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Abstract

This paper reports the results of investigations of chemical microanalyses of various alloys and sintered magnets with
well-known compositions. Analyses of neodymium, praseodymium, iron, cobalt, niobium and copper have been carried
out using energy-dispersive X-ray spectrometry. Quantitative analyses of boron have been carried out using
wavelength-dispersive X-ray spectrometry. The resulting mean values were compared with data reported in the
literature for the various phases present in these magnetic materials. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Quantitative light element microanalysis of Nd—
Fe-B alloys and magnets has been carried out
employing wavelength-dispersive X-ray spectro-
metry (WDX) [1-4]. Energy-dispersive X-ray
spectrometry (EDX) is more widely used to
analyze alloys and magnets containing rare earth
(RE) and transition metal (TM) [5-17]. Boron and
oxygen, however, cannot be analyzed by EDX and
the ratio TM:RE has been used to identify the
phase under investigation [18-20]. For boron and
oxygen-free phases, or phases containing only
small amount of these elements, the identification
is readily accomplished. Conversely, phases with a
higher amount of boron or oxygen can be some-
what more difficult to be identified by EDX since
the amount of these elements is unevenly distrib-
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uted in the measured RE and TM contents. In the
present work an assessment of EDX as a method
of characterizing phases in RE-TM-B-based
alloys and magnets has been carried out. For a
comparison, various cast alloys and magnets have
been analyzed in this work by EDX combined with
WDX and also using only EDX. Five main phases
have been investigated, namely, the RE,TM 4B
matrix phase (¢), the grain boundary RE-rich
phase (RE-rich), the boron-rich phase (n), the
TM-rich phase (¢-TM) and the RE,TM,; phase.
The compositions studied in this investigation
were chosen to complement various works found
in the literature.

2. Experimental

Various commercial alloys were investigated in
the as-cast and vacuum-annealed states (1000°C
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for 24 h). Permanent magnets were prepared using
the hydrogen decrepitation (HD) process [21,22].
The microstructures of the specimens were exam-
ined using an optical microscope and a scanning
electron microscope (SEM) with energy- and
wavelength-dispersive X-ray analysis facilities
(WDX+ EDX). Microanalyses were also per-
formed using an SEM fitted only with EDX.
Average data were obtained from five independent
measurements from each phase.

3. Results and discussion

Chemical compositions of the matrix phase
measured by EDX+WDX on an SEM are listed
in Table 1. Literature results used for comparison
are an average of several measurements. The
relative atomic ratio TM:RE for the matrix phase
is also shown in Table 1. Compositions determined
in the centers of the hard magnetic matrix phase
exhibited values as low as 11.4at% and as high as
12.9at%. The mean value of the atomic ratio
TM:RE was 6.7, which is just below the expected
value. In general, deviations from the stoichiome-

try for RE were for higher values than 11.8at%
and lower values than 82.3at% for TM. Rather
surprisingly, some quite high values for boron
(> 6at%) were measured in this work and also in
Refs. [1,3]. Fig. 1 shows the relative frequency of
RE-measured composition on the analyzed matrix
phase. Gaussian mean value was 11.9 at%, which
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Fig. 1. Relative frequency of measured composition of RE
content on the matrix phase measured using EDX+ WDX
(Table 1).

Table 1
Neodymium, iron and boron contents of the matrix phase analyzed by EDX + WDX (stoichiometry: RE|; sTMg, 3Bs9 or RE;TM4B)
Alloy or magnet composition (at%) Measured concentration TM:RE Deviation from Ref.
(at%) ratio stoichiometry (at%)
RE ™ SRE dTM 6B
Nd] 1477Fegol35B5_8ng2.0 alloy 12.1 79.8 7.6 6.6 0.3 -2.5 1.7 [3]
Ndl 1A77Fe80,35B5A38Nb2‘0-annealed alloy 11.9 81.4 6.4 6.8 0.1 -0.9 0.5 [3]
Nd] 1_77Fego_35B5_38Nb2>0 magnet 12.0 81.1 6.7 6.8 0.2 —1.2 0.8 [3]
Nd,;sFe;;Bg alloy (B standard, COR-2) 10.6 82.6 5.8 7.8 —-1.2 0.3 —0.1 [1]
Nd,sFe;;Bg alloy (B standard, ZAF-4) 11.4 79.3 7.8 7.0 —0.4 -3.0 1.9 1]
Nd,sFe;;Bg alloy (FeB standard, ZAF-4) 11.9 80.8 5.8 6.8 0.1 -1.5 —0.1 [1]
Nd,¢Fe;sBg magnet (FeB, ZAF-4) 12.8 79.2 6.3 6.2 1.0 -3.1 0.4 1]
Nd,64Fe;5.7B79 magnet 11.7 81.9 5.1 7.0 —0.1 -0.4 —-0.8 [4]
Nd,64Fe;5.7B7.9 magnet treated 12.1 79.7 7.5 6.6 0.3 -2.6 —1.6 [4]
Nd,;Fe;s.5BsCu; s magnet 11.9 82.3 5.8 6.9 0.1 0.0 —0.1 [2]
Pr;Fe;6.5sBsCu, 5 alloy 12.4 81.1 6.5 6.5 0.6 —-1.2 0.6 This work
Pr;Fe;6.sBsCu; s magnet 12.9 81.7 5.4 6.3 1.1 —0.6 -0.5 This work
Pr;Fe;3 sBgCu, s-annealed alloy 12.7 79.5 7.8 6.3 0.9 -2.8 1.9 This work
Pri;Fe;; sBgCu, s heat-treated magnet 12.2 80.6 7.2 6.6 0.4 —-1.7 1.3 This work
PryoFe;4B4Cu, alloy 12.5 80.3 7.2 6.4 0.7 -2.0 1.3 This work
Pr,ygFe74B4Cus-annealed alloy 11.9 81.8 6.3 6.9 0.1 -0.5 0.4 This work

Oxygen was also analyzed in Refs. [1,4] and niobium in Ref. [3].
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is closer to the expected stoichiometric value of
11.8at%. Bearing in mind that the 15 measure-
ments presented in Fig. 1 are the average of several
individual readings, an excellent agreement be-
tween the theoretical and the measured mean
values for RE content of the matrix phase has been
obtained.

Chemical compositions of the matrix phase
measured by EDX on an SEM are listed in Table
2. Again, various results obtained from literature
for comparison are an average of several measure-
ments. The relative atomic ratio TM:RE for the
matrix phase are also shown in Table 2. Composi-
tions determined in the centers of the hard

Table 2
Neodymium, praseodymium, cobalt and iron contents analyzed by EDX for the matrix phase
Alloy or magnet composition (at%) and condition Measured TM:RE Deviation from Ref.

concentration (at%) ratio stoichiometry (at%)

RE ™ ORE 0TM
Nd,Feg 4Cos ¢B-annealed alloy 12.4 87.7 7.1 0.6 5.4 [17]
Nd,, sFes9 sB74 magnet 12.2 87.8 7.2 0.4 5.5 [16]
Nd13.7(F€63.5C016.7)B6Zr0.1 alloy 14.3 85.7 6.0 2.5 34 [9]
Nd3.7(Feg3.5C016.7)BsZrg 1-annealed alloy 14.2 85.8 6.0 2.4 3.5 9]
PI‘]3_7(FC63.5C0]6.7)B521‘041 alloy 14.7 85.3 5.8 2.9 3.0 [9]
Pry3.7(Feg3.5C016.7)BsZrg 1-annealed alloy 14.5 85.5 5.9 2.7 3.2 9]
Nd,sFe;;Bg alloy 1 14.0 86.0 6.1 2.2 3.7 This work
Nd,sFe;;Bg alloy 2 13.0 87.0 6.7 1.2 4.7 This work
Nd,sFe;;Bg alloy 12.6 87.4 6.9 0.8 5.1 [10]
Nd,5(Fes7Co,)Bg alloy 12.4 87.6 7.1 0.6 5.3 [10]
Nd,;sCo77Bg alloy 12.5 87.5 7.0 0.7 5.2 [10]
Nd;s(Fego 3C07.7)Bg alloy 12.3 87.7 7.1 0.5 5.4 [5]
Nd,s5(Feg.6Co15.4)Bg alloy 12.7 87.3 6.9 0.9 5.0 [5]
Nd,5(Fes3 9Co,3.1)Bg alloy 12.5 87.5 7.0 0.7 5.2 [5]
Nd,s(Fess.5Co3g.5)Bg alloy 12.4 87.6 7.1 0.6 5.3 [5]
Nd15(F633_5C038_5)B8 alloy 13.0 87.0 6.7 1.2 4.7 [5]
Nd15(Fe73C03,5)BgCu0A5 alloy 14.2 86.6 6.1 2.4 4.3 [6]
Nd,s(Fe;3Co3.5)BsNby 5 alloy 14.9 85.1 5.7 3.1 2.8 [6]
Nd]stz(FC72.2CO5)B7.6 magnet 13 87 6.7 1.2 4.7 [7]
(Nd13_5Dy1_5)Fe7gB7 magnet 12.7 87.3 6.9 0.9 5.0 [12]
(Nd,3.5Dy; 5)(FegsCo10)B; magnet 12.8 87.2 6.8 1.0 4.9 [12]
Nd;sFe;7Bs magnet 13.4 86.6 6.5 1.6 43 [10]
Nd]S(FCba1C030)B5.5Al4 magnet 13.6 86.4 6.4 1.8 4.1 [13]
Pr¢Fe;6Bg magnet 13.0 87.0 6.7 1.2 4.7 This work
Pr4Fe;sBg heat-treated magnet 13.0 87.0 6.7 1.2 4.7 This work
Nd,¢Fe;6Bg magnet 14.5 85.5 5.9 2.7 3.2 [14]
Nd,¢Fe;6Bg (Al) magnet 13.2 85.6 6.5 1.4 33 [15]
Nd¢Fe;6Bg (Al) heat-treated magnet 13.4 85.3 6.4 1.6 3.0 [15]
(Nd 44Dy, ¢)(Feg7CosV4)Bg alloy 13.3 86.7 6.5 1.5 44 [8]
(Nd144Dy|(,)(Fe(,7C05V4)B3 magnet 13.3 86.7 6.5 1.5 4.4 [8]
(Nd4.5Dy, 5)Fe;sB7Nb, alloy 10.8 89.2 8.3 -1.0 6.9 This work
(Nd4.5Dy; 5)Fe;sB;Nb; magnet 11.7 88.3 7.5 —0.1 6.0 This work
Nd,7(Feg 7Coy 3)77Bg magnet 13.6 86.4 6.4 1.8 4.1 This work
Nd,;Fe76.5BsCu; s magnet 13.0 87.0 6.7 1.2 4.7 This work
Pr,oFe74B4Cu, magnet 14.2 85.8 6.0 2.4 3.5 This work
PryoFe;4B,Cu, heat-treated magnet 14.7 85.3 5.8 2.9 3.0 This work
PrygFe;4B4Cu, alloy 16.5 83.5 5.1 4.7 1.2 This work
PrygFe;4B,Cus-annealed alloy 15.9 84.1 5.3 4.1 1.8 This work

Zirconium was analyzed in Ref. [9] (<1at%) and aluminum in Ref. [15] (1.2-1.3 at%).
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magnetic matrix phase exhibited values as low as
10.8 at% and as high as 16.5at%. A wide range of
atomic ratio TM:RE was found for the matrix
phase measured without analyzing the boron
content. Fig.2 shows the relative frequency of
EDX-measured composition of RE on the matrix
phase. Gaussian mean value was 13.0 at%, which
is 1.2 at% higher than the stoichiometric value and
scatter is more pronounced in this case. Deviation
of RE and TM from the stoichiometry versus the
TM:RE ratio for the matrix phase measured with
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Fig. 2. Relative frequency of measured composition of RE
content on the matrix phase measured using EDX (Table 2).
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Fig. 3. Variation of the deviation of RE and TM from the
stoichiometry with the ratio TM:RE for the matrix phase
without measuring boron concentration.

EDX is shown in Fig. 3. Measurement deviation in
the RE content is minimized for ratios around 7.0—
7.5, and in this case the disparity from stoichio-
metry, caused by not measuring boron content, is
concentrated on the TM content. Fig. 4 shows the
variation of the ratio TM:RE with the analyzed
RE content on the matrix phase. The stoichio-
metric point with a ratio of 7 and the RE content
of 11.8at% was plotted as a reference. Discre-
pancy from the true value is minimized in both
techniques when the ratio TM:RE is closer to 7
and the measured rare earth content is around
12 at%. The microstructure of an as-cast ingot of
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Fig. 4. Variation of TM:RE ratio with the RE content analyzed
on the matrix phase.

Fig. 5. Microstructure of the Nd;¢Fe;sBg alloy showing the
matrix phase. (750 x, 10 um).
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the Nd;¢Fe;6Bg alloy, with columnar grains of the
matrix phase (gray), is shown in Fig. 5. Chemical
compositions of the grain boundary phase or RE-
rich phase are listed in Table 3 (white phase in
Fig. 5). RE contents determined by EDX + WDX
showed values around 94-96 at%. A wider range
of values was measured using the EDX. Fig. 6
shows that the RE mean value of the RE-rich
phase is around 93.9 at% (Gaussian fitting).
Magnetic domain patterns revealed by ferrofluid
in an Nd;¢FesBg alloy are shown in Fig. 7. The
columnar grains grow with their major axis
predominantly in the basal plane rather than
along the c-axis. The dark phase is the RE-rich
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Fig. 6. Relative frequency of analyzed RE content on the grain
boundary phase using EDX+ WDX or only EDX (Table 3).

Table 3
Neodymium, praseodymium, cobalt, iron and copper contents analyzed by EDX and/or WDX for the RE-rich phase
Alloy or magnet composition (at%) Measured concentration (at%) Ref.

RE ™ B O, Nb or Cu
Nd] 1A77F680.35B5A88Nb2,0 alloy 94.7 1.4 3.7 0.13 [3]
Nd;sFe;;Bg alloy 1 94.0 6.0 — — This work
Nd,sFe;;Bg alloy 2 95.0 5.0 — — This work
Nd,sFe;;Bg 96.5 3.4 — — [10]
Nd,sFe;;Bg (triple junction, B standard) 85.4 ~1 <1 13.4 [1]
Nd;sFe;;Bg (grain boundary, B standard) 86.5 ~1 <1 13.1 1]
Nd,;sFe;;Bg (triple junction, FeB standard) 85.4 ~1 <1 13.4 [1]
Nd;sFe;;Bg (grain boundary, FeB standard) 85.5 ~1 <1 14.0 [1]
Nd,sFe;;Bg (triple junction, COR-2) 90.4 ~1 <1 8.7 [1]
Nd,sFe;;Bg (grain boundary, COR-2) 90.6 ~1 <1 8.3 1]
Nd,sFe;;Bg (using p/p, Nd-Oxygen) 90.5 ~1 <1 8.7 [1]
Nd;sFe;;Bg (using u/p, Nd-Oxygen) 91.4 ~1 <1 8.3 1]
Nd,sFe;;Bg (using p/p, Nd-Oxygen) 89.0 ~1 <1 10.2 [1]
Nd,sFe;;Bg (using p/p, Nd-Oxygen) 90.1 ~1 <1 9.7 1]
(Nd,3.5Dy, 5)Fe;sB; magnet 93.3 6.7 — — [12]
Nd;5.2(Fes;,Co5)B7g 98 2 — — [7
Pri¢Fe;6Bg magnet 95.0 5 — — This work
Pr¢Fe;sBg heat-treated magnet 96.9 4 — — This work
Nd,¢Fe;6Bg (Al) magnet 96.2 3.8 — — [15]
(Nd14_4Dy|_6)(F667C05V4)B3 alloy 96.6 <3 — — [8]
(Nd,4.4Dy) 6)(Fes7CosV4)Bgmagnet 93.0 6 — — [8]
Nd;;Fe7s5BsCu; 5 magnet 93.0 6 — <1 This work
Pri;Fe;6.5sBsCu, 5 alloy 98.0 ~2 <1 — This work
Pr;Fe;6 sBsCu, s-annealed alloy 99.0 ~1 <1 — This work
Pri7Fes6.5sBsCu; s magnet 95.0 ~4 <1 — This work
PryoFe,4B4Cu, alloy 99.0 ~1 <1 — This work
PryoFe;4B4Cus-annealed alloy 98.0 ~2 <1 — This work
PryoFe;4B4Cu, magnet 86.5 6.1 — 7.4 This work
PryoFe74B4Cu, heat-treated magnet 93.7 6.0 — <1 This work
PryoFe;4B,Cu, magnet | 94.9 5.1 — <1 This work
Pr,oFe74B4Cu, heat-treated magnet 1 97.0 3.0 — <1 This work

Oxygen was analyzed in Ref. [1], niobium in Ref. [3] and Al in Ref. [15].
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phase and the light phase is the B-rich phase (or
boride), and both are non-magnetic phases. In
optical micrographs, it is difficult to distinguish
boride from the matrix phase without ferrofluid or
polarized light whilst the RE-rich phase is much
darker. Identification of boride in SEM images is
also difficult due to similar contrasts of the matrix

Fig. 7. Micrograph showing the ¢, n and RE-rich phases
(ferrofluid).

Table 4

phase and the B-rich phase. Even back-scattered
electron detection yields a poor contrast. EDX is
carried out on areas surrounding the RE-rich
phase in order to locate the boride by its distinct
composition. Table 4 show the analyzed RE, TM
and boron contents for the boron-rich phase.
Boron concentration was measured by WDX in
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Fig. 8. Relative frequency of measured composition of RE
content on the boride using EDX (Table 4).

Neodymium, praseodymium, cobalt and iron contents analyzed by EDX for the boron-rich phase (boride stoichiometry: R, ;My4Byy

or Ry ;MyBy)

Alloy or magnet composition Measured concentration TM:RE Deviation from stoichiometry Ref.
(at%) (at%) ratio (at%)

RE ™ B SRE STM 4B
Nd,sFe;;Bg alloy 10.1 339 54.3 34 -2.0 —10.1 10.3 [1]
Nd,;sFe;;Bg alloy 11.5 39.6 48.2 34 —0.6 —4.4 4.2 [1]
Nd,sFe;;Bg alloy 11.9 43.8 42.9 3.7 —0.2 -0.2 —1.1 [1]
Nd,;sFes;Bg alloy 1 23.0 77.0 — 33 10.9 33.0 — This work
Nd,sFe;;Bg alloy 2 22.0 78.0 — 3.5 9.9 34.0 — This work
Nd15F669'3C07A7B8 21.9 78.1 — 3.6 9.8 34.1 — [5]
Nd]s(Feél_(,CO]SA)Bg alloy 22.1 717.9 — 3.5 10.0 33.9 — [5]
Nd]s(Fe53.9C023'1)B8 alloy 22.2 77.8 — 3.5 10.1 33.8 — [5]
Nd]s(Fe(,Q_3CO7_7)Bg alloy 21.8 78.2 — 3.6 9.7 34.2 — [5]
Nd15(F669.3C07A7)B3 alloy 22.0 78.0 — 3.5 9.9 34.0 — [5]
Nd15(Fe73C03_5)B8Cu0_5 alloy 24.6 75.4 — 3.1 12.5 31.4 — [6]
Nd;s(Fe73Co3.5)BgNby 5 alloy 24.2 75.8 — 3.1 12.1 31.8 — [6]
Nd]s_z(Fe72_2C05)B7_6 magnet 22 78 — 3.5 9.9 34.0 — [7]
Nd,¢Fe;6Bg (Al) magnet 23.6 76.4 — 32 1.5 324 — [15]
Nd,¢Fe;6Bs (Al) magnet 22.5 717.5 — 3.4 10.4 33.5 — [15]
Pri¢Fe;6Bg magnet 21.0 79.0 — 3.8 8.9 35.0 — This work
Pr¢Fe;sBg heat-treated magnet  22.0 78.0 — 3.5 9.9 34.0 — This work
Nd,¢4Fe;s7B7 9 magnet treated 12.2 44 43.7 3.6 0.1 0.0 -0.3 [4]

Oxygen and boron were analyzed in Refs. [1,4].
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Table 5
Neodymium, praseodymium, cobalt, iron and boron contents analyzed by EDX + WDX or by EDX for the TM-rich phase (or a-TM)
Alloy or Magnet composition (at%) Measured concentration (at%) Ref.

RE ™ B
Nd;, gFes9 sB7 4 magnet <1 99.5 — [16]
Ndy3.7(Feg3.5C016.7)BeZro.1 alloy <1 100.0 - [9]
Pr13_7(Fe63_5C016_7)Bf,Zr0_1 alloy <1 100.0 — [9]
Pr13_7(Fe63,5C016,7)B6Nb0‘1 alloy 1.3 98.7 — This work
(Pry57Dy1)(Feg3.5C016.7)BsNbg 1 alloy 1 99.0 — This work
Pr 3 g(Feg3.5C016.7)Bg alloy <1 99.7 — This work
(Nd14_4Dy|_(,)(FC(,7CO5V4)B3 alloy <1 99.7 — [8]
Nd17FC76_5B5CU1‘5 magnet 4.5 94.8 — This work
Pri;Fe;6.5sBsCuy 5 alloy 1 <1 99.2 <1 This work
Pr;Fe;6 sBsCu, s-annealed alloy 1 <1 99.1 <1 This work
Pr;Fe;6.5BsCu, 5 alloy 2 <1 99.3 <1 This work
Pr;Fe;6 sBsCu, s-annealed alloy 2 <1 99.4 <1 This work
PryoFe,4B4Cu, alloy 5.5 91.4 3.1 This work

Zirconium was analyzed in Ref. [9] (<1 at%).

Fig. 9. Micrograph showing free iron on a PryoFe;4B4Cu, alloy
(etched with nital).

Ref. [1]. Deviation from stoichiometry is of great
magnitude in this case since there is a greater
amount of boron in this phase. Measured con-
centration of RE and TM is nearly twofold the
correct value, but identification is quite straight-
forward. Fig. 8 shows that the RE content on the
boride, measured by EDX is 22.4at%, almost
twice the stoichiometric value of 12.1 at%.

Due to the peritectic nature of RE-TM-B
alloys, a TM-rich phase can be found inside the

matrix phase (see for example Ref. [23]). Measured
compositions for this phase are listed in Table 5,
and Fig. 9 shows a typical micrograph of an alloy
containing this phase. Another TM-rich phase
containing a higher amount of RE can be found in
alloys with boron content below stoichiometry
(5.9 at%). Table 6 gives the measured composition
for this RE,TM; phase and its identification is
shown in Fig. 10. Although its composition is
similar to that of the matrix phase (EDX) it is
easily recognized by the different contrast. Since
backscattered electron image reveals the difference
between the average atomic numbers of the
phases, the differences in contrast show that the
phases have different compositions [19].

4. Conclusions

The relative atomic ratio TM:RE used as an
indicator of the matrix phase in analyses of alloys
and permanent magnets carried out using energy-
dispersive X-ray spectrometry varies considerably.
In spite of that, it has been shown that the matrix
phase can be identified using this ratio. In analyses
using a combination of EDX and WDX this ratio
varies considerably less. It has been shown that
the analyses of RE-rich, TM-rich, B-rich and
RE,TM;; phases by EDX is straightforward. The
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Table 6
Neodymium, praseodymium, iron and copper contents analyzed by EDX for the RE;TM,; phase
Alloy or magnet composition Measured concentration (at%) TM:RE Ref.
(at%) ratio

RE ™ Cu
Nd17FC76'5B5CUL5 magnet 11.1 88.9 0.0 8.0 [2]
PryoFe;4B4Cu, magnet | 14.3 85.6 <1 6.0 This work
PryoFe;4B4Cu, magnet 2 13.4 86.3 <1 6.5 This work
PryoFe;4B4Cu, heat-treated 12.5 87.5 <1 7.0 This work
magnet |
PryoFe;4B4Cu, heat-treated 12.7 87.3 <1 6.9 This work
magnet 2

Boron was analyzed by WDX in Ref. [2].

Fig. 10. Backscattered electron image showing the 2:17 phase
(PryoFes4B4Cu, magnet).

EDX-measured composition of the RE,TM;;
phase is similar to that of the matrix phase.
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