in Fig. 10(b). The results presented in Fig. 9 and

Table 5 are in good agreement with the WDS analysis data

described above and are also close to literature values such

as those reported by Schramm.[18]

Fig. 10. DSC curves of the (a) 80.3Zn and 74.7Zn alloys obtained at a heating rate of 10 �C/min and (b) 83-90 Zn alloys obtained at a heating

rate of 2 �C/min

J. Phase Equilib. Diffus. (2024) 45:3–17 11
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4.2.2 Phase Separation Within the e Phase

As shown in Fig. 1(a), it has been controversial whether a

phase separation exists within the e phase, and thus whether

the e1 and e2 phases exist. In the present study, this was

investigated using a DC and several alloys. The DC was

prepared by joining the 50Zn and 75Zn alloys at 500 �C for

2 h followed by a heat treatment at 450 �C for 28 d. Fig. 11

shows the microstructure and diffusion profile of the 50Zn /

75Zn DC. The diffusion profile corresponds to the com-

position range covering the previously reported two-phase

regions between the e, e1, and e2 phases. If such regions

existed, discontinuous changes in the composition would

be observed in the ranges of 62-65Zn and 72-76Zn.

However, the composition profile between 57.3Zn and

75.1Zn is smooth indicating the absence of two-phase

regions. Furthermore, two alloys with the compositions

63.2Zn and 74.8Zn were prepared and heat treated at 450

�C for 42 d. These compositions are located inside the

previously reported two-phase regions between the e ? e1

Fig. 11. BSE images and composition profiles of the 50Zn/75Zn DC

heat-treated at 450 �C for 28 d

Fig. 12. BSE images of the

(a) 63.2Zn and (b) 74.8Zn alloys

heat-treated at 450 �C for 42 d

Fig. 13. DSC curves of the 94.6Zn and 92.8Zn alloys recorded at a

heating rate of 2 �C/min
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and e1 ? e2 phases. As shown in Fig. 12(a) and (b), both

samples contain single phases. From these results, we have

concluded that the single-phase region of the e phase has a
wide compositional span, whereas the e1 and e2 phases do
not exist.

4.2.3 Thermal Analysis of the Zn-Rich Region and Absence

of the d Phase

Figure 13 shows the thermal-analysis curves of the 94.6Zn

and 92.8Zn alloys. Their eutectic L ? f ? Zn reaction

occurs at 414.6 �C and 414.3 �C, respectively. The eutectic
temperature obtained by averaging these two values is

equal to 414.5 �C, which is slightly lower than that reported
by Li et al. (418 �C).[11] Similarly, the peritectic temper-

ature of e ? L ? f is 427.2 �C. In contrast to the results of

previous studies,[13,18] the peaks related to the L ? e ? d
reaction are not present in the temperature range of

400-500 �C. To confirm the interpretation of the thermal

analysis, we examined the microstructure of a 94.0Zn

alloy, which was heat-treated at 450 �C for 42 days and

then water-quenched (Fig. 14). According to the WDS

analysis, the phase identified as e phase is composed of

90.0Zn, and the f phase is composed of 92.7Zn. This

indicates that the primary e phase and peritectic

microstructure of f phases formed upon the peritectic

reaction of e ? L ? f (Fig. 14a). Additionally, a eutectic

microstructure consisting of Zn ? f is also confirmed,

being evidence for the reaction L ? f ? Zn (Fig. 14b). To

verify the existence of a two-phase region between the e
and d phases, we prepared a DC by joining the 82Zn alloy

and pure Zn at 400 �C for 2 h. Heat treatment was con-

ducted at 450 �C for 15 h, and the obtained DC

microstructure and diffusion profile are shown in Fig. 15. A

continuous change in the DC composition is observed from

82.0Zn to 89.9Zn, suggesting the absence of any two-phase

regions. In addition, microstructural observations

(Figs. 16a-c) and x-ray analyses (Fig. 17) were conducted

to identify the crystal structure for the 86.0Zn, 87.9Zn, and

88.6Zn alloys heat-treated at 450 �C for 42 d without

employing Rietveld analysis. Note that the different con-

trast in single phases seen in Fig. 16(c) is caused by dif-

ference in crystal orientation. All these samples contain in

single phases with the hcp structures. Thus, it can be

concluded that the d phase does not exist in the Mn-Zn

Fig. 14. BSE images of the

94.0 Zn alloys heat-treated at

450 �C for 42 d. (a) Low

magnification image. (b) High

magnification image of the area

indicated by the frame in (a)

Fig. 15. BSE images and composition profiles of 82Zn/100Zn DC

heat-treated at 450 �C for 15 h
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binary system, which is reflected in the updated phase

diagram, as shown in Fig. 18(a) and (b).

4.2.4 Equilibrium Thermal Analysis and Chemical

Composition Analysis for Other Solid Phases

Figure 19(a)-(h) shows the microstructures of the alloys

heat-treated at temperatures between 300 and 800 �C. In
these experiments, we used mechanically powdered spec-

imens at temperatures below 400 �C because the diffusion

in these specimens was very slow. Their chemical com-

positions are summarized in Table 4 and plotted in

Fig. 18(a) and (b) with the phase diagrams determined

previously by Okamoto and Tanner[5] and Li et al.[11],

respectively. The two-phase region between the a’ and e
phases is wider than that in Okamoto and Tanner’s ver-

sion[5] based on Wachtel and Tsiuplakis’ experimental

data.[13] Therefore, the c, d1, and f phases exhibit narrower
composition ranges at lower temperatures.

Fig. 16. BSE images of the

(a) 86.0Zn, (b) 87.9Zn, and

(c) 88.6Zn alloys heat-treated at

450 �C for 42 d

Fig. 17. (a) Powder XRD patterns of the 86.0Zn, 87.9Zn, and 88.6Zn

alloys heat-treated at 450 �C for 42 d. (b) Calculated XRD patterns of

the e phase
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Fig. 18. Partial phase diagram of the (a) 60-100Zn and (b) 90-100Zn portions of the Mn-Zn binary system determined experimentally in this

study

Fig. 19. BSE images of the (a) 66Zn powdered sample heat-treated at

300 �C, (b) 75Zn powdered sample heat-treated at 360 �C, (c) 76Zn
powdered sample heat-treated at 300 �C, (d) 83Zn powdered sample

heat-treated at 360 �C, (e) 83Zn powdered sample heat-treated at 300

�C, (f) 88Zn alloy heat-treated at 400 �C, (g) 91.6Zn powdered

sample heat-treated at 300 �C, and (h) 94Zn alloy heat-treated at 400

�C
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4.3 Phase Equilibria in the Whole Composition

Range

The phase equilibria in the Mn-Zn binary system were

experimentally determined via thermal and compositional

analyses. The equilibrium compositions and temperatures

are plotted in Fig. 20, with the phase boundaries drawn as

black lines. For comparison, the phase diagram assessed by

Okamoto and Tanner[5] is shown as gray lines. The

invariant temperatures determined by DSC are listed in

Table 6. We believe that the redetermined phase diagram

can be helpful for a re-assessment of the Mn-Zn binary

system, and it can also provide fundamental data for a

thermodynamic assessment of high-order phase diagrams

such as Fe-Mn-Zn in the future.

5 Summary

The major findings of this study are summarized as

follows:

• In the Mn-rich region, a single cMn phase was

determined on the Mn-rich side.

• According to the TEM and thermal analysis data, the b-
B2 phase was not confirmed in the equilibrium phase

diagram.

• Based on the WDS analysis results obtained for the DC

and alloy microstructure, a phase separation within the

e phase did not occur.

• According to the results of the thermal and WDS

analyses of the DC, microstructural observations, and

crystal structures, the d phase was not detected in the

studied alloys.

• The a’ and e phases formed wide two-phase regions.

The composition range between the d1 and f phases

was narrower than that reported previously.
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