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CHAPTER EIGHT

RESULTS AND DISCUSSION ON THE Nd-Fe~B ALLOY

8.1 Introduction

This chapter contains the results of the investigations on the
Nd-Fe-B alloy. The microscope studies, X-ray microcanalysis and micro-
hardness measurements of the bulk specimens are discussed first. This
is followed by a discussion of similar investigations on the sintered

samples.

8.2 Studies of the Bulk Alloy

8.2.1 Optical Metallography of the Bulk Samples

8.2.11 The "As Cast’ Sample

The optical micrograph of the "as cast" specimen is shown in fig.

8.1. Three phases can be observed:

1. A matrix phase (A).
2. An intergranular phase (B).

3. A globular phase (C).

Previous investigaticms have shown the matrix phase to have a tetragonal

structure with the composition NdZFe1éB (refs. 89, 117) and this phase is
mainly responsible for the magnetic properties of the sintered permanent

magnets (see for example, ref. 118). The intergranular phase B is a low

melting point phase, which is Nd-rich (refs. 88, 117). The globular

phase C is present only in the "as cast" specimen and has been shown to be



Fig. 8.1 Optical micrograph of "as cast" Nd-Fe-B. (x 400).

Fig. 8.2 Optical micrograph of bulk sample SST at 1100°C and quenched.

(x 400).
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free Fe (refs. 88, 117), which is a result of non-equilibrium cooling,

during production of the bulk alloy.

The black regions are areas where the intergranular phase has been

"pulled out" on polishing due to its relative softness.

8.2.1i1 The Sample S.S.T. at 1100°C and Quenched

The optical micrograph for the sample quenched from a $.5.T. temper-
ature of 1100%C is shown in fig. 8.2. There is some difference in the
microstructure compared with the "as cast" sample. There appears to have
been some grain growth in this specimen, indicated by the larger spacing
of the intergranular phase and the free-Fe is now absent. Work has
shown that free-Fe is only formed in this alloy when the cooling rate
is low (ref. 119), as higher cooling rates tend to promote the
formation of primary Nsze14B rather than primary Fe from the melt. Thus,
at the S.S.T. temperature of 1100°C, all the free-Fe present in the

"as-cast'" specimen has dissolved and not reappeared on cooling due to

the high cooling rate.

8.2.1ii1 The Sample S.S.T. at 1100°C and Furnace Cooled

The difference in the microstructure of this specimen (see fig. 8.3)
is due to the fact that the sample was sectioned perpendicular to the

columnar grains observed in figs. 8.1 and 8.2.



Fig. 8.3 Optical micrograph of bulk sample SST at 1100°C and furnace

cooled. (x 400).

Fig. 8.4 Optical micrograph of bulk sample SST at 1100°c, quenched

and aged at 600°C for 100 hours. (x 250).
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Two phases can be observed: a matrix phase and an intergranular

phase.

8.2.1iv  The Sample S5.S.T. at 1100°C, Quenched and then Aged at

600°C for about 100 hours

The microstructure of this specimen (see Fig. 8.4) indicates some
grain growth on ageing at 600°C. There are also some dark spots within the
grains which might be (1) a polishing effect, (2) a phase associated with
the ageing treatment, or (3) micropores associated with the casting of

the alloy.

8.2.1v  The Sample S.S.T. at 1100°C, Furnace Cocled and then Aged

at 600°C for about 100 hours

The specimen aged at 600°C for an extended period after furnace
cooling from 1100°C, shows a large amount of grain growth (see fig. 8.53).
A matrix phase and an intergranular phase can be seen, the grain growth
being indicated by the separation between the intergranular phase. Lee
(ref. 120) has noted grain growth in permanent magnet specimens produced
via melt-spun ribboms. It is possible that the furnace cooling treatment

involves some additional grain growth.



Fig. 8.5 Optical micrograph of bulk specimen SST at 110000, furnace

cooled and aged at 600°C for 100 hours. (x 250).

Fig. 8.6 Optical micrograph of bulk specimen SST at 11000(1, quenched

and aged at 660°C for 100 hours. (x 250).
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8.2.1vi The Sample S.S.T. at 1100°C, Quenched and then Aged at

660°C for about 100 hours

The optical micrograph is shown in fig. 8.6. Two phases can be seen:
the matrix phase and an intergranular phase. The intergranular phase
consists of light grey and dark grey regions. These may be two different
phases which have similar melting points; alternatively they may represent
a polishing effect. Two intergranular phases have been observed previously
consisting of free Nd and a Nd-B binary phase (ref. 117). Therefore,
the ageing temperature of 660°C may be concurrent with the appearance

of a second intergranular phase.

8.2.2  SEM Studies of the Bulk Alloy

Secondary electron and backscattered electron studies were made
on the SEM to determine whether any phases were present in the bulk alloys

that could not be observed on the optical microscope.

8.2.21 The "As Cast' Sample

The backscattered electron micrograph is shown in fig. 8.7 and

three phases can be seen:

1. A grey matrix phase (A).
2. A light grey intergranular phase (B).

3. A dark grey globular phase (C).



Fig. 8.7 Backscattered SEM micrograph of "as cast" sample. (x 320).

Fig. 8.8a Backscattered SEM micrograph of bulk sample SST at 1100°C

and quenched. (x 320).
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As was discussed in section 8.2.1i, the phases A, B and C correspond to
a tetragonal Nsze14B phase, a Nd-rich phase and free Fe respectively.
These phases have been observed in melt-spun ribbons by Hadjipanayis

(ref. 121) using transmission electron microscopy (TEM).

8.2.2ii The Sample S.S.T. at 1100°C and Quenched

The backscattered electron micrograph is shown in fig. 8.8a and the

intergranular phase and matrix phase are present.

8.2.2iii The Sample S.S.T. at 1100%C and Furnace Cooled

The backscattered electron micrograph is shown in fig. 8.8b and the

intergranular phase (light phase) and matrix are present.

8.2.2iv The Sample S.5.T. at 1100°C, Quenched and then Aged at 600°C

for 100 hours

The secondary electron micrograph of this specimen is shown in
figure 8.9. Within the columnar grains light and dark regions can be
seen; these represent the presence of magnetic domains. The shape of
the domain patterns indicate that the c-axis of the tetragonal matrix
phase lies in the plane of the micrograph. This type of domain contrast
was exhibited only in this specimen and could be a result of material
decorating the domain walls or possibly that the contrast has to be very

finely altered in the SEM to achieve such an image.



Fig. 8.8b Backscattered SEM micrograph of bulk sample SST at 1100°C

and furnace cooled. (x 320).

Fig. 8.9  Secondary SEM micrograph of bulk sample SST at 1100°,

quenched and aged at 600°C for 100 hours. (x 320).
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Three phases were observed in this specimen:

1. A grey matrix phase (A).
2. A light grey intergranular phase (B).

3. A small dark phase within the columnar grain (C).

The presence of the phase (C) is a result of the ageing treatment
after quenching and the EDAX analyses (see later) show that this phase

has a different composition than that of the matrix.

These three phases were also observed in the sample that had been
furnace cocled and then aged at 600°C, but to a lesser extent. Thus the
presence of the phase within the columnar grains may be the result of the
guenching treatment. The phase within the grains was not observed at
all in the specimen aged at 660°C after quenching from 1100°C. This may
be a result of the specimen being aged at too high an ageing temperature

for this phase to exist.

8.2.3 X-ray Microanalysis Studies of the Bulk Samples

The EDAX studies were limited due to the -fact that with the present
detector boron could not be detected. Therefore, in all the X-ray micro-
analysis studies the boron substitution composition is given as x, an
unknown. More detailed studies to determine the boron content in the
samples must involve the use of a windowless detector, or wet chemical

analysis.

The results of the measurements on the bulk samples are given in

table 8.1. The matrix phase has the composition Nsze , which agrees

14Bx




EDAX measurements on the bulk Nd-Fe-B Specimens

Table 8.1

Heat Treatment Area Details Substitution
Composition
(x0.3-0.5)

As cast Matrix phase (A) NszeMBX

As cast Intergranular phase (B) Nd15FeBx

(see fig. 8.7)

S.S.T. at 1100°C, quenched Matrix phase a) NszeMBx

S.S.T. at 1100°C, quenched Intergranular phase (B) Nd19PeBX

(see fig. B.8a)

S.8.T. at 1100°C, furnace Matrix phase (A) NszeMBx

cooled Intergranular phase (B) Nd18FeBX

(see fig. 8.8b)

S.5.T. at 1100°C, quenched Matrix phase (&) Nd2F813BX
and aged at 600°C for Intergranular phase (B) Nd, FeB
100 hours Phase within matrix (C) Nd12FeSBx

(see fig. 8.9)

S.5.T. at 1100°C, furnace Matrix phase NdZFe13Bx
cooled and aged at 600°C Intergranular phase NdE&FEBx
for 100 hours Phase within matrix NdeeBX

S.8.T. at 1100°C, quenched Matrix phase Nsze13BX
and aged at 660°C for Intergranular phase NdZOFeBx

100 hours.
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with other data (refs. 89, 117). On isothermal ageing at 600°C and 660°C
for 100 hours, the composition of the matrix appears to be lower in Fe
and has the composition Nsze13Bx

table 8.1 however, would give a matrix composition similar to that

; allowing for the errors quoted in

in the bulk material.

On ageing at 600°C for 100 hours, the quenched and furnace cooled
samples have an intergranular phase of composition NdZAFeBx’ which is

richer in Nd than the "as cast", "as—quenched" and "as-furnace cooled"
samples. In addition, on ageing at 600°C the quenched and furnace cooled
samples have intra-columnar phases (see (C) in fig. 8.9) of composition
Nd12FesBX and Nd12FeBx respectively. These intracolumnar phases
disappear on ageing at 660°C. Studies on sintered samples have shown
the presence of a boron rich phase (see for example refs. 91, 118) but

not of a phase composition as high in Nd as found in phase (C); the

boron rich phase was not found in the bulk samples using SEM studies.

The amount of Nd in the "as cast" intergranular phase is lower than
in all the heat treated specimens. The specimens aged at 600°C have the
highest concentration of Nd in the intergranular phase (composition:

Nd,.,FeB ).
X

24

8.2.4 Microhardness Studies on the Bulk Samples

The results of the microhardness studies on the bulk samples quenched
or furnace cooled from 1100°C and then aged at 600°C for varying times
are shown in fig. 8.10. These results have been published elsewhere and

show a complex microhardness-ageing time behaviour (ref. 92).
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Both the samples exhibit a two stage hardening variation with ageing
time. The hardness against ageing time graph for the quenched specimen
shows two hardness peaks at about 30 minutes and 70 minutes, with the peak
hardness value of 1000 VHN occuring at 30 minutes. The furnace cooled
sample shows a markedly different behaviour in that the peak hardness

values occur at about 100 minutes and 245 minutes.

The behaviour of the two samples can be understood in terms of the
role of vacancies and/or solubility excess in the ageing process. Thus
on ageing at 600°C a precipitation process occurs, but the enhanced
vacancy concentration and/or solubility excess present in the quenched
alloy results in a much more rapid ageing process, sc¢ that the hardness

maxima occurs at shorter ageing times than in the furnace cocled sample.

The presence of two hardness peaks after both the treatments could
be due to a two stage hardening process involving metastable and stable

precipitates and/or a solute redistribution in the matrix phase.

B.2.5 SEM Studies of the Powders Used in the Sintered Magnet

Production

These studies were undertzken to compare the effects of the different

powder production techniques on the particle size.

8.2.5a The Ball Milled Only Material

The secondary electron micrograph of the ball milled material
(produced as detailed in section 6.3.2) is shown in fig. 8.11a with 10um
markers. It can be seen that the particle size varies from about 5pm to

about 20um. The surfaces of the particles are quite smooth compared
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with the particle surfaces in the ball milled 2:17 material (see fig.
7.5a). This is possibly a consequence of the wet ball milling process
used with the Nd-Fe-B alloy; the process is more effective as the material
is broken up and is not compacted against the sides of the ball milling

cylinder but is maintained in suspension in the liquid.

8.2.5b The Hydrogenated Only Powder Specimens

The secondary electron micrographs of the samples hydrogenated at
33 atm and 200 atm are shown in figs. 8.11b and 8.11c respectively.
Comparing the two micrographs it can be clearly seen that the higher
hydrogenation pressure has resulted in a smaller particle size and

some cracking within the particles.

The surface condition of the particles show that they are highly
brittle and clean. The particle size in the powder hydrogenated at
200 atm is about 20 ym to 40 pm in diameter. The particles appear
also to be more flake-like than the BMO material and this is a consequence
of intergranular decrepitation. This is illustrated at A in fig. 8.11c,
where it appears that cracking has occurred at a matrix-Nd rich

intergranular interface.

8.2.5¢ The Hydrogenated and then Ball Milled Powders

The secondary electron micrographs are shown in figs. 8.11d and
8.11e for the samples hydrogenated at 33 atm and 200 atm and then ball

milled.

The particle size of the powder hydrogenated at 33 atm and then

ball milled is in the range 10 ym to about 50 ym. The particle size



Fig. 8.11a Secondary SEM image of BMO Nd-Fe-B. (x 1250).

(10 up markers).

Fig. 8.11b Secondary image of hydrogenated at 33 atm Nd-Fe-B. (x 1250).

(10 u markers).



Fig. 8.11lc Secondary SEM image of hydrogenated at 200 atm Nd-Fe-B

(x 1250). (10 p markers).

Fig. 8.11d Secondary SEM image of hydrogenated at 33 atm and then ball

milled Nd-Fe-B. (x1250). (10 y markers).
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of the powder hydrcgenated at 200 atm and then ball milled (see fig. 8.11e)
is in the range 10 pm to about 40 ym. Thus, the higher hydrogenating
pressure has an effect on the particle size. A smaller particle size is

possible by using two methods:

1. Optimise the ball: material ratio during the ball milling
operation,
2. Optimise the ball milling time.

In addition, an investigation is necessary to study whether exposure of the
hydrogenatedmaterial toair has any large effect on the magnetic properties
due to oxidation.

The particle sizes observed are in agreement with the densities

measured on the sintered samples, and there is also an optimum particle size

requirement for achieving the optimum magnetic properties,

8.3 Studies of the Sintered Specimens

8.3.1 Studies of the Magnetic Properties of the Sintered Specimens

8.3.11 The Magnetic Properties of the Samples Quenched or Furnace

Cooled from 1100°C and then Aged at 600°C

The heat treatments given to these samples are described in section
6.5.3iiA. The plots of the intrinsic coercivity iHc versus log ageing
time for the quenched and slow cooled specimens are shown in fig. 8.12.
The plots c¢f the remanence, Br’ and energy product, BHmax’ versus log

ageing time for the two specimens are shown in fig. 8.13 and 8.14 respectively.



Fig. 8.1le Secondary SEM image of hydrogenated at 200 atm and then

ball milled Nd-Fe-B. (x 1250). (10 p markers).
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The maximum iHc value of about 9.6 kOe occurs for the quenched
specimen, this value is maintained over a large ageing time range of

about 15 minutes to 90 minutes.

The increases in the iHc values on ageing at 600°C is possibly
due to the growth of coherent precipitates. The initial rise in the
iHc values is greater for the quenched specimen and this can be
explained by a solubility excess which leads to more rapid precipitate
growth on ageing. This may be related to the inter—-columnar phases

observed in the bulk aged samples (see section 8.2.3).

The possible growth of precipitates or redistribution of sclute
atoms would act as sites for domain pinning as in the 2:17 alloys.
This would explain the increase in iHC on ageing and its subsequent
fall. Ormerod (ref. 91) has shown that oxidation during processing
results in the formation of an Fe-rich phase and a fall in ;H, to
less than 200 Oe. This may also be a contributing factor in the
variation of iHc with annealing time, Previous investigators have
observed a boron-rich NdFe,B, phase in the sintered magnets (refs.

474

121, 122) or Nd_Fe phase (ref. 118). Mishra et al. (ref. 122)

B
2776
suggested that on annealing the grain boundary chemistry is altered,
so that reverse domain nucleation is more difficult. This has been

linked to the presence of t~’1dFe‘,1E.£l precipitates observed at grain

boundaries in a transmission electron microscope.

The variations of Br and BHmax with ageing time for the quenched
specimen show a similar increase up to about 40 minutes (see figs. 8.13
and 8.14). However, the variations of Br and BHmaX for the furnace
cooled sample both show a steady decrease up to about 90 minutes
and then a large fall with increasing ageing time. This may be a result

of a subtle difference in the initial condition of the microstructure in
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the furnace cooled sample before annealing.

8.3.1i1 The Intrinsic Coercivities of the Samples Quenced from

1100°C and then Aged at 540°C to 660°C

The heat treatments given on these samples are detailed in section
6.5.3i1A. The plots of iHc versus log ageing time for the ageing
temperatures 540°C-660°C are shown in fig. 8.15. As can be seen
there isquite a wide variation in the behaviour of iHc with log ageing

time.

The sample aged at 540°C has been investigation by Hopkins (ref.
117). The intrinsic coercivity falls gradually up to an ageing time
of about 10 minutes and then falls quickly to zero at around 30 minutes.
The sample was re-solid solutien treated at 1100°C for one hour and
then quenched and aged for 30 minutes at 600°C. It was found that the
iHC value was about 9.5 kOe; it is therefore clear that some phase change
or structural change occured on ageing at 540°C. The ageing temperature
of 540°C is below the melting point of the Nd-rich phase (ref. 86):
thus, this may explain the lack of development of the intrinsic
coercivity in this specimen. The intrinsic coercivity may be dependent
on the formation of a phase associated with the melting
of the Nd-rich phase; this phase may not form on ageing
at 540°C and thus a dislocation pinning coercivity mechanism does not

occur.

The samples aged at 570°C and 630°C show a similar variation of
iHc with log ageing times. It appears that only at an ageing temperature
of 600°C are there any developments in iHc with ageing time. This could
be due to the position of this alloy cowpositi?n.in the ternary Nd-Fe-B

phase diagram, and any variations in temperature has a critical effect

on the microstructure.
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At an ageing temperature of 600°C, the iHC values do not increase
by a large amount with ageing time, and there is only a very broad

peak in the iHc versus ageing time variation.

8.3.1ii1 The Variation of Intrinsic Coercivity with Ageing Temperature

The plot of iHc versus ageing temperature for the samples discussed
in the previous section for an ageing time of about 40 minutes are shown

in fig. 8.16.

These results agree quite well with Sagawaet al. (ref. 86) who
showed a maximum iHc value at an ageing temperature of between 870
and 930 X (600°C to 660°C). However, this investigation has found that
the range of ageing temperatures corresponding to the peak iHc value 1is

smaller than that found by these workers.

8.3.2 The Magnetic Properties of the Sintered Magnets Produced

from HD and then Ball Milled

Two sintered magnets were produced from powder that had been
hydrogen decrepitated and then ball milled. Two HD pressures were used:
33 atm. and 200 atm. The procedure for making the powders is detailed

in section 6.4.3.

Both the samples were quenched from 1100°C after one hour and

then aged at 600°C. The variations of .H , B_ and BH with log ageing
i“e® “r max
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time for the samples produced from powder decrepitated at 33 atm. and

200 atm. are shown in figs. 8.17 and 8.18 respectively.

The magnetic properties of both the samples are lower than those
produced from ball milled only (BMO) material. The maximum iHc values
of the two samples are about the same (approximately 5.5 kOe). However,
the Br and BHmax values for the sample HD at 200 atm. are higher than
those for the sample HD at 33 atm. This may be attributed to a smaller
particle size in the first sample which leads to an increased demsity
on heating at 1100°C. The smaller particle size may arise from a
more extensive intragranular cracking process rather than just a grain

boundary cracking process (ref. 98), due to the higher hvdrogen pressures.

The lower coercivity values in the HD specimenscompared with the
BMO specimens may be explained in terms of the coercivity mechanism in
the NdFeB alloys. Croat (ref. 81) has shown in melt-spun materials
that,as the crystallite size increases, the coercivity decreases.
Thus, only for a certain particle size is the iHc an optimum, this was
suggested to be the single domain particle size. However in these alloys
it is still not fully understood whether the coercivity is nucleation
(single domain) controlled or precipitation controlled (ref. 123), or

a combination of both these factors.

Another explanation for the lower coercivity values is that after
hydrogen decrepitation, the exposure of the highly clean friable
surfaces to the atmosphere leads to a rapid oxidation of these surfaces,

which is consegquently detrimentzal to the intrinsic coercivity. As with
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the 2:17-type alloy, a further study is required to achieve the optimum

hydrogenation and ball milling conditions in the NdFeB alloy.

8.3.3 Density Measurements

The densities of the bulk sample, the sintered magnet produced
from BMO material and the two samples produced via HD at 33 atm and
200 atm and then ball milled are shown in table 8.2,

table 8.2

Table of densities for the NdFeB alloy

Sample Density
(Kgm_z)
bulk alloy T2

sintered magnet
from ball milled 7.

material

sintered magnet

(

6.6

&

at 33 atm)

sintered magnet

(HD at 200 atm)

6.7
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The density of the sintered magnet produced from ball milled only
material is lower than the density achieved by Sagawa et al. (ref. 86);

this is attributed to the smaller particle size achieved by Sagawa.

The HD sintered magnets have lower densities than the sintered
magnet produced from ball milled only material and this is consistent
with the lower Br and BHmax values of these samples. The density of
the sample HD at 200 atm is slightly higher than the one HD at 33 atm.
and these results further support the importance of particle size in

achieving high remanences and energy products.

8.3.4 Degassing Studies on the Hydrogenated NdFeB Alloy

A previous study has shown that when the NdFeB alloy is hydrogen

decrepitated, there is an expansion of the Nsze B matrix phase (ref.

14
98). Due to oxidation of the powder in the degassing apparatus, it was
difficult to obtain a quantitative value of the amount of hydrogen
absorbed. However, it has been shown (ref. 98) that hydrogen is

desorbed at two temperatures: about 250°C and 500°C. The first degassing
temperature may be attributed to the loss of hydrogen from the matrix
phase as this is where the hydrcgen decrepitation process is the most
rigorous. This is followed by a further less of hydrogen from the Nd-
rich intergranular phase at about 500°C. Fruchart et al. (ref. 124)

concluded that hydrogen entered into the sites that had RE nearest

neighbours and that up to 5.2 hydrogen atoms could be absorbed per

unit cell.
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8.3.5 Microhardness Studies of the Sintered Alloy

Microhardness studies were made on the sintered samples detailed
in sections 8.3.1i and 8.3.1ii. The studies were made to see if a
correlation exists between a rise in microhardness on agéing and a
rise in coercivity on ageing. This has been shown to be true in the
case of the 2:17 alloy where an excellent correlation has been found
between the microhardness and intrinsic coercivity on ageing (refs. 66,
67). This correlation was evidence of the part played by coherent

precipitates in pinning both dislocations and domains.

8.3.51 Microhardness Studies on the Samples Quenched or Furnace

Cooled from 1100°C and then aged

The heat treatments of the two samples are detailed in section
6.5.31iA. The plots of microhardness versus log ageing time are shown
in fig. 8.19. It can be seen that unlike the bulk specimens (see fig. 8.11)
the quenched and furnace cooled specimens both exhibit two micro-
hardness peaks at approximately the same ageing times. (40 minutes and
150 minutes). This may be attributed to the similar small grain size in
both these specimens which leads to similar diffusion distances. The
peaks in microhardness are approximately concurrent with the broad peaks
in the intrinsic coercivity of these samples (see fig. 8.12). This may
suggest that on ageing some chemical change occurs in the matrix phase,
which is possibly related to the growth of metastable coherent precipi-
tates which pin domains and dislocations, or alternatively due to solute

redistribution.
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A number of workers have observed a b.c.c. platelet phase at grain
boundaries in "As sintered" magnets. This phase becomes "smooth" and
lines the grain boundaries on ageing. Thus it was proposed that the
ageing treatment, rather than producing coherent precipitates, merely
removes sites of reverse nucleation (refs. 118,125). Hadjipanayis
(ref. 121) has proposed that grain boundary pinning is responsible for
the coercivity mechanism. It 1s clear that much more detailed transmis-
sion electron microscopy work is required in this alloy, particularly
on the NszeléB phase to see if there are any lattice faults associated

with a coherent precipitate phase.

It is important to establish that the broad peak in coercivity
on ageing is not a result of oxidation due to successive heat treatments.
Thus, after the ageing treatment, the samples were re-solid solution
treated at 1100°C and then aged at 600°C for about 30 minutes and the
intrinsic coercivity was recovered. Irreversible effects would be

anticipated with oxidation.

8.3.5ii Microhardness Studies on the Samples Quenched from 1100°C

and then Aged at 540°C-660°C

The heat treatments made on these samples are detailed in
section 6.5.3iiA. The plots of the microhardness versus log ageing time

are shown in fig. 8.20.

The microhardness of the sample aged at 540°C shows a small and
steady decrease with ageing time. This is in marked contrast to the
behaviour at 600°C and correlates with the fall in iHc with ageing

time (see fig. 8.15) at 540°C.
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The sample aged at 570°C shows a two stage hardening phenomenon,
with maxima occurring at about 30 minutes and 120 minutes. However, there
is less of a fall in the microhardness after the first peak compared
with the sample aged at 600°C (see fig. 8.19). This is also the case
for the sample aged at 630°C, and the second maxima occurs at about 180
minutes. In addition, the sample aged at 660°C shows only one micro-

hardness peak at about 60 minutes.

It appears that at the ageing temperatures above and below 600°C,
different phase changes occur, which alters the intrinsic coercivity
and microhardness on ageing to different extents. The ageing phenomenon
appears to be much more complex than in the case of the 2:17 type alloy
discussed in the previous chapter where there is a clear correlation

between the peak hardness and peak iHc values.

8.3.6 Optical Metallography of the Sintered Samples

Due to the dense microstructure in the sintered samples, the polishing
techniques used produced better micrographs than in the case of the 2:17
alloy sintered specimens. Since the lack of porosity allowed flatter
surfaces to be achieved on grinding. The microstructures of the samples
produced from BMO after different heat treatments were all found to be
similar. However, there was an increase in the amount of porosity in

the specimens produced from hydrogenated material.

8.3.6.1 The Specimen Quenched from 1100°C and then Aged at 600°C

The optical micrograph of this specimen is shown in fig. 8.21.

Two phases can be observed:



Fig. 8.21 Optical micrograph of specimen quenched from 1100°C and

aged at 600°C for 80 hours., (x 400).

Fig. 8.22 Optical micrograph of sintered HD sample pressurised at
33 atm, quenched from 1100°C and aged at 600°C for 80 hours.

(x 400).
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1. A matrix phase (A).

2.  An intergranular phase (B).

There is alsc possibility of a third phase that has been observed by a
number of workers (refs. 91, 118, 121, 126) which is associated with the
intergranular phase. This phase was found to be boron rich and of
composition NdFeéBA. In fig. 8.21, there are some dark grey regions

(C) which may be this third phase. The black regions are either "pull-
out" of the phase (B) and (C) or porosity. Due to the high density of
this sample (about 987), the majority of the black regions must be

"pull-out" and not porosity.

The intergranular phase B is a low melting point Nd-rich phase
and during the sintering process is liquid (ref. 86). This phase
therefore enhances densification and thus the high densities achieved
in this alloy are the result. However, as this intergranular phase 1is
Nd-rich, there may be problems with oxidation and corrosion of the

highly reactive rare earth.

The matrix phase consists of the tetragonal Nsze B composition:

14
this is the phase responsible for the good magnetic properties due to

the high magnetocrystalline anisotropy along the c-axis (ref. 86).

The small points scattered within the grains (D) have been found
to be a fourth phase (see EDAX results in section 8.3.8) and are

discussed later.

These four phases were observed in all the sintered specimens
produced from BMO material. There was no evidence of large grain
growth in these samples as occured in the bulk samples. This could be

due to the much smaller initial grain size.
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There was no evidence of a solid state precipitation process which
correlates with the variations in iHc and microhardness.,

These results are similar to those obtained by Ormerod (ref. 91),

and a comparison is given below in table 8.3.

table 8.3 Results of optical metallography on a

BMO sintered sample.

Phase observed Phase observed (ref. 91)

Matrix phase (a) Matrix phase 27 wt.7 Nd
Intergranular phase (B) Grain boundary Nd-rich phase 80 wt.Z Nd
Dark Grey phase (C) Boron-rich phase 28 wt.7 Nd

Phase within grains (D)

8.3.611 The Specimens Produced from Hvdrogen Decrepitated

and Ball Milled Material

As discussed in section 8.3.2, two sintered samples were produced
from HD powder decrepitated at 33 atm. and 200 atm. Both the samples

were quenched from 1100°C after cme hour and then aged at 600°C.

The optical micrographs are shown in figs. 8.22 and 8.23 for the
samples pressurised at 33 atm and 200 atm respectively. In both the

micrographs four phases cen be seen:



Fig. 8.23 Optical micrograph of sintered HD sample pressurised at
200 atm, SST at 1100°C and aged at 600°C for 80 hours.

(x 400).

Fig. 8.24 Backscattered SEM micrograph of sample SST at 110000,

quenched and aged at 570°C. (x 640).
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1. A matrix phase (A).
2. A intergranular phase (B).
3. A dark grey phase (C).

4. A phase within the grains (D).

For the sample HD at 33 atm. (see fig. 8.22) there are large
regions of porosity which is consistent with the low density values
of this sample. This porosity is less extensive in the sample HD at
200 atm. and this is reflected in the slightly higher density value
compared with the sample HD at 33 atm. The grain size in both these
samples is larger than in the sample shown in fig. 8.21. This may
explain the lower coercivity values observed in the samples produced
via hydrogenation, in terms of a grain boundary pinning coercivity
mechanism. However, the microhardness and intrinsic coercivity variations
with ageing time imply that there is some domain pinning occurring.
Thus, the cecercivity mechanism is possibly a combined domain nucleation

and domzin pinning process.

8.3.7 SEM Studies of the Sintered NdBeB Alloy

The three samples gquenched from 1100°C after one hour and then
aged at 570°C, 600°C, 630°C and 660°C were studied in the electron micro-
scope. This was to obtain information about any phase or composition

changes on ageing that could be correlated with magnetic properties.

The backscattered electron micrographs of the specimens aged at
570°C, 600°C, 630°C and 660°C are shown in figures 8.24, B8.25, 8.26

and 8.27 respectively.



Fig. 8.25 Backscattered SEM micrograph of sample SST at 110000,

quenched and aged at 6OOOC for 80 hours. (x 640).

Fig. 8.26 Backscattered SEM micrograph of sample SST at 1100°cC,

quenched and aged at 630°C. (x 640).



Fig. 8.27 Backscattered SEM micrograph of specimen SST at llOOOC,

quenched and aged at 660°C. (x 640).



= 148 =

The samples aged at 570°C, 600°C and 630°C all show evidence of

three phases:

i A matrix phase (A).
2.  An intergranular phase (B).

3. A light phase within the grains (C).

The matrix phase according to the literature (refs. 91, 118, 121)
is the tetragonal Nsze1éB phase and the intergranular phase is a Nd-rich
phase. Ormerod (ref. 91) has shown that there is alsoc a boron rich-phase
associated with the intergranular regions. However, this was not observed
due to the poor image contrast in these specimens. The optical micrographs
(see section 8.3.6i) do show however the presence of a phase associated
with the intergranular phase (see (C) in fig. 8.21) and this may be the

boreon rich phase.

The EDAX studies detailed in the next section have shown the light
phase within the grains (see (C) in figs. 8.24, 8.25 and 8.26) to have a
consistent composition which is richer in Fe. This light phase was not
observed in the specimen aged at 660°C however. Thus, it would appear

that there is some microstructure change on ageing at 660°C.

8.3.8 X-ray Microanalysis (EDAX) Studies of the Sintered

Specimens

The sintered samples quenched from 1100°C and then aged at 570°C,
600°C, 630°C and 660°C for over 80 hours were investigated using X-ray
microanalysis. The boron composition could not be detected with the

equipment available so the substitution composition is given as x, an unknown.
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The results of the EDAX investigations are given in table 8.4 (the at.wt.
errors were in the range #0.3 - #0.5). The composition of the matrix
phase in the samples aged at 570°C to 630°C is NdFe6.sz. This composition
is different to the Nsze14B composition observed by other workers (refs.
118, 121), but may be a result of the errors involved in the analyses. The
matrix phase composition of the sample aged at 660°C is NdFeGJBX

which is in better agreement with the composition observed elsewhere,

(refs. 118, 121).

The composition of the Nd-rich intergranular phase is about Nd, ,FeB_,

for the samples aged at 570°C and 600°C. This changes to Nd FeBX for the

3.1
sample aged at 630 C. These compositions are lower in Nd than the inter-
granular phase observed in the bulk material and may be the result of some
Nd loss due to oxidation. At an ageing temperature of 660°C, the composi-

tion is Nd Thus, on increasing ageing temperature the composition

2.?FeBx'
of the intergranular phase becomes richer in Fe (and possibly boron) which

may be concurrent with the disappearance of the phase (C) within the grains.

The phase observed within the grains (C) has the composition
NdFean in the samples aged at 570°C and 600°C. This phase has been
observed principally at grain boundaries, and has been associated with
the Nd-rich phase (B) (see for example ref. 91). It has been shown to

have the composition NdFeaBA. It is likely then that this is the same

phase observed within the grains as isolated particles.

On ageing at 630°C, the compositién of this phase is NdFe2 LD

and ageing at 660°C causes the phase not to be present in the microstructure.



table 8.4 EDAX results for the sintered NdFe-B specimens

Heat treatment

Area details

Substitution

composition
(£0.3-0.5)
S.S8.T. at 1100°C, quenched Matrix phase (A) NdFe, ,B_
and aged at 570°C for 80 hours Intergranular phase (B) Nd3 4FeBX
(see fig. 8.24) Phase within grains (C) NdFe B
S.S.T. at 1100°C, quenched Matrix phase (A) NdFe6 ZBx
and aged at 600°C for 80 hours Intergranular phase (B) Nd3 4FeBx
(see fig. 8.25). Phase within grains (C) NiFe,B
8.5.T. at 1100°C, quenched Matrix phase (A) NdFe6 EBx
and aged at 630° C for 80 hours Intergranular phase (B) Nd, FeB
(see fig. 8.26). Phase within grains (C) NdFe, ,B_
S.S.T. at 1100°C, quenched Matrix phase (4) NdFe6 ?BX
and aged at 660°C for 80 hours Intergranular phase (B) Ndz 7I~'eBx

(see fig. 8.27).
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In terms of the magnetic properties, it is possible that the NdFeéBx
phase is necessary to achieve good magnetic properties. On ageing at too
high temperatures causes this phase to disappear; which could be the reason
for the poor magnetic properties. The growth of this phase may also be the
cause of the variations of the microhardness and intrinsic coercivity with
ageing time. Despite a number of attempts the NdFe4BA phase could not be
detected at the intergranular regions, and this may be a consequence of

"pull-out" of the phase on polishing or the spread of the electron beam

during X-ray microanalyses.

8.4  Summary

The results of the investigations on the Nd-Fe-B alloy can be

summarised as follows:

1. The bulk "as cast" material consisted of three phases:
a. a matrix phase of composition NdZFeiﬁBx'
b. a Nd-rich intergranular phase.

c. free Fe.
2. On §.5.T. at 1100°C the free Fe phase disappeared.

3. On ageing at 600°C (after S.S.T. at 1100°C) and then quenching
the bulk material consisted of three phases:
a. a matrix phase of composition NdZFei3BK'

b. a Nd-rich intergranular phase of composition Nd,, FeB_.

c. a phase within the matrix of composition Nd12Fe5BX.



10.
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On ageing at 660°C the phase within the matrix disappeared.

Microhardness studies showed that two peaks occur for bulk

material which has been aged at 600°C.

The powder particle size was smallest for the BMO material. The
HD material had a larger particle size which decreased with

increasing hydrogenation pressure.

The iHc values of samples aged at 570°C to 660°C showed a broad
peak with ageing time. There were also peaks in the microhardness

values with ageing time for the samples aged at 570°C to 660°C.

The sample aged at 540°C showed a continucus fall in iH and
microhardness with ageing time and might be associated with
the fact that this temperature is below the melting point

of the Nd-rich intergranular phase.

The samples aged at 570°C to 660°C exhibited three phases:

B )

a. a2 matrix phase of composition N4, Fe Bx.(NdF26 9B

2°712.4
b. a Nd-rich intergranular phase.

c. a phase within the matrix which had a composition in the

range NdFe{,IBX to NdFez 2BX

The phase described in 9c disappeared on ageing at 660°C.
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CHAPTER NINE

CONCLUSIONS

9.1 The sz(Co,Cu,Fe,Zr)l?-type Alloy

Sslal The Microstructure of the sz(Co,Cu,Fe,Zr)l7-type Alloy

The investigation has confirmed the nature of the microstructure
in bulk and sintered samples of this alloy, namely that three phases
exist each of which play an important role in the magnetic properties
of the alleoy. The three phase have been summarised in section 7.13

but it is worthwhile describing them again:

1. A Fe,Co-rich matrix phase.
2. A Sm, Cu-rich precipitate phase.
3% A Zr-rich platelet phase.

The extent of the porosity in the sintered samples was found to

be dictated by two wvariables:

1. The initial powder size.

2, The temperature of sintering and solid solution treatment.

As expected, the initial powder size is the most important step
in the processing procedure, as this dictates the final density values

and therefore the BH values.
max
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9.1.2 The Effects of Microstructure on the Magnetic Properties

Previous investigations on the "2:17"-type alloys have all
concluded that the Sm, Cu-rich precipitate phase is associated with
the pinning of domains which in turn is responsible for the coercivity
values. However, this investigation has shown too that the presence of
the Zr-rich phase plavs an important role, zs indicated by the
deterioration in the magnetic properties, concurrent with the absence

of this phase on ageing at 900°cC.

9.1.3 The Effects of Heat Treatments on the Magnetic and

Physical Properties

It was found that the S.S.T. temperature played a large role
in terms of the magnetic properties, and it can be concluded that the
development of the magnetic properties are dependent upon the
condition of the microstructure after quenching from the §.S.T.
temperature. The use of a pre-sintering temperature improved the
remanence and meximum energy product values by increasing the densities

of the sintered specimens.

The effects of ageing temperature on the magnetic and physical
properties showed that at on ageing at QOOOC, the variations of
properties with ageing time were different due to the absence of the
Zr rich phase. It can be concluded that the ageing temperature plays
a major role in the growth and distribution of coherent precipitates
during the ageing time interval as shown by the variations in .H_ and

ic

microhardness. The peaks in the variations of these properties with
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ageing time are due to the pinning of domains and dislocations respec-

tively.

There is also an effect on the electrical resistivity of the
alloy on ageing and this appears to be related to the transformation

of the precipitates from coherent to incoherent,

9.1.4 The Hydrogen Decrepitation Process

As mentioned in section 9.1.1, the initial particle size is of
prime importance in these alloys, principally to achieve a high density
and therefore high BHmax value (arising mainly from a high remanence

value).

The hydrogen decrepitation process followed by ball milling
produced particles of a larger size than BMO material, and consequently
the HD samples had poorer magnetic properties. The size of the HD
material will be strongly influenced by the initial grain size of the imgot

material.

9.2 The Nd-Fe-B-type Alloy

20 § The Microstructure of the Nd-Fe-B-type Alloy

The investigation showed that the two principal phases in this

alloy were:

1. A matrix phase of approximate composition: NszelﬁB

a

An intergranular Nd-rich phase.
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Another phase was observed within the grains and was found to be
richer in Fe, this phase possibly corresponded to the phase observed
by other workers (see for example, ref. 91).which is boron-rich

with respect to the matrix.

As in the case of the "2:17"-type alloy, the porosity in the

sintered samples was dependent on the initial powder particle size.

I The Effects of Microstructure on the Magnetic Properties

It was found that the ageing temperature of 600°C produced the
optimum magnetic properties. At an ageing temperature of 540°C no
magnetic properties developed during the ageing time interval and it
may be concluded that this is concurrent with a difference in micro-

structure at 54006.

9.2.3 The Effects of Heat Treatments on the Magnetic and

Physical Properties

It was found that the ageing temperature had a larger effect on
the magnetic properties. During ageing above 570 C the iHc values
developed a broad pesk. The microhardness values also increased and
decreased over a brecad ageing time period. These variations however,
were not in as good an agreement with the microhardness and iHc
correlations in the "2:17"-alloy. Thus, the coercivity mechanism is

not as clearly defined in the Nd-Fe-B alloy system.
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9.2.4 The Coercivity Mechanism in the Nd-Fe-B Alloy

The results of this investigation suggest a number of mechanisms

occurring during ageing and these are ocutlined below.

1. On ageing at 570°C to 660°C, there occurs a two stage hardening
process involving precipitation of two types of precipitate. This
accounts for the "two-microhardness peak" phenomenon and the peak in

ccercivity on ageing.

2, On ageing, there is a solute redistribution, from the matrix

phase, this however, does not explain the two microhardness peaks.

3. On ageing, there is some change in the surface morphology of
the intergranular phase, so that reverse domain nucleation is more
difficult, thus there is an increase in iHC which may consequently
decrease due to:

a. oxidation of the Nd-rich phase

b. a further change in the phase morphology.

4. There is a dual coercivity mechanism involving reverse domain

nucleation and the pinning of domain walls.

There are a number of other possibilities, and it is evident that further
work (particularly TEM) is required to study the microstructure after

various ageing treatments.
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9.2.5 The Use of Hydrogenation as a Means of Producing

Permanent Magnets

As in the case of the "2:17"-type alloy discussed in section
9.1.4, a prime need of the HD process is to produce small particle
sizes. In addition the highly reactive surfaces of the Nd-Fe-B alloy
after HD means that certain processing steps could be used to make

permanent magnets, namelv:

3 HD at different pressures.
2. The handling of the powder after HD should be carried out

in a vacuum or inert atmosphere to negate any contamination possibilities.
3 Control of the grain size of the bulk alloy during casting

so that on hydrogenation smaller particle sizes could be achieved. For

example, a small particle size would be obtainable from melt-spun material.
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APPENDIX A: Procedure for Pressurising a Sample in the

High-Pressure Rig.

The procedure for pressurising a sample up to 2000 atms of H2

pressure by the supply pressure of 100 atms is as follows:
1) A sample is introduced to a sample chambar S (see Fig. 6.5).

2) The chamber is flushed with hydrogen on several occasicns
. ; . ; -4 "
to rid of air. (The pipe bore is 5.08 x 10 m and cannot

be effectively evacuated).

3) 100 atmeof hydrogen pressure are allowed past valve A and
on to vailve C. Valve I is initially open to allow the

Coal

ten T to be driven back to its starting pcsitiocn at

'
(0]

i

point 1, valves I and B are then clesed.

4) The hydraulic pumo W is operated which drives the piston T
towards its finishing position at point 2. This acticn
compresses the gas initially held in the piston chamber

intc a smeller volume, thus increasing the pressure. As
long as the piston does not rest on the ends at position

1 or 2, the Buderberg hydraulic pressure gauge will register

the pressure held within the system. A small magnetic

rider R shows the position of the piston within the chamber.

5) Having completed a piston traverse from position 1 teo
position 2, valve P is clcsed and valves T and then B are
opened and 100 atmsis again opened to the system; driving

the piston back to position 1.

&) Valve I and then valve B are shut and valve F opened and



7)

b e}
—

Low press

chamber f
the faste
therefor=
rate of r

of gas is

the pressure further increased. The sample chamber need
see no drop in pressure but only a gradual increase if
valve F is kept clocsed until the Budenkterg gauge shows
the same or a higher pressure than previously shown at

the end of the preceeding cycle.

The process is repeated until the regquired pressure is
reached. Valve H may then be clesed and valve I crened
thus allewing the pump to be unpressurised while still

registering the system's pressure via the Budenbkerg

Jauge.
Tc cdepressurise, valve H is cpened. Once the pisten is
back at opesition 1, valve E is clesed and valve C opened

slcwly, allewing the gas from the sample chamber to be

valves and piping are high pressure piping rated at 5000 atzms.
gen retaining piping, valves and sample chambers are cf 316

L

stzel which exhibits a resistance to hydrogsn smbrittliement.

ure supply tubing is copper rated at 2000 atms

rate of rise of pressure is relatad to the ratio of zample
ree volume to piston traverse velume. The smaller this ratio

r the pressure rise. Th le chamber free volume is

m
Il."lhI
b
4

xept to a minimum. This has two advantages; firstly the
ise of pressure is a maximum and secondly a small free volume

safer in case of rupture.
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APPENDIX BmB:

Circuit for Double Channel Integrator.

The double channel integrator circuit consists of two separate

channels each powered by its own 9 volt battery supoly.

The following

xey refers to both the field integrator and the B and B-H integrator,

cocmponents of Fig. Bl1.

=

All IC's are

Pl and P3 are wire wound, 1O turn helipots and are incorpcratsd

for zero adjustment

p

2

2

2

Sl and 52 are gain controls, x 1, x 10, x 100,

SS selects B or B-H mode of measurements.

S, and S, are integrateor zercing butten switches nermally

3 - -

off mcde

The power supply switches are double pole, dcuble throw switches

and are ncot shown in Fig. Bl.
(i) Field Integrator.

A voltage is devsloped across LO proportional to dB/ZEt and the
int=sgral of this vecltage is prcporticnal to 4H, where H is the applisd
field.

I.C.1 integrates the input voltage and I.C.2 amplifiss it and the

3 E g f

r=sultant output voltage is proporticnal to

With the coils out of the magnet pole

adiustment of the zero drifc

4D to maximum,

AH.

pi=ces and the gain

turn=d

The pcwer



B2,

should be turned on for approximately 10 minutes before zero adjustment

is made.

(ii) B and B-H Integrator.

The circuitry is identical to that of the field integrator except

that:-
S5 switches between B and B-H mode, and P_ adjusts the output of

5

the field coil L, to equal the output of the B coil L

5 when a specimen

l!’

is absent and the applied field is swept up.

The coil Ll is the sample coil and has 2000 turns of 45 swg copper
wire on a P.T.F.E. former of wall thickness 0.125 mm. The coil L_ is

empty 2nd is identical to L

1

Ll and L2 are connectad in cpposite sensss and are adjusted using

P5 to give zerc cutput when a sample is absent. The adjustment is

generally done using mcre gain than necessary.

When a specimen is present the output is proporticnal to 4n7M that

is B-H.

L3 is empty and has 2000 turns of 45 swg copper wire on an identical

former to those of Ll and L2' The cecil L3 approximately compensates for

the gap between the specimen and the coil of L It is connected in the

1"

opposite sense to L, and the output is therefore proportional to B

1

actually in the specimen.
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Fig. Bl  Circuit diagram for double channel integrator.



B4,

Ed - ¢HD 3N8
g - IHOD O34
BZH - NIFHIS

$ SNOILDINNQD ONDIA

ZHD Uy

| HO H)—— 6
N.EN :E\

On

LAS
AN

¢d B4

@ ] i e |
HEs
I . | N
|w.xw~ .._Lw.w_v L
IvYi i = @ I
o SER
156 08 i B AN |
HO®E .‘ i N _
. s | Taloe L] e
ﬁ_w Wn (4 |ode ﬂ aﬂ%ﬂrm ‘
A :
HOZ8 v 2 st TS Kllo !
) | _.,HMDm& S Bm&_z.wham 3 .
oy T Mo ra
At A9Q- SZ

SNBINKWO \\iuhaﬁﬁu
HO4 HOLO3T3S T3NNVHD OML



APPENDIX C

COMPUTER LISTING




TePRIMT ePRINT

FROGEAP 2"

ALDERT HHD PR

ST

PRIMT®

PRIMT® ALS0O LISTIMG AMD PLOTTIMG THE®

PRIMTY DATA OH THE ACCOMPAMYIMG HARDWARE, "
| RIMT ¢FRINT

[

AT D

SO N EEE

TEorEr

==

{

SRMPLE DESCRIPTIONY (LS

LR

Fo A W
SRR ICTER -
I o B o

=

B ML R
DL TR
T

i

]
iy

FERIHT

2IMNTYTYFE IM SAMPLE LEMGTH & DIAMETER I O
IMPUT LE,DI

L, b LB DI ISR TR T, DASRLED

FRIMT

B fokewe 11 4§ 13
Pt |

Pejsloe ¥ 02
OPEM 1.8

FOR CwiTOo 108
PTH#L M

Pl T} S5

FOR
HEST 1
THPLITHL  A$ <0y

Filg I=1 TO
HEAT I
FRIMTH

Tei

#hiE

THERM GOTO 21659




WS H 2

THELT Té#
LT ™00
TR ettt
TRIFPLIT I
I!Ti 11

wiLl REG DATA LISTY sMs$
TR GO
YO REQ THE

TR GOTO

REEHM
=ty
AG PRRAME" » S8
A

Haf;

GO ESTE
GOTO 2aE2
i

PR b

TR e

2

T

T P SRR e

ST COERC I DT s e

FRINT Y30, REFATHT COERD vt o
FRINT
iR

“PTH“ irl

FROTORCH FOR 9804

] 1L_T i ¢

‘Fv x'

¢ R Ti=! s RO 2 CRDE Y
TR
"""E"“-Z'“ ;Tl L3
FELIT
Tl“-'-” :nl,i.t
GO
1 -}i‘"‘l “T"r'F
Fol Fs=LT0 0
F3 ==J"H'T o ‘rﬂ DR TR S

UL
THER GOTO

EES B SCREEM GREAPH

e
WL R PMIOIRE DATEY 08
THERM GOTO

PLOTY 20

o

Rt

IM MAE HoY RHES WALUESY 3y ¢




EOR
PRIMT sPRINT
HEHT M

Tl FES

H

ZATED B

R R

T+5

RSB E SR
WOOTRHER ST

WO RED MORE
IF Dt THER GOTO
GOTD L E0EE

o B 1Y

s

=
L

THPLIT ™ My

St Dl

I L5 B

P L
IF Q=S THEM GOT
GOTO

i
HEE
It
i

i SR bt s T L L e

el el o B




Pz

HE LR L

R A A
o

R PR I TR T S P

=REUTHEN GOTE
1 SE

5 i
2 tEY

o]
s
i
¥
Y]
bt}

14958
T =R - 1
Feesfa 7R

IS

S WS R

S S G R

PR, EY

Sl IR Lge Uy OTREM GO DR2BG
S8 IMPUTHMAE IS OR 5% p0E

B LI CF D CWRL g 0

THEHM 070 1

[EE S S S o N

B
SRS}

g s B

B f
I SRS

MEST

TR

TR YOU REG A B

= THER GOTO 1a

L B b S SR ol S I i e

BOPLOTY s



et T e

o -—-lutl-"L_ 'y [® HF R

£F”!T’ﬁf YOLD ORED A DFTHA PEIMTOLITY sYiE
I v TR GOTD LS ]
FROn wOU RER THE MAG PREAMS PRINTEDY ;H#

Wt THEM GOTO 16728

KA HIS
0% B 10

Tt

1
=1

1G]
o
;

™y

Wi e 0w WL RO 3 HrTE M RIGEY

PRTMTHS, Hopeidf GF a gt "R
MEST F

PR LT
CLOSE 3,0
OFEH

IF Wi
T

I e R e

REMAMEHCE=" sRE : " (HE3 Y

INTRIMSIC COERCIVITY=" ;~00z* (KOEs®

=
o L
e
i
i
Ry

EﬁTHTﬂ?

4
R
1 g

TRDLEIT IO COERCIVITY =t o P OROE

b bR el bbb fed fel el
; wp
=
' 108
5 g8 e o 8y S 91

B FRCTORCHEEMEEMATHT O et o

e T T 00

CFel

THER EOTO Ladnd

ekl heh sk [ el G R

S O o S

P e put




MEMT F
LR I

IMPUT D0 $Ou THE INFQ AGARIN® :H$
IF Kg=tw® THEM GOTO 2258

D

By
]

TR

THEM GOTO 3azse

Gifes SO Db R F L 2 0 S W R S - WL (F -1 000
o At B el A R R G Tl e 2

Trd i3

(e

ol

ey

FETLUEH

&2
i
@ FORF=1TOC
£
£

X%

TEOLbd o B el THER DOTO SESEHG

MEHT F

i
£

e

O Kd Bt 0 D1 D)
1=

1
et

i
E,::
&
i

RIS I S
=

B el

e I 8 5 g o P R S e R R S

AT

[£K
1 I S RO S

Ty
I

-
£

e

ER S

FOE Y e

B Y]

COUFREMESS BATIO JBRHMARSCREMERER D 2= 220




APPENDIX D



D1.

APPENDIX D: Calibration of magnet current versus magnetic field

Magnet current Magnet field A§ Omnibus OB2
(n) + 0.05 +*0.05 (KOe) +0.002 digital wvalue
0] 0.18 0.011
0.1 L.75 0.077
0.2 3,30 0.155
0.3 5.05 0.239
0.4 6.8 0.318
0.5 8.3 0.39245
0.6 9.5 0,469
0.7 10.5 0.53¢
0.8 11,5 0.600
0.9 12.0 0,655
1.0 ¥2.5 0.700
1.1 13,0 0.731
1.2 13,5 0.762
1.3 13.7 0.788
1.4 14.0 0. 80%
1.5 14.3 0.830

Average gradient for magnetfield/digital reading = 16,005.
Therefore conversion for digital reading to a field reading is
H = -16,005A%

A} is the read in value of magnetic

field in mV equivalent
Using a pure Ni standard:

At saturation: 4ﬁMS = 6,185 KG/CC; corresponding average digital reading

Bf, equals 0.149, this is for 0.413cc of pure Ni; therefore lcc of material.

6.184

BrR = 4l = B as

B§ = 41.503 B}. Bf is the read in value of

magnetic intensity in mV

eguivalent
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