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The isothermal section of the Dy-Mn-As ternary system at 773 K has been investigated by using
x-ray diffraction, scanning electron microscopy and energy dispersive spectroscopy. This
isothermal section consists of 12 single-phase regions, 21 two-phase regions and 10 three-phase
regions. The highest solid solubility of Dy in MnAs is about 0.65 at.%Dy, and that of Mn in DyAs
is less than 0.79 at.%Mn. The maximum solubility of As in DyMn2 is less than 0.33 at.%As. No
ternary compound was found to exist in this section at 773 K.

Keywords Dy-Mn-As alloy system, phase diagram, SEM obser-
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1. Introduction

MnAs alloy has been found to have a giant magne-
tocaloric effect, but it is accompanied with large thermal
hysteresis which is unfavorable for practical application in
magnetic refrigeration. Thus, many researchers do their best
to improve the magnetic refrigeration effect of alloy MnAs
by substituting Mn with the third element such as Cr, Al,
Cu, Ti and V.[1-4] Dysprosium-based alloys are extensively
studied because of their magnetic properties and applica-
tions in the magnetic refrigeration field.[5-7] However, the
effect of the addition of Dy on magnetic properties of MnAs
alloy has not been reported. In order to provide valuable
information for developing new materials, the 773 K
isothermal section of the Dy-Mn-As system has been
constructed in the present work.

The phase diagram of the Dy-Mn binary system is
available in literatures.[8-11] It was investigated experimen-
tally by Kirchmayr and Lugscheider using differential
thermal analysis,[9] as shown in Fig. 1(a). It is found that
there are three phases: the MgCu2-type phase DyMn2, the
Th6Mn23-type phase Dy6Mn23 and the ThMn12-type
tetragonal phase DyMn12.

[10]

The assessed Mn-As phase diagram is adopted primarily
from Ref 12, which determined the Mn-rich liquidus
boundaries, as shown in Fig. 1(b). The As-rich part of this

binary phase diagram is still unknown. It includes these
following phases: NiAs-type phase cAsMn existing
between the congruent melting point at 1208 and 398 K,
MnP-type phase bAsMn existing between 398 and 318 K,
ferromagnetic NiAs-type phase aAsMn below 318 K,
tetragonal phase As3Mn4, bAs2Mn3 phase, aAs2Mn3 phase,
tetragonal Cu2Sb-type phase AsMn2 with a congruent
melting point at 1302 K, orthorhombic phase AsMn3.

The phase diagram of the Dy-As system was based
primarily on the work of Ref 13, as shown in Fig. 1(c). The
NaCl-type phase AsDy has been found. Using a differential
calorimetry method, Hanks and Faktor had measured the
formation enthalpy of AsDy and the value was up to
DHAsDy

S = �163 kJ/mol.[14] Crystallographic data on Dy-Mn,
Mn-As and Dy-As binary compounds are collected in Table 1.

2. Experimental Procedure

All samples with total masses of about 1.5 g were
prepared from highly pure materials (the purity of Mn, Dy
and As was 99.95, 99.99 and 99.999 wt.%, respectively).

The samples with less than 10 wt.%As were prepared by
arc melting under highly pure argon atmosphere. To compen-
sate for sublimation loss of Mn and As, the extra 3 wt.%Mn
and 30 wt.%As were added. The alloy buttons were remelted
at least four times to ensure a good homogeneity. During the
melting, the melting current should be suitably controlled in
order to reduce the loss of As. The mass loss of each sample
was kept below 1 wt.%. All the as-cast samples were sealed in
quartz tubes pre-evacuated and refilled with purified argon, and
then annealed at 773 K for 30 days.

Considering the sublimation of Arsenic at below 900 K
in atmospheric pressure, the other samples with more than
10 wt.%As were synthesized by using solid-state diffusion
reaction. The starting materials were made into small
powders, mixed according to the stoichiometry and com-
pacted into pellets. The prepared pellets wrapped complete-
ly in Tantalum foil (in order to reduce the sublimation) were
sealed in evacuated quartz tubes and then annealed at 773 K
for 5 days, cooled, grinded to powder, pressed into pellets,
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Fig. 1 The binary phase diagrams of Dy-Mn (a), Mn-As (b) and As-Dy (c) from Ref 9,11,12, respectively

Table 1 Crystallographic data of binary compounds in Dy-Mn-As system

Compounds Space group Structure type

Lattice parameters, Å

Referencesa b c

DyMn2 Fd-3m Cu2Mg 7.56(1) … … [16]

Dy6Mn23 Fm-3m Mn23Th6 12.358(1) … … [16]

DyMn12 I4/mmm Mn12Th 8.672(1) … 4.762(1) [16]

AsDy Fm-3m NaCl 5.794(1) … … [17]

AsMn P63/mmc NiAs 3.724(1) … 5.706(1) [17]

As3Mn4 C2/m bV4As3 13.411(2) 3.693 (1) 9.628(1) [18]

AsMn2 P4/nmm Cu2Sb 3.769(1) … 6.278(1) [17]

AsMn3 Pmmn AsMn3 3.78(1) 3.78(1) 16.26(1) [17]

aAs2Mn3 C2/m … 13.856(2) 3.777(1) 13.622(1) [19]
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sealed again and annealed for 15 days to ensure homo-
geneity. Finally, all ampoules with the samples were
quenched into ice water. After the thermal treatment, the
mass loss of each sample was also checked and kept below
1 wt.%.

All samples were grinded into powder in acetone to
prevent sample oxidation. Powder were sealed again in
evacuated quartz tubes and annealed at 773 K for 100 h to
eliminate the stress and quenched in water for XRD. Powder
XRD analysis was performed from 20� to 80� with a step
size of 0.02�. The patterns were analyzed using MDI Jade
6.0 software with the JCPDS-ICDD Powder Diffraction File
database. The scanning electron microscopy (SEM) images
were from backscattered electrons. A combination of energy
dispersive spectroscopy (EDS) phase composition analyses,
XRD with Cu Ka radiation (k = 0.154184 nm), peak
matching from patterns of known phases in the JCPDS
database, and metallography were used to elucidate the
phases present in this study. The Rietveld method was used
to determine the lattice parameters of samples by means of

the MDI Jade 6 software for XRD pattern processing and
the residual R values of less than 9% were considered to be
reasonable.

3. Results and Discussion

3.1 Phase Analysis

X-ray diffraction (XRD) analysis of the alloys in these
Dy-Mn, Mn-As and As-Dy binary systems confirmed the
existence of nine binary compounds at 773 K: DyMn2,
Dy6Mn23, DyMn12, cAsMn, As3Mn4, aAs2Mn3, AsMn2,
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Fig. 2 (a) Calculated pattern for phase Dy6Mn23 from Ref 15;
(b) the XRD pattern of alloy Dy6Mn23 annealed at 773 K for
30 days 20 30 40 50 60 70 80
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Fig. 3 The XRD patterns of alloys Mn1�xDyxAs (x = 0, 0.005,
0.01, 0.015, 0.02, 0.03) annealed at 773 K for 20 days
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AsMn3, AsDy, which are good agreement with those
reported in Ref 9,11,12. Most of the PDF files of these
binary compounds mentioned above are available on JCPDS
PDF Cards (2004), except for the Dy6Mn23 compound. The
XRD patterns for the Dy6Mn23 compound were calculated
from their crystallographic data of Ref 15 by using the PCW
2.3 software. It is found that the calculated results are fully
consistent with the experimental XRD patterns of this
sample with the nominal composition Dy6Mn23 prepared by
arc melting and annealed at 773 K for 30 days, as shown in
Fig. 2.

3.2 Solid Solubility

In order to determine the solid solubility of Dy in MnAs,
a series of alloys DyxMn1�xAs (x = 0, 0.005, 0.01, 0.015,
0.02, 0.03) annealed at 773 K for 20 days were prepared,
and their XRD results are shown in Fig. 3. A second phase
AsDy was observed with Dy content x increasing to 0.02.
The corresponding unit cell volumes were calculated by
using the Rietveld method in the MDI Jade 6 program. The
relationship between the unit cell volume and the Dy
content x is displayed by the solid line, as presented in

x
Results of EDS analysis ( at.%) Volume

Å3
Volume 

errorDy Mn As

0 0 49.98 50.02 68.57972 0.00173
0.005 0.26 49.73 50.01 68.5944 0.00182
0.01 0.52 49.46 50.02 68.60923 0.00186
0.015 0.76 49.21 50.03 68.61828 0.00195
0.02 1 48.99 50.01 68.61813 0.00207
0.03 1.54 48.42 50.04 68.61746 0.00189

Fig. 4 The relationship between unit cell volumes of alloys Mn1�xDyxAs (x = 0, 0.005, 0.01, 0.015, 0.02, 0.03) and Dy content x
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Fig. 4. It shows that the solubility limit of Dy in MnAs is
about 0.65 at.%Dy corresponding to the intersection of the
two solid lines.

In order to determine the solid solubility of Mn in AsDy,
the alloys MnxDy1�xAs (x = 0, 0.01, 0.02, 0.025, 0.03)
annealed at 773 K for 20 days were prepared and their XRD
patterns are shown in Fig. 5. A second phase MnAs was
observed with Mn content x increasing to 0.025. The
corresponding lattice parameters were calculated by using
the Rietveld method in the MDI Jade 6 program. The
relationship between the lattice parameters and the Mn
content x is displayed by the solid line, as presented in
Fig. 6. This indicates that the solubility limit of Mn in DyAs
is about 0.79 at.%Mn corresponding to the intersection of
the two solid lines.

In order to determine the solid solubility of As in DyMn2,
the alloys DyMn2(1�x)Asx (x = 0, 0.01, 0.02) annealed at
773 K for 20 days were prepared, and their XRD patterns are
shown in Fig. 7. The second phase AsDy was observed with
As content x increasing to 0.01. This means that themaximum
solubility of As in DyMn2 is less than 0.33 at.%As.

3.3 Dy-Mn-As Ternary System at 773 K

In total, 50 samples in the Dy-Mn-As system were
studied by XRD as well as SEM and energy dispersion
spectroscopy for some selected characteristic samples to
determine the phase compositions.

As far as can be seen from the binary systems, the As-
rich side is unknown. Thus, we prepared alloys Dy30
Mn10As60, Dy20Mn20As60, Dy10Mn30As60 annealed at
773 K for 20 days in the As-rich corner of the Dy-Mn-As
ternary system and their XRD patterns are shown in Fig. 8.
One can visualize that all of them are confirmed to be
located in the three-phase region: As + AsDy + cAsMn.

The results of XRD and SEM measurements on the
Dy50Mn40As10 alloy annealed at 773 K for 20 days, which
were used to determine the one three-phase region of
Dy-Mn-As system, are displayed in Fig. 9. From the XRD
data, it can be clearly identified that the alloy Dy50Mn40As10
consists of three phases: DyMn2, DyAs and aDy. Mean-
while, the SEM micrograph shown in Fig. 9(b) also
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Fig. 5 The XRD patterns of alloys MnxDy1�xAs (x = 0, 0.01,
0.02, 0.025, 0.03) annealed at 773 K for 20 days
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demonstrates that it includes the same three phases. The
similar experimental observation is also found in other
alloys. The alloy Dy30Mn60As10 is located in the DyMn2,

Dy6Mn23 and DyAs three-phase region (see Fig. 10) and the
alloy Dy20Mn70As10 contains three phases: Dy6Mn23,
DyMn12 and DyAs, as illustrated in Fig. 11.

x
Results of EDS analysis (at.%)

a Å) a error
Dy Mn As

0 50.01 0 49.99 5.78 0.00051
0.01 49.49 0.50 50.01 5.77563 0.00063
0.02 48.99 1.01 50 5.77299 0.00045
0.025 48.77 1.27 49.96 5.77312 0.00052
0.03 48.49 1.50 50.01 5.77285 0.00054

Fig. 6 The relationship between lattice parameters of alloys Dy1�xMnxAs (x = 0, 0.01, 0.02, 0.025, 0.03) and Mn content x
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By analyzing the XRD patterns, the Dy10Mn80As10 alloy
can be identified to include two phases: aMn and DyAs, as
shown in Fig. 12, and the alloy Dy10Mn70As20 consists of
three phases: aMn, DyAs and AsMn3, as presented in
Fig. 13. In order to determine one two-phase region, a series
of alloys Dy40Mn10As50, Dy30Mn20As50, Dy20Mn30As50
and Dy10Mn40As50 were prepared and their XRD patterns
are shown in Fig. 14. All of them confirm the existence of
the cAsMn and DyAs two-phase region.

Table 2 lists the phase compositions and phase relations
of the selected characteristic samples which are crucial to
determine the phase boundaries or phase regions. By
comparing and analyzing all the results obtained, the
isothermal section of the ternary system Dy-Mn-As at
773 K was constructed, as shown in Fig. 15. This section
includes 12 single-phase regions, 21 two-phase regions and
10 three-phase regions.

Fig. 8 The XRD patterns of alloys Dy30Mn10As60, Dy20
Mn20As60, Dy10Mn30As60 annealed at 773 K for 20 days

(a)

(b)

Fig. 9 The SEM micrograph (a) and XRD pattern (b) of the
Dy50Mn40As10 alloy annealed at 773 K for 20 days

Fig. 7 The XRD patterns of alloys DyMn2(1�x)Asx (x = 0, 0.01,
0.02) annealed at 773 K for 20 days
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(a)

(b)

Fig. 10 The SEM micrograph (a) and XRD pattern (b) of the
Dy30Mn60As10 alloy annealed at 773 K for 20 days

(a)

(b)

Fig. 11 The SEM micrograph (a) and XRD pattern (b) of the
Dy20Mn70As10 alloy annealed at 773 K for 20 days
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Fig. 14 The XRD patterns of the alloys Dy40Mn10As50,
Dy30Mn20As50, Dy20Mn30As50 and Dy10Mn40As50 annealed at
773 K for 20 days

Fig. 12 The XRD pattern of the Dy10Mn80As10 alloy annealed
at 773 K for 20 days

Fig. 13 The XRD pattern of the Dy10Mn70As20 alloy annealed
at 773 K for 20 days

314 Journal of Phase Equilibria and Diffusion Vol. 36 No. 4 2015



Table 2 Phase identification for selected characteristic ternary alloys at 773 K

Alloys Ternary alloys

Results of EDS analysis, at.%

Phase identified

Lattice parameter, Å

Dy Mn As a b c

1 Dy70Mn20As10 99.11 0.89 0 aDy 3.59457(50) … 5.65966(55)

49.02 0.42 50.56 DyAs 5.79053(62) …
33.29 65.61 1.1 DyMn2 7.59432(55) …

2 Dy50Mn40As10 99.53 0.47 0 aDy 3.58949(63) … 5.66011(72)

50.27 0.31 49.42 DyAs 5.78442(66) … …
32.91 66.34 0.75 DyMn2 7.59289(57) … …

3 Dy30Mn60As10 33.37 65.86 0.77 DyMn2 7.59010(62) … …
20.24 79.5 0.26 Dy6Mn23 12.39157(97) … …
49.48 0.67 49.85 DyAs 5.78273(66) … …

4 Dy20Mn70As10 18.2 2.97 78.83 Dy6Mn23 12.39213(93) … …
49.02 0.42 50.56 DyAs 5.78342(57) … …
7.25 92.54 0.21 DyMn12 8.59268(77) … 4.76395(83)

5 Dy13Mn77As10 0 99.91 0.09 aMn 8.93162(79) … …
7.33 92.39 0.28 DyMn12 8.58568(71) … 4.75712(78)

48.2 2.52 49.28 DyAs 5.77871(64) … …
6 Dy10Mn80As10 … … … aMn 8.93541(73) … …

… … … DyAs 5.79058(56) … …
7 Dy10Mn70As20 … … … aMn 8.92124(73) … …

… … … DyAs 5.80146(57) … …
… … … AsMn3 3.78020(34) 3.79356(39) 16.29793(113)

8 Dy10Mn57As33 … … … DyAs 5.79373(61) … …
… … … AsMn3 3.77804(41) 3.78539(46) 16.33494(124)

… … … AsMn2 3.78643(37) … 6.26683(67)

9 Dy10Mn51As39 … … … DyAs 5.7849(49) … …
… … … AsMn2 3.78459(32) … 6.24412(57)

… … … aAs2Mn3 13.27093(95) 3.69132(33) 13.6323(96)

10 Dy10Mn47As43 … … … DyAs 5.78016(56) … …
… … … aAs2Mn3 13.25016(98) 3.69501(39) 13.6611(101)

… … … As3Mn4 13.40779(99) 3.69544(37) 9.62326(83)

11 Dy10Mn43As47 … … … DyAs 5.79586(63) … …
… … … As3Mn4 13.42994(96) 3.68107(31) 9.62455(79)

… … … cAsMn 3.71972(32) … 5.71395(53)

12 Dy40Mn10As50 … … … DyAs 5.77844(59) … …
… … … cAsMn 3.7075(38) … 5.68817(57)

13 Dy30Mn20As50 … … … DyAs 5.78295(62) … …
… … … cAsMn 3.72236(36) … 5.70256(63)

14 Dy20Mn30As50 … … … DyAs 5.78271(60) … …
… … … cAsMn 3.71554(34) … 5.70567(55)

15 Dy10Mn40As50 … … … DyAs 5.79011(53) … …
… … … cAsMn 3.71893(32) … 5.70579(53)

16 Dy30Mn10As60 … … … DyAs 5.79353(66) … …
… … … cAsMn 5.79307(66) 3.6326(35) 6.36997(67)

… … … As 3.75912(32) … 10.54882(87)

17 Dy20Mn20As60 … … … DyAs 5.79672(56) … …
… … … cAsMn 3.72396(33) … 5.70299(57)

… … … As 3.76252(39) … 10.55051(91)

18 Dy10Mn30As60 … … … DyAs 5.79574(61) … …
… … … cAsMn 3.72018(38) … 5.70874(59)

… … … As 3.76147(36) … 10.55083(88)
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4. Conclusion

This isothermal section of the Dy-Mn-As ternary system
at 773 K consists of 12 single-phase regions, 21 two-phase
regions and 10 three-phase regions. No ternary compound
was found to exist in this section at 773 K. The highest solid
solubility of Dy in MnAs is about 0.65 at.%Dy, and that of
Mn in DyAs is less than 0.79 at.%Mn. The maximum
solubility of As in DyMn2 is less than 0.33 at%As.
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