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Analyses of oxygen and boron with spatial resolutions of a few pm have been carried out using wavelength dispersive 

X-ray spectrometry (WDX) in a SEM on an as-cast Nd,,Fe,,B, alloy (annealed at IIOo”C for I h. followed by furnace 

cooling) and a laboratory produced [hydrogen decrepitation (HD) route] Nd,,Fe,,B, sintered magnet. The optimum 

experimental parameters including standards, accelerating voltage and analysing crystal were determined. Excellent 

apparent concentration reproducibility has been achieved. Area/peak factors (APFs) for boron K for the NdzFe,,B matrix 

phase and Nd(, +<) Fe,B,(e - 0.1) boron-rich phase have been determined with a Pb stearate crystal on a JEOL 840A SEM 

relative to a pure boron standard. The integral intensity ratios were corrected using both the commercial LINK on-line 

ZAF-4 (FRAME-C) programme and the COR-2 programme. Probably the best accuracy of boron measurements has been 

achieved by use of APFs and the COR-2 programme (equipped with Heinrich’s mass absorption coefficients). In contrast, 

the boron results (pure boron standard) from the on-line ZAF-4 programme are much higher than the reported 

stoichiometric concentration of the matrix and the boron-rich phase, although this has been improved by the use of an FeB 

standard. The mass absorption coefficient for oxygen absorbed by Nd derived from pure NdzO, powder using the 

convergent beam technique (for thickness determination) and ultra-thin window EDX on a TEM is reasonably close to 

Heinrich’s and Henke’s values. The results show that the triple junction regions and the Nd,Fe,,B-Nd,Fe,,B grain 

boundaries contain the Nd-rich phase with Nd: - 90 at%, Fe: - I at%, oxygen: X-9 at? and boron: < I atci. Auger 

spectroscopy results show that the oxygen present in the matrix phase and in the boron-rich phase exists only in the surface 

layer. By contrast the oxygen reacted with the Nd-rich boundary phase to form a bulk oxide. 

1. Introduction 

Permanent magnets based on Nd-Fe-B alloys 
are prepared typically by a powder metallurgy 

sintering process. Oxygen is present in the initial 
alloys and more is introduced during milling and 

subsequent processing. The magnetic properties 
of the sintered magnets, especially the coercivity, 
depend sensitively on the oxygen content. Thus a 
detailed knowledge of the oxygen content is an 
important aid to processing, and quantitative 

Correspondence to: Dr I.P. Jones, School of metallurgy and 

Materials, University of Birmingham, Birmingham B15 2TT, 

UK. 

’ Present address: Metals and Advanced Materials Centre, 

Singapore Institute of Standards and Industrial Research. 1 
Science Park Drive, Singapore 05 11. 

measurements of boron are also important in 

providing valuable information on the phase com- 
positions in these boron-containing materials. 

Compared with conventional analysis of 

medium to high-Z elements (Z > 111, successful 
analysis of light elements requires far more care. 
Techniques for analysis of boron and oxygen with 

a spatial resolution of less than a few km, arc 
shown in table 1. 

The energy resolution of WDX is better than 
that of EDX. Since this improvement in resolu- 
tion results in a better peak/background ratio, 
the detectability limit is better: - 0.01% for nor- 
mal elements and - 0.1% for light elements [ 11. 

The conversion of apparent concentrations (k 

= &xHilen/~std intensity ratio) into true concen- 
trations constitutes the well known ‘ZAF’ correc- 
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tions (F= F,F,F,F,). These include: (1) F,, ab- 
sorption of characteristic X-rays emerging from 
the specimen; (2) F,, enhancement of the charac- 
teristic X-ray intensity due to fluorescence by 
other lines and the X-ray continuum; (3) F,, loss 
of X-ray intensity owing to incident electrons 
being backscattered out of the specimen; and (4) 
F,, variation in the efficiency of X-ray production, 
which is governed by the ‘stopping power’ of the 
specimen (a function of atomic number) [2]. How- 
ever, it is well known that for light elements the 
peak position and shape change significantly, de- 
pending upon the type of the chemical bond 
involved. Therefore, with very light elements it 
can be misleading to measure X-ray intensities at 
the position of the maximum of the emission 
peaks [3-51. There are many computer pro- 
grammes for performing ZAF corrections which 
are available today, for example the ZAF-4 (based 
on the FRAME-C [6]) programme (Oxford In- 
struments Ltd) and the COR-2 programme [7]. In 
this study, both programmes were employed and 
compared. For the light elements, absorption is 
usually the major correction and, unfortunately, 
any correction procedure is faced with the fact 
that the mass absorption coefficients for soft X- 
rays are known only with limited accuracy. A 
novel idea for measuring mass absorption coeffi- 
cients has emerged from this investigation. 

Bastin and Heijligers [8] carried out an inter- 
esting experiment with a new multilayer LDE 
crystal to detect an oxygen peak on pure gold. 
They suggested that oxygen contamination is al- 
most as bad a problem as carbon contamination, 
and the former effect is much more difficult to 
allow for than the latter. Therefore, in the pre- 
sent work, Auger spectroscopy was employed to 

Table 1 

examine the surface concentrations of oxygen and 
boron. 

2. Experimental work 

The samples chosen for this investigation were 
an as-cast Nd,,Fe,,B, ingot and a Nd,,Fe,,B, 
sintered magnet. The cast Nd,,Fe,,B, ingotwas 
supplied by Rare-Earth Products plc, and was 
homogenised at 1100°C for 1 h, followed by fur- 
nace cooling to room temperature. The sintered 
Nd,,Fe,,B, magnet was produced by the hydro- 
gen decrepitation (HD) route described by Harris 
193. The magnetic properties were measured using 
a permeameter. 

After mounting with FeB standards, the speci- 
mens were ground and polished. The microstruc- 
tures of the specimens were observed by SEM. 

WDX was used to investigate the boron and 
oxygen concentrations in the Nd-Fe-B samples. 
Due to the reactivity of these materials, any non- 
recently prepared specimens would have excess 
surface oxidation. All the specimens were there- 
fore repolished very carefully immediately prior 
to each WDX measurement. Peaks were cor- 
rected for background and for the oxygen mea- 
surements, a SiO, standard was used and for the 
boron measurements, pure boron and FeB stan- 
dards were employed. Areas of peaks were pro- 
duced by slowly scanning the range around the 
boron peak with the WDX spectrometry. The 
true peak area was found by adding the channels 
beneath the peak and subtracting the back- 
ground. 

Pure Nd,O, powder was provided by Rare- 
Earth Products plc. The powders were suspended 

Technique a Approximate resolution Comments 

WDX on SEM 1 km Accurate boron analysis 

Auger 1 km Imaging not good. Good for surface analyses 
UTW EDX (TEM) 10 nm Currently not quantitative 

STEM + EELS 10 nm Low sensitivity; difficult to quantify 

a WDX, wavelength dispersive X-ray spectrometry; SEM, scanning electron microscope; Auger, Auger electron spectroscopy; 
UTW EDX, ultra-thin window energy dispersive X-ray spectrometry; STEM, scanning transmission electron microscopy; EELS, 

electron energy loss spectroscopy. 
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Fig. 1. Secondary f :lectron image (tilt = 0”) of a polished cast Nd,,Fe,,B, sample on a JEOL X4OA SEM. ( 

(b) Nd-rich phase and Cc) boron-rich phase. 

in methanol, picked up by copper grids with a 
thin carbon film and then put into a JEOL 
4000FX TEM such that the powder sitting on the 
thin carbon film was exposed to the incident 
electron beam. The thicknesses of the Nd,O, 
powder particles were measured by the conver- 
gent beam technique [lo] and the X-ray spectra 
were collected at the same time by ultra-thin 
window EDX on a JEOL 4000FX TEM. The 
background Bremsstrahlung was subtracted from 
the spectra by offsetting the cursor on either side 
of the peaks so that the relative intensities of the 
characteristic X-rays could be determined. 

VG Auger spectroscopy was used to investi- 
gate qualitatively the surface concentrations of 
oxygen and boron. Auger spectra are obtained 
generally in the form of a differentiated graph. 

Table 2 

Magnetic properties of sintered Nd,,Fe,,B, 

a) matrix 

Qualitative analysis can be achieved by the com- 
parison of peak energy values and peak shapes of 
differentiated Auger spectra with those from 
standard specimens, which are available in hand- 
books. Depth profiling was carried out by Ar ion 
sputtering (probe current 0.4 mA) for 15 min. 
The filament current, emission current, probe 
current and beam voltage were 2.5 A, 0.1 mA, 10 
nA and 10 kV, respectively. 

3. Results 

3.1. Microstructures and magnetic properties 

Figure 1 shows a secondary electron scanning 
micrograph of the cast Nd,,Fe,,B, alloy. which 

Sample 

Sintered 

Nd,,Fe,,Bs 

(HD route) 

,HC H t! C 
CkOe) CkOe) 

12.72 11.31 

f 0.03 f II.06 

(BH ),m 
(MGOe) 

38.23 

-to.21 

Squareness 

factor 

0.90 

Density 

(g/cc) 

7.457 

+ 0.00 1 
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was annealed at 1100” for 1 h, followed by fur- 
nace cooling. It exhibits three phases: the hard 
magnetic matrix phase (a), the intergranular Nd- 
rich phase (b) and the boron-rich phase (cl. The 
domains in the matrix phase are displayed clearly. 
The origin of this domain contrast has been dis- 
cussed elsewhere [ 111. 

The magnetic properties of the laboratory pro- 
duced sintered Nd,,Fe,,B, magnet are shown in 
table 2. The microstructure of the sintered 
Nd,,Fe,,B, magnet was studied by SEM (fig. 21, 
which revealed a morphology consisting of the 
majority matrix grains, the Nd-rich phase and the 
boron-rich phase. 

3.2. EPMA results 

3.2.1. Experimental parameters 
Accelerating voltage. With an increase in accel- 

erating voltage (e.g. up to 20 kV1, the generation 
depth of X-rays becomes large and absorption 
levels are very high for light elements. The im- 
provement in the light element measurements 
obtainable by reducing the accelerating voltage 
E, is limited ultimately by the need to have 
E, x- E, (critical excitation energy). Reducing the 
accelerating voltage (e.g. to 5 kV), however, in- 
creases the diameter of the beam probe and 

results in poor spatial resolution. A compromise 
10 kV accelerating voltage was therefore em- 
ployed in the present studies. 

Crystal selection. A synthetic crystal (LDE-1) 
was used for oxygen and a Pb stearate crystal 
(STE) for boron. 

Cold finger. A cold ‘finger’ was placed close to 
the specimen where it reduced the local partial 
pressure of the residual vapours in the system 
and, thus, contamination. 

Quantitative analysis. An apparent concentra- 
tion (k): k = Zsample/Jstd = (Peak - Bgnd),,,,& 
(Peak - Bgnd),,, was determined for each of the 
elements to be analysed using constant beam 
conditions. The k-values were input to a ‘LINK’ 
computer programme based on the ZAF-4 com- 
puter programme for ZAF corrections to give the 
final concentrations. The k-values were also con- 
verted into integral intensity ratios by multiplica- 
tion by the APFs and then input manually to the 
COR-2 programme to give the true concentra- 
tions. 

3.2.2. Results of the oxygen and the boron analyses 
(a) FeB and pure B standards. The WDX oxy- 

gen K peak from the Nd-rich boundary phase in 
the cast Nd,,Fe,,B, alloy is shown in fig. 3. 

Fig. 2. Backscattered electron image of sintered Nd,,Fe,,Bs. 
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Fig. 3. The WDX oxygen peak in the Nd-rich boundary phase 

in as cast Nd,,Fe,,B,. 

Boron, oxygen, Nd and Fe contents, and 
Nd: Fe: B (at%) ratios in the matrix phase, 
boron-rich phase and Nd-rich phases (including 
the triple junction region and the Nd,Fe,,B- 
Nd,Fe,,B grain boundaries) obtained via the 
ZAF-4 program are shown in table 3. Average 

data were obtained from five independent mea- 
surements from each phase. 

(b) Area /peak factors. Williams [12] recom- 
mended that a pure boron standard should be 
used for experimental convenience. However, 
pure boron exhibits a much broader boron peak 
than NdzFe,,B. The peak shape alterations arc 
very large for B K, but less serious for 0 K, at 
least when the LDE crystal is used. The integral 
intensity measurements can be facilitated by the 
introduction of the area/peak factor (APF) (the 
ratio between the true area and the peak inten- 
sity for a phase relative to the selected standard1 
[5]. In this investigation, APFs for B K for the 
matrix phase and the boron-rich phase in the 
as-cast Nd,,Fe,,B, alloy have been determined 
with a STE crystal on a JEOL 840A SEM relative 
to a pure boron standard and are shown in table 
4. It is evident that the effects of peak shape 
alterations for B K are very large indeed and 
cannot be ignored. Once APFs are available, the 
peak intensity ratios can be converted easily into 

Table 3 

Boron and oxygen contents analysed by WDX (10 kV, 5~ lo-’ A), Nd and Fe analysed by EDX using the on-line ZAF-4 

programme on a JEOL 840A SEM for the matrix, the Nd-rich and the boron-rich phases. Also given are the total wt%. Nd: Fe : B 

(at%) ratios and stoichiometric concentrations of the matrix and the boron-rich phases. Error bar = 2 X standard deviation. 

Standard 

for B 

Pure 

boron 

standard 

FeB 

standard 

Phases 

Matrix phase 

Triple junction region 

(Nd-rich) 

Matrix-matrix grain 

boundary (Nd-rich) 
Boron-rich phase 

Matrix phase 

Triple junction 

region (Nd-rich) 
Matrix-matrix grain 

boundary (Nd-rich) 
Boron-rich phase 

Measured concentration Total Nd:Fe:B Stoichiometric con- 

(at%) wt% ratios centration (at% ) 

Nd Fe B 0 Nd Fe B 

11.4 79.3 7.8 1.5 105.0 2: 13.9:1.4 11.8 82.4 5.9 

kO.5 + 0.6 +0.9 + 0.2 
85.4 - 1 <l 13.4 94.2 

f 2.0 * 2.0 

86.5 - 1 <I 13.1 95.0 

k1.6 * 1.4 
10.1 33.9 54.3 1.7 109.8 1:3.3:5.4 12.1 34.0 44.0 

+0.5 * 0.5 * 1.0 + 1.0 

11.9 80.8 5.8 1.5 105.4 2: 13.6: 1.0 

+ 0.4 * 0.2 +1.0 * 0.2 
85.4 - 1 <1 13.4 95.6 

+0.8 +0.1 
85.5 - 1 <l 14.0 95.7 

f 2.0 +1.3 
11.5 39.6 48.2 0.7 107.3 1 : 3.4 : 4.2 

kO.3 * 0.4 * 0.2 +0.1 
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Table 4 
Area peak factors for the matrix phase and boron-rich phase 

Area of peak (without background) 

Height of peak (without background) 

Pure boron 30.3 mm 

Matrix phase 26.1 mm 

Boron-rich phase 23.7 mm 

Area/peak factor (APFJ for matrix phase, relative to pure boron = 0.8614 

Area/peak factor (APFJ for boron-rich phase, relative to pure boron = 0.7822. 

the correct integral intensity ratios by multiplica- 
tion by the APFs. 

(c> ZAF programmes. Subsequently, the con- 
version of the integral intensity ratios into true 
concentrations depends strongly on the particular 
ZAF correction programme used and on the 
quality of the mass absorption coefficients the 
programme has to work with. Edgley [13] has 
shown that COR-2 is a more suitable programme 
to use for quantitative light element analysis. 
COR-2 may be used with Heinrich’s [14] or 
Henke’s [151 mass absorption coefficients for light 
elements. The integral intensity ratios were then 
input manually into the COR-2 program (in this 
study Heinrich’s mass absorption coefficients were 
used) to convert to true concentrations (table 5). 

ratio against foil thickness, which is related to the 
mass absorption coefficients as shown below, was 
obtained for pure Nd,O, powder using the con- 
vergent beam diffraction technique (for thickness 
measurements) and ultra-thin window EDX on a 
JEOL 4000FX TEM. 

Figure 4 shows a magnified convergent beam 
diffraction pattern taken from the pure Nd,O, 
powder at 400 kV. Fringes within the discs are 
formed by strongly diffracted beams. The crystal 
was oriented at a two beam condition: these 
fringes could be used to determine thickness. 

(d) Mass absorption coefficients (MACs). Ab- 
sorption for oxygen K and boron K represents a 
major part of the correction procedure and the 
accuracy of the correction depends on an accu- 
rate knowledge of the mass absorption coeffi- 
cients. 

A new method has been developed in order to 
test the accuracy of the existing sets of mass 
absorption coefficients used in ZAF correction 
computer programs. The slope of the loWgen/ZNd 

At the same time, ultra-thin window EDX on 
a JEOL 4000FX TEM was employed to collect 
oxygen and Nd peaks. The background 
Bremsstrahlung was subtracted from the obtained 
spectra of oxygen and Nd by offsetting the cursor 
on either side of the oxygen and Nd peaks so that 
the relative intensities of the characteristic X-rays 
of oxygen and Nd could be determined. The 
background Bremsstrahlung of the X-ray spectra 
is proportional to specimen thickness if all the 
experimental conditions are kept constant. After 
the thickness of a small area on one Nd,O, 
particle was determined and the EDX spectrum 
from this small area was collected, the EDX 

Table 5 

Boron and oxygen contents analysed by WDX (10 kV, 5 X 10-s A) using a pure boron standard, Nd and Fe analysed by EDX with 

the COR-2 programme (Heinrich’s MACsJ on a JEOL 840A SEM for the matrix, the Nd-rich and the boron-rich phases and 

Nd: Fe : B (at%) ratios of the matrix phase and boron-rich phase. Error bar = 2 X standard deviation. 

Phases Measured concentration (at%) Nd:Fe:B 

Nd Fe B 0 (at%) ratios 

Matrix phase 10.6 f 0.5 82.6 + 0.5 5.8kO.7 1.0+0.1 2:15.6:1.1 

Triple junction region (Nd-rich) 90.4 k 1.8 -1 <l 8.7+ 1.9 

Matrix-matrix grain boundary (Nd-rich) 90.6kO.8 -1 <l 8.3k 1.0 

Boron-rich phase 11.9kO.5 43.8 + 0.5 42.9+ 1.0 1.4&0.1 113.713.6 
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Fig. 4. A magnified convergent beam diffraction pattern (for 

thickness determination). 

spectra of the regions nearby could then be col- 
lected. The relative thicknesses of these areas 
could be determined by comparison of the 
Bremsstrahlung level. Several groups of data for 
I oxygen& ratio against specimen thickness were 
obtained. Figure 5 shows a plot of luxygen/lNd 
against specimen thickness. The slope of this 
curve was approximately 1.1931 X lop4 A-’ and 
equals (xNd - xoxygen)p I intercept I /2. This rela- 
tion between the slope of the curve and the mass 
absorption coefficients can be derived by differ- 

entiating the equation [16] for quantitative analy- 
sis including absorption: 

ylyahs 
oxygen = ( ULygrn I( Xosygen/X Nd ) 

x [( 1 - cxp( -XNdPYd#,t)] 

/[ ( 1 - cxp( -X”Xygr”Ph.dzolt)] ’ ( 1) 

d,‘df[ I;:,‘~:&,,] I,--0 

= ( XNd - Xoxygen )p /intercept / /2, (2) 

where 

+ ( /-L/p);~“c,,( WV%), 

8,- = 60”, tiE = 0” (see fig. 6) ; 

p is the density of the Nd,O, powder, for hexag- 
onal 7.31 g/cc and for cubic 6.6 g/cc [ 171. 

After inputting Heinrich’s [14] and Henke’s 
[15] mass absorption coefficient data, the results 
are listed in table 6. It can be seen that the 
experimental data from the pure Nd,O, powder 

Ze-1 

Thickness t (A) 

Fig. 5. A plot of IOxygcn /I,, ratio against specimen thickness with Heinrich’s 1141 and Henke’s [IS] data superimposed 
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Electron Beam 

Height 

Fig. 6. The specimen and the ultra-thin window EDX detector 

geometry in the JEOL 4000FX TEM. t, X-ray generation 

depth; I, average X-ray path length. The angle lIr between 

the electron beam and the specimen is here 60”, and the angle 

eE above the horizontal of the detector is here 0”. 

are higher than the theoretical values of Heinrich 
and Henke but they are reasonably close. This 
gives us some confidence in the mass absorption 
coefficients which are widely used in the ZAF 
correction computer programme. 

The integral intensity ratios were corrected 
with the COR-2 program again using the mass 
absorption coefficient of oxygen by Nd measured 

in this work to convert into true concentrations 
(table 7). 

(e) Applications. The results (table 5) show 
clearly that the triple junctions and the 
Nd,Fe,,B-Nd,Fe,,B grain boundaries in the 
cast Nd,,Fe,,B, alloy contain the Nd-rich phase 
and they have composition: 

Nd -90 at%, Fe: - 1 at%, 

oxygen: 8-9 at%, boron: < 1 at%. 

The amount of oxygen was found to be fairly 
low - 1 at% in the matrix and boron-rich phases 
(presumably an oxide film). 

Turning to the sintered specimen, Nd, Fe, 
boron and oxygen contents at the centres of ma- 
trix grains derived from the ZAF-4 program are 
shown in table 8. An FeB standard for boron was 
used. There is only - 1.7 at% oxygen in the 
matrix phase. Average data come from five inde- 
pendent measurements. 

The capability of WDX spectrometry for light 
element analysis is somewhat limited by its low 
spatial resolution. It is very difficult or even im- 
possible for the electron probe beam to resolve 
down to 1 pm. Furthermore, the volume of the 

Table 6 

Comparison of the experimental data with those of Heinrich [I41 and Henke [15] (Note: for hexagonal Nd,O,, the density p = 7.31 

g/cc and for cubic Nd,O,, the density p = 6.6 g/cc) 

Experimental data 

Heinrich [14] 

Henke [15] 

P(&@Z” - X&Iintercept l/2 (A-‘) 

Hexagonal Nd,O, Cubic Nd20i 

1.19x 10-4 

0.98 x 10-4 0.88X 1om4 

0.89 x 10-4 0.81 x 1O-4 

oxygen (p /pINd (cm*/g) 

Hexagonal Nd,O, Cubic NdZo3 

7569 8374 

6216 

5690 

Table 7 

Using (p /pjNd Oxygen from this work, boron and oxygen contents of the Nd-rich phase analysed by WDX (10 kV, 5 x lo-’ A) using a 

pure standard on a JEOL 840A SEM. Error bar = 2 X standard deviation 

Phases 

Triple junction region (Nd-rich) 

Matrix-matrix grain boundary (Nd-rich) 

Triple junction region (Nd-rich) 

Matrix-matrix grain boundary (Nd-rich) 

(IL/P) ;;XdYgen = 7569 cm*/g 

(CL /p)gTgrn = 8374 cm’/g 

Measured concentration (at%) 

Nd Fe B 

90.5 * 1.9 -1 <l 

91.4* 1.2 -1 <l 

89.Ok2.1 -I <l 

90.1 f 1.3 -1 <l 

0 

8.7+ 1.9 

8.3 + 1.0 

10.2 + 2.2 

9.7* 1.1 



sample which contributes to the X-ray signal is 

relatively independent of the size of the electron 

probe because high angle elastic scattered elec- 
trons within the sample generate X-rays. These 

factors together limit the application of WDX in 

obtaining further information from the Nd-rich 
and boron-rich boundary phases along the grain 

boundaries in this sample, which has a very fine 

grain size (see fig. 2). 

3.3. Auger Electron Spectroscopy 

The escape depths (the distance over which 

the X-ray energy will reduce to an arbitrary frac- 

tion, for example, 50%) of the X-rays for boron 

and oxygen are of the order of 100 nm (for 

example, the calculated escape depths of the X- 

rays for boron in Nd,Fe,,B and oxygen in NdzO, 
in the present work are - 28 and _ 120 nm 

respectively) and the accuracy of the results is 
then sensitive to the surface conditions of the 

specimen. 
The presence of oxygen in the Nd-rich grain 

boundary phase and the specimen surface was 

confirmed by Auger spectroscopy. Figure 7 shows 

the elemental distributions determined by Auger 
spectroscopy from the matrix phase, Nd-0 

boundary phase and boron-rich phase in the ho- 
mogeneous Nd,jFe,,B, alloy. There are several 

points of interest in these spectra. First, there 

was serious carbon contamination on the surface. 

Second, there was a large amount of oxygen 
present. Third, there was no detectable boron in 
these three phases, the matrix phase was Fe-rich 

and the Nd-0 boundary phase was Nd-rich. 

After ion etching for 15 min, the Auger spec- 
tra were collected again from these three phases. 

The Auger spectra are shown in fig. 8. Depth 

profiling of the sample revealed several intcrest- 

ing points. First, the surface carbon contamina- 

tion disappeared. Second, the oxygen signal dc- 
creased significantly in the matrix phase and the 

boron-rich phase. Third, the oxygen present in 

the Nd-0 boundary phase did not change with 

depth. Fourth, there was detectable boron in the 
boron-rich phase. Finally. at the low-energy left 

end of the Auger spectra. Nd and Fe Auger 

peaks appeared. These results indicate that the 

large amount of oxygen present in the matrix 

phase and in the boron-rich phase existed prc- 

dominantly in the surface layer. 

4. Discussion 

A successful analysis of light elements using 
WDX on a SEM involves specimen preparation, 

intensity measurements and ZAF correction. For 

specimen preparation, any non-recently prepared 

specimens would have excess surface oxidation. 
For intensity measurements, the major problem is 

the very low count rates and low peak to back- 

ground ratios. In the present studies, a LDE-I 
crystal (for the quantitative analysis of oxygen) is 

introduced to produce much higher peak intensi- 

ties. Large errors in the intensity measurements 
can be made when peak shape alterations (exact 

peak position can vary with valency state) arc 

ignored, especially for boron. 

Since the boron content obtained by the USC ot 
an FeB standard is closer to the stoichiometric 
concentration of the matrix phase. it can there- 

fore be concluded that the FeB standard is more 

appropriate than the pure boron standard aI- 

Table 8 

In sintered Nd,,Fe,,B,, boron and oxygen contents analysrd by WDX (IO kV. 5 x IO -‘A). Nd and Fe analysed hy EDX wth the 

on-line ZAF-4 programme on a JEOL 840A SEM. and Nd: Fe: B (at%) ratios for the matrix phase 

Sample name Phases Measured concentration (at?) 

Nd Fe B 

Nd:Fc:H 

0 
(at’{) 

ratio 

Laboratory-produced sintered Nd,,Fe,,B, Matrix phase 12.8 i 0.9 70.2* 1.0 h.3 * 0.1 I .7 i 0. I 2 : 12.4 : I .o 
magnet (FeB standard for boron analysis) Low spatial resolution of WDX prevented analysis of the grain boundary region 
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Fe Fe 

k /VI- 
Nd 

Nd 0 

0 

Nd-rich 

Fig. 8. Auger spectra from three phases after 15 min ion 

etching. Fig. 7. Auger spectra from three phases before ion etching. 



though the measured boron content must be lower 

than the exact boron content in the phases be- 

cause of the absorption of boron by the surface 

contamination. Structure determination by se- 

lected area diffraction in the TEM [ 181 confirmed 

that the matrix phase has a tetragonal structure 
with c/a ratio identical to that determined by 

neutron diffraction [19] and therefore the matrix 

phase was concluded to be NdzFe ,,B. The ho- 

mogeneity range in Nd,Fe,,B is either absent or 
very small. This was determined from the small 

variations in the lattice constants [20] or the Curie 
temperature, which lies in the range 581-584 K 

1211. These indicate that there is probably only 

one possible composition. The Nd(, +,,Fe,B, 

compound is characterised as a member of the 
composition-modulated structural series R,, +t, 
Fe,B, (R = Ce, Pr, Nd, Sm, Gd, Tb) with vari- 

able R content [O.ll (Pr) I E I 0.15 (Tb)] [22]. 
The reason for the improvement in boron mea- 

surements could be attributed to the fact that the 

FeB standard is closer to the composition within 

the magnetic alloys and the shape of the peak 
produced from the FeB standard is more similar 

to those from the matrix phase and the boron-rich 

phase than that of the pure boron standard. The 

results might be improved further by using even 
closer composition standards. 

However, for experimental convenience, a pure 

boron standard should be used [ 121. The peak 
shape alterations could be compensated by the 

introduction of the area/peak factors. Accuracy 

in boron measurements has been improved after 
the introduction of APFs for boron and the em- 

ployment of the COR-2 programme with Hein- 
rich’s mass absorption coefficients. The phase at 

the Nd,Fe,,B-Nd2Fe,,B grain boundaries and 
three grain junctions had the same composition 

( - 90 at% Nd, - 1 at% Fe, 8-9 at% oxygen and 
< 1 at% boron) suggesting that the NdZFe,,B- 
Nd,Fe,,B grain boundary region is an extension 
of the phase from the triple-point region. The 
oxygen composition measured by WDX in this 
work (COR-2 programme) is lower than pub- 
lished data estimated by EPMA on the fee Nd-rich 
phase with a = 0.52 nm which has go-85 at% Nd, 
2-3 at% Fe, balance oxygen [23] although in the 
present case, TEM diffraction patterns showed 

that the Nd-rich phase has a fee (u = 0.52 nm) + 

complex bee (u = 1.04 nm) structure [ 181. This 

phase was stabilised by a significant amount of 

oxygen (8-9 ate/c oxygen). The published data 
are, however, very close to the data obtained 

from the ZAF-4 programme. which may not bc 
reliable. 

Regarding the results for oxygen, previous au- 

thors [8] showed that oxygen contamination in 
WDX is almost as serious a problem as carbon 

contamination. Carbon contamination could be 

reduced by placing a ‘cold finger’ near the sur- 
fact of the sample. The former effect is much 

more difficult to combat than the latter due to 

the relatively poor vacuum conditions in commer- 

cial WDX systems. Therefore. the accuracy of the 
measured oxygen in the sensitive Nd-rich phase is 

still open to doubt. 

Regarding the ZAF correction, absorption 

represents the major part. It is vital that mass 
absorption coefficients are available with an accu- 

racy of k 1%. The result by Bastin [8] indicated 

that it is more likely that the poor analyses are 

caused by inaccuracy in the published mass ab- 
sorption coefficients than by inadequacies in the 

correction programmes themselves. However, the 

inadequacies in the models used in the correction 

programme may also bc a problem. For example, 
the Philibert absorption correction model [2,24] 

assumes that Q. (the value of the depth distribu- 
tion of generated characteristic X-rays @(pZ) at 

the surface) = 0 and this is not acceptable for soft 
X-rays. 

In the present work, the mass absorption coef- 

ficient of oxygen by Nd was measured from pure 
Nd,03 powder using a convergent beam tech- 

nique (for thickness measurement) and ultra-thin 

window EDX on a JEOL 4000FX TEM. It can be 
seen from fig. 5 that the agreement between the 
experimental line and the theoretical lines [ 14,151 
is reasonably good. This implies that the variation 

of &gen/ll\ld intensity ratio with thickness is a 
satisfactory straight line (correlation coefficient = 
91.4%). The results as shown in table 6 suggest 
that the mass absorption coefficients estimated 
using this method arc reasonably close to the 
value used in the COR-2 computer programme 
for the ZAF correction. It is also interesting to 
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note that the experimental data are closer to 
Heinrich’s data than Henke’s data, which is in 
agreement with the measurements of Edgley [13]. 
The use of (p/p)iyg”” from this work in COR-2 
made oxygen concentrations slightly higher than 
those obtained via Heinrich’s data. 

The accuracy of the measured boron and oxy- 
gen is very sensitive to the surface conditions. 
This can be seen from the Auger spectroscopy. 
The Auger spectra before the ion depth profiling 
suggested that there was serious carbon contami- 
nation on the surface together with a large amount 
of oxygen. This serious carbon contamination will 
reduce the signals from Nd, Fe, oxygen and boron. 
The large amount of oxygen must include the 
effect of surface oxidation. The previous work by 
Fujii et al. [25] using small-angle neutron scatter- 
ing and Elbicki et al. [26,27] using Auger spec- 
troscopy suggested that the surfaces of the grains 
in Nd-Fe-B magnets are rich in Nd and oxygen 
but poor in Fe. They suggested that the surfaces 
of the grains are nonmagnetic and called them 
magnetic dead layers. They also concluded that 
this surface shell of dead layers insulates one 
grain from another and could generate signifi- 
cantly large coercivity. They further attributed 
the improvement of coercivity by post sintering 
heat treatment to formation of a more uniform 
distribution of magnetic dead layers over the 
grains. From bhe present investigation, this so- 
called ‘ - 50 A magnetic dead layer’ is probably 
only the Nd-rich grain boundary phase. During 
depth profiling, the oxygen signal in the matrix 
grains and boron-rich grains decreases signifi- 
cantly. The Nd, Fe and boron signals, which were 
absorbed by the oxygen rich surface layer, in- 
creased relatively. The oxygen signal in the Nd- 
rich boundary phase did not change after depth 
profiling suggesting that the oxygen reacted with 
the Nd-rich boundary phase to form a bulk Nd 
oxide because of the large affinity of the Nd for 
oxygen. 

5. Conclusions 

(1) Analyses of boron and oxygen were carried 
out using WDX. The conditions for the WDX 

measurements including the proper standards, 
accelerating voltage, probe current and crystals 
employed for boron and oxygen have been de- 
scribed. Excellent concentration reproducibility 
has been achieved in our experiments. Accuracy 
in boron measurements has been achieved (using 
a pure boron standard) with the introduction of 
the APFs and the COR-2 programme although 
the results for boron with the ZAF-4 program 
can be improved using an FeB standard rather 
than the pure boron standard. The Nd-rich phase 
has - 90 at% Nd, - 1 at% Fe, 8-9 at% oxygen 
and < 1 at% boron. The amount of oxygen was 
found to be fairly low (- 1 at%) in the matrix and 
boron-rich phases. The low spatial resolution of 
WDX limits its application in obtaining further 
information on the boundary phases in the labo- 
ratory HD-produced sintered magnet, which has 
a very fine grain size. 

(2) A novel method has been developed to 
measure mass absorption coefficients. 

(3) Auger spectroscopy results show that the 
large oxygen concentration present in the matrix 
phase and in the boron-rich phase only existed in 
the surface layer but by contrast the oxygen re- 
acted with the Nd-rich boundary phase to form a 
bulk Nd oxide. 
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