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CHAPTER EIGHT

RESULTS p~ 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 microanalysis and m1cro-

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

8.2.1 i The "As Cast" Sample

The optical micrograph of the "as cast" specimen lS shown 1TIfig.

8.1. Three phases can be observed:

1. A matrix phase (A).

2. A~ intergranular phase (B).

3. A globular phase (C).

Previous investigations have shown the matrix phase to have a tetragonal

structure with the composition Nd2Fe14B (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

Fig. 8.2

Optical micrograph of "as cast" Nd-Fe-B. (x 400).
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Optical micrograph of bulk sample SST at 11000C 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.

8.2.1 ii The Sample S.S.T. at 11oODe and Quenched

The optical micrograph for the. sample quenched from as. S.T. temper-

ature of HOODe 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 lS only formed in this alloy when the cooling rate

is low (ref. 119), as higher cooling rates tend to promote the

formation of primary Nd2Fe14B rather than primary Fe from the melt. Thus,

at the S.S.T. temperature of 1100DC, all the free-Fe present in the

lias-castII specimen has dissolved and not reappeared on cooling due to

the high cooling rate.

8.2.1iii The Sample S.S.T. at 11000e and Furnace Cooled

The difference in the microstructure of this specimen (see fig. 8.3)

lS due to the fact that the sample was sectioned perpendicular to the

columnar grains observed in figs. 8.1 and 8.2.
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Fig. 8.3 Optical micrograph of bulk sample SST at 1IOOoe and furnace

cooled. (x 400).
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Fig. 8.4 oOptical micrograph of bulk sample SST at 1100 e, quenched
aand aged at 600 e for 100 hours. (x 250).
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Two phases can be observed: a matrix phase and an intergranular

phase.

8.2.1ivTheSample S;S.T: at 1100~C~ Quenched and then Aged at

600rCfor about 100 hours

The microstructure of this speClmen (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 associat.ed with the casting of

the alloy.

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

at 600°C for about 100 hours

The speclmen aged at 600°C for an extended period after furnace

cooling from 1100°C, shows a large amount of grain growth (see fig. 8.5).

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

Vla melt-spun ribbons. It is possible that the furnace cooling treatment

involves some additional grain growth.
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Fig. 8.5

Fig. 8.6
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oOptical micrograph of bulk specimen SST at 1100 C, furnace

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

°Optical micrograph of bulk specimen SST at 1100 C, 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 1n 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.

S.2.2i The "As Cast" Sample

The backscattered electron micrograph 1S shown 1n 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

Fig. 8.8a

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

oBackscattered SEM micrograph of bulk sample SST at 1100 C

and quenched. (x 320).
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As was discussed in section 8.2.li, the phases A, Band C correspond to

a tetragonal Nd2Fe14B phase, a Nd-rich phase and free Fe respectively.

These phases have been observed in melt-spun ribbons by Hadjipanajis

(ref. 121) using transmis sion electron rm croscopy (TEM).

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

The backscattered electron micrograph is shown ln 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.S.T. at 1100°C, Quenched and then Aged at 600cC

for 100 hours

The secondary electron micrograph of this speC1men 1S sho~~ 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-aX1S of the tetragonal matrix

phase lies ln the plane of the micrograph. This type of domain contrast

was exhibited only in this speclmen 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 lmage.



Fig. 8.8b Backscatt~red SEM micrograph of bulk sample SST at 1l00oC

and furnace cooled. (x 320).

Fig. 8.9 Secondary SEM micrograph of bulk sample SST at 1100oC~
oquenched and aged at 600 C for 100 hours. (x 320).
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Three phases were observed 1n this specimen:

1. A grey matrix phase (A).

2. A light grey intergranular phase (B).

3. A small dark phase within the columnar gra1n (C).

The presence of the phase (C) is a result of the age1ng treatment

after quenching and the EDAX analyses (see later) show that this phase

has a different composition than that of the matrix.

These three pbases were also observed in the sample that had been

furnace cooled 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

quenching 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 EDp~ 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 ~s g1ven 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 1n

table 8.1. The matrix phase has the composition Nd2Fe14Bx' which agrees



Table 8.1

ED~X measurements on the bulk Nd-Fe-B Specimens

Heat Treatment Area Details Substitution
Composition

(±O.3-0.S)

As cast Matrix phase (A) Nd2Fe14Bx
As cast Intergranular phase (B) Nd1SFeBx
(see fig. 8.7)
S.S.T. at 1100 °C, quenched Matrix phase (A) Nd2Fe14Bx
S. s. T. at 1100°C, quenched Intergranular phase (B) Nd FeB19 x
(see .c' 8.8a)Llg.
8.8.T. at 1100°C, furnace Matrix phase (A) Nd2Fe14Bx

cooled Intergranular phase (B) Nd18FeBx
(see fig. 8.8b)
8.S.T. at 1100°C, quenched Matrix phase (A) Ndle1 ~Bj x

and aged at 600°C for Intergranular phase (B) Nd24FeBx
100 hours Phase within matrix (C) Nd12FeSBx

(see fig. 8.9)
S.S.T. at 1100°C, furnace Matrix phase Nd2Fe13Bx

cooled and aged at 600°C Intergranular phase Nd24FeBx
for 100 hours Phase within matrix Nd12FeBx

8.S.T. at 1100°C, quenched Matrix phase Nd2Fe13Bx
and aged at 660°C for Intergranular phase Nd20FeBx
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 Nd2Fe13Bx; allowing for the errors quoted in

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

in the bulk material.

On ageing at 600°C for 100 hours, the quenched and furnace cooled

samples have an intergranular phase of composition Nd24FeBx' 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:

Nd24FeB).

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 speClmen

shows two hardness peaks at about 30 minutes and 70 minutes, with the peak

hardness value of 1000 VRN 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, so that the hardness

maxima occurs at shorter ageing times than In the furnace cooled 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.

8.2.5 SEM Studies of the Powders Used In the Sintered Magnet

Production

These studies were undertaken to compare the effects of the different

powder production techniques on the particle Slze.

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 sho~~ in fig. 8.11a with 10~m

markers. It can be seen that the particle size varies from about 5~m to

about 20~. The surfaces of the particles are quite smooth compared
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with the particle surfaces 1n 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 Ls.omai.ntai.ned 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 1S about 20 ~ to 40 ~m in diameter. The particles appear

also to be more flake-like than the BMO material and this 1S a consequence

of intergranular decrepitation. This is illustrated at A 1n fig. 8.11c,

where it appears that cracking has occurred at a matrix-Nd rich

intergranular interface.

8.2.5cThe 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

mi lled.

The particle S1ze of the powder hydrogenated at 33 atm and then

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



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

(10 u markers).

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



Fig. S.llc Secondary SEM image of hydrogenated at 200 atm Nd-Fe-B.
(x 1250). (10 ]J markers).

Fig. 8.l1d Secondary SEM image of hydrogenated at 33 atm and then ball

milled Nd-Fe-B. (x1250). 00 ]J markers).
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of the powder hydrogenated at 200 atm and then ball milled (see fig. 8.l1e)

IS in the range 10 )Jm to about 40)Jlll. 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

hydrogenated material to air 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. 1i 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 .R versus log ageing
1 c

time for the quenched and slow cooled specimens are shown in fig. 8.12.

The plots of the remanence, B , and energy product, BH ,versus logr m~
ageing time for the two specimens are shown in fig. 8.13 and 8.14 respectively.



Fig. S.lle Secondary SEM image of hydrogenated at 200 atm and then

ball milled Nd-Fe-B. (x 1250). (10 ~ markers).
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The maximum oR value of about 9.6 kOe occurs for the quenched~ c

specimen, this value is maintained over a large ageing time range of

about 15 minutes to 90 minutes.

The increases in the oR values on ageing at 6000C is possibly~ c

due to the growth of coherent precipitates. The initial rise ~n the

oR values ~s greater for the quenched specimen and this can be~ c

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 solute

atoms would act as sites for domain pinning as in the 2:17 alloys.

This would explain the increase ~n.R on age~ng and its subsequent
~ c

fall. Ormerod (ref. 91) has shown that oxidation during processing

results in the formation of an Fe-rich phase and a fall in oR to
~ c

less than 200 Oe. This may also be a contributing factor in the

variation of oR with annealing time. Previous investigators have~ c

observed a boron-rich NdFe4B4 phase in the sintered magnets (refs.

121, 122) or Nd2Fe7B6 phase (ref. 118). Mishra et al. (ref. 122)

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 NdFe4B4 precipitates observed at grain

boundaries in a transmission electron microscope.

The variations of Band BH with age~ng time for the quenchedr max
specimen show a similar increase up to about 40 minutes (see figs. 8.13

and 8.14). Rowever~ the variations of Band BR for the furnacer max
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 ~n the initial condition of the microstructure ~n
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the furnace cooled sample before annealing.

8.3.1ii The Intrinsic Coercivities of the Samples Quenced from

The heat treatments given on these samples are detailed in section

6.5.3iiA. The plots of .H versus log ageing time for the ageing~ c

temperatures S40°C-660oe are shown in fig. 8.15. As can be seen

there is qui te a wide variation r.n the behaviour of .H with log ageing
~ c

time.

The sample aged at S40°C has been investigation by Ropkins (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 solution treated at 1100°C for one hour and

then quenched and aged for 30 minutes at 600°C. It was found that the

.R value was about 9.5 kOe; it is therefore clear that some phase change~ c

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 5400e and thus a dislocation pinning coercivity mechanism does not

occur.

The samples aged at S700e and 630°C show a- similar variation of

.H with log age~ng times. It appears that only at an ageing temperature
~ c

of 600°C are there any developments in .R with ageing time. This could
~ c

be due to the position of this alloy composition 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 .H values do not increase~ c

by a large amount with ageing time, and there ~s only a very broad

peak ~n the .H versus ageing time variation.~ c

8.3.1iii The Variation of Intrinsic Coercivity with Ageing Temperature

The plot of .H versus ageing temperature for the samples discussed~ c

~n the previous section for an ageing time of about 40 minutes are shown

~n fig. 8.16.

These results agree quite well with Sagawaet al. (ref. 86) who

showed a maximum .H value at an ageing temperature of between 870
~ c

and 930 K (600°C to 660°C). However, this investigation has found that

the range of ageing temperatures corresponding to the peak .H value is~ c

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

~n 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~ c 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.H values~ c

of the two samples are about the same (approximately 5.5 kOe). However,

the Band BH values for the sample HD at 200 atm. are higher thanr max
those for the sample ED at 33 atm. This may be attributed to a smaller

particle size in the first sample which leads to an increased density

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 hydrogen pressures.

The lower coercivity values in the HD specimens compared with the

BMO specimens may be explained ~n terms of the coercivity mechanism ~n

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.R an optimum, this was~ c

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 consequently detrimental 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

7.2

Density
-~(Kgm -)

bulk alloy

sintered magnet
from ball milled 7.1

material

sintered magnet 6.6
(HD at 33 at.m )

6.7sintered magnet
(HD at 200 atm)
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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 Band BH values of these samples. The density ofr max
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 ~n

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 ~s hydrogen

decrepitated, there is an expansion of the Nd2Fe14B matrix phase (ref.

98). Due to oxidation of the powder ~n 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

des orbed 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 hydrogen decrepitation process is the most

rigorous. This is followed by a further loss of hydrogen from the Nd-

rich intergranular phase at about 500°C. Eruchar t 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

~n sections 8.3.1i and 8.3.1ii. The studies were made to see if a

correlation exists between a rise in microhardness on ageing and a

rise ~n 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.

8.3.5i Microhatdness 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

6.5.3iiA. The plots of microhardness versus log agelng 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 Slze ln

both these specimens which leads to similar diffusion distances. The

peaks in micro hardness 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

age1ng 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 is clear that much more detailed transmis-

sion electron microscopy work is required In this alloy, particularly

on the Nd2Fe14B 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 1100cC 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.Sii Hicrohardness Studies on the Samples Quenched from 1100°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 1S In marked contrast to the

behaviour at 600°C and correlates with the fall in .R with ageing
I c

time (see fig. 8.15) at 540"C.
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The sample aged at S700e shows a two stage hardening phenomenon,

with maXLma occurring at about 30 minutes and 120 minutes. However, there

LS less of a fall in the microhardness after the first peak compared

with the sample aged at 6000e (see fig. 8.19). This is also the case

for the sample aged at 630oe, and the second maxima occurs at about 180

minutes. In addition, the sample aged at 6600e shows only one mlcro-

hardness peak at about 60 minutes.

It appears that at the ageing temperatures above and below 600oe,

difrerent 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 preVlOUS chapter where there is a clear correlation

between the peak hardness and peak .H values.
1 c

8.3.6 Optical Metallography or 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 round to be

similar. However, there was an increase in the amount of porosity in

the specimens produced from hydrogenated material.

8.3.6.i The Specimen Quenched from 1100°C and then Aged at 600DC

The optical micrograph of this specimen LS shown lD fig. 8.21.

Two phases can be observed:



Fig. 8.21

Fig. 8.22

Optical micrograph of specimen quenched from 11000C and

aged at 600°C for 80 hours. (x 400).

~
. I

~

Optical micrograph of sintered HD sample pressurised at

33 atm, quenched from 11000C and aged at 600°C for 80 hours.

(x 400) .



- 145 -

1. A matrix phase (A).

2. An intergranular phase (B).

There is also 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 NdFe4B4. 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 98%), 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 1S

Nd-rich, there may be problems with oxidation and corrosion of the

highly reactive rare earth.

The matrix phase consists of the tetragonal Nd2Fe14B composition:

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

the hi~h 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 1n section 8.3.8) and are

discussed later.

These four phases were observed in all the sintered specimens

produced from HMO material. There was no evidence of large grain

growth in these samp Les as occured i.n the bulk samples. This could be

due to the much smaller initial grain Slze.
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There was no evidence of a solid state precipitation process which

correlates with the variations ~n.H and microhardness.~ c

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

and a comparison is given below 1n 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.% Nd

Intergranular phase (B) Grain boundary Nd-rich phase 80 wt.% Nd

Dark Grey phase (e) Boron-rich phase 28 wt.% Nd

Phase within grains (D)

8.3.6ii The Specimens Produced from Hydrogen 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 1100cC after one hour and then aged at 600ce.

The optical micrographs are sho~~ in figs. 8.22 and 8.23 for the

samples pressurised at 33 atm and 200 atm respectively. In both the

micrographs four phases can be seen:



Fig. 8.23

Fig. 8.24

Optical micrograph of sintered HD sample pressurised at
o 0200 atm, SST at 1100 C and aged at 600 C for 80 hours.

ex 400).

Backscattered SEM micrograph of sample SST at 1100oC,

°quenched and aged at 570 C. ex 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 show~ 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 coercivity mechanism is possibly a combined domain nucleation

and domain pinning process.

8.3.7 SEM Studies of the Sintered NdBeB Alloy

The three samples quenched from 1100cC after one hour and then

aged at S70oe, 600oe, 6300e and 6600e 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

S70oe, 600oe, 6300e and 660°C are shown in figures 8.24, 8.25, 8.26

and 8.27 respectively.



Fig. 8.25 Backscattered SEM micrograph of sample SST at 11000e,
aquenched and aged at 600 C for 80 hours. (x 640).

Fig. 8.26 Backscattered SEM micrograph of sample SST at 11000C,

quenched and aged at 630°C. (x 640).



Fig. 8.27 °Backscattered SEM micrograph of speClmen SST at 1100 C,

quenched and aged at 660°C. (x 640).
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The samples aged at S700e, 60Qoe and 6300e all show evidence of

three phases:

1. A matrix phase (A).

2. An intergranular phase (B).

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

The matrix phase according to the literature (refs. 91, 118, 121)

IS the tetragonal Nd2Fe14B phase and the intergranular phase is aNd-rich

phase. Ormerod (ref. 91) has sho~~ that there is also 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

boron 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 660ce.

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

Specimens

The sintered samples quenched from 1100°C and then aged at S700e,

600°C, 630°C and 6600e 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 unkno~~.
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The results of the EDAX investigations are given ~n table 8.4 (the at.wt.

errors were in the range xO.3 - ±O.S). The composition of the matrix

phase in the samples aged at S700e to 6300e is NdFe6•2Bx' This composition

i~ different to the Nd2Fe14B 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 6600e is NdFe6.7Bx
which is in better agreement with the composition observed elsewhere,

(refs. 118, 121).

The composition of the Nd-rich intergranular phase is about Nd3.4FeBx'

for the samples aged at S700e and 600°C. This changes to Nd3.1FeBx for the

sample aged at 630 t. 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 Nd2.7FeBx' Thus, on increasing ageing temperature the composition

of the intergranular phase becomes richer ~n Fe (and possibly boron) which

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

The phase observed within the gra~ns (C) has the composition

NdFe4Bx 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 NdFe4B4. It is likely then that this ~s the same

phase observed within the grains as isolated particles.

On ageing at 630°C, the composition of this phase is NdFe2.2Bx'

and ageing at 660PC causes the phase not to be present ~n the microstructure.



table 8.4 EDAX results for the sintered NdFe-B spec~mens

Heat treatment Area details Substitution
composition

(±O.3-0.S)

S.S.T. at 1100 °c , quenched Matrix phase (A) NdFe6.2Bx
and aged at S700e for 80 hours Intergranular phase (B) Nd3.4FeBx
(see fig. 8.24) Phase wi thin gralns (e) NdFe4Bx

S. S. 1. at 1100°C, quenched Matrix phase (A) NdFe6.2Bx
and aged at 600°C for 80 hours Intergranular phase (B) Nd , leB

..J. x
(see c· 8.25). Phase wi thin grains (e) NdFe4BL 19. • X

S.S.T. at 11000e, quenched Matrix phase (A) NaFe, 2Bo. x
and aged at 6300 C for 80 hours Intergranular phase (B) Nd3.,FeBx

(see fig. 8.26). Phase within grains (e) NdFe2 2B. x

S.S.T. at 1100°C, quenched Matrix phase (A) NdFe6.7Bx
and aged at 660°C for 80 hours Intergranular phase (B) Nd2.leBx
(see fig. 8.27) .
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In terms of the magnetic properties, it is possible that the NdFe4Bx
phase 1S 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 NdFe4B4 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

sUIT~arised as follows:

1. The bulk "as cast" material consisted of three phases:

a. a matrix phase of composition Nd2Fe"B .
1'-+ x

b. a Nd-rich intergranular phase.

c. free Fe.

2. On S.S.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 Nd2Fe13Bx'

b. aNd-rich intergranular phase of composition Nd24FeBx'

c. a phase within the matrix of composition Nd12FeSBx'
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4. On ageing at 660°C the phase within the matrix disappeared.

5. Microhardness studies showed that two peaks occur for bulk

material which has been aged at 600°C.

6. The powder particle s~ze was smallest for the BMO material. The

HD material had a larger particle size which decreased with

increasing hydrogenation pressure.

7. The .H values of samples aged at S700e to 6600e showed a broad~ c

peak wi th ageing time. There were also peaks rn the microhardness

values with ageing time for the samples aged at S70~C to 660°C.

8. The sample aged at 5400e showed a continuous fall in.H and~ c
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.

9. The s&~ples aged at 570°C to 660°C exhibited three phases:

b. aNd-rich intergranular phase.

c. a phase within the matrix which had a composition ~n the

range NdFe/B to NdFe2 2B ..; x . x

10. The phase described in 9c disappeared on ageing at 660cC.
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CtlA.PTER NI1\TE

CQP1CLUSIONS

9.1 The Sm2(Co,Cu,Fe,Zr)17-type Alloy

9.1.1 The Microstructure of the Sm2(Co,Cu,Fe,Zr)17-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 alloy. 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 variables:

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 plays an important role, as indicated by the

deterioration in the magnetic properties, concurrent with the absence

of this phase on ageing at 9000e.

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.S.T.

temperature. The use of a pre-sintering temperature improved the

remanence and maximum 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 900De, 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 iHc and

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 BH value (arising mainly from a high remanencemax
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 ingot

material.

9.2 The Nd-Fe-B-type Alloy

9.2.1 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: Nd2Fe14B

2. 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 12:17"-type alloy, the porosity in the

sintered samples was dependent on the initial powder particle size.

9.2.2 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 540°C.

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 ~ the .H values
1 c

developed a broad peak. The microhardness values also increased and

decreased over a broad ageing time period. These variations however,

were not in as good an agreement with the microhardness and .H
1 c

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 outlined below.

1. On ageing at 5700C to 6600C, 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

coercivity 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 .R which may consequently
l c

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:l7"-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, namely:

1. 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. ~ontrol 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 sa~ple is introduced to a sample ch~~er S (see Fig. 6.5).

2) The cha.mber is flushed with hydrogen on several occasior:s

to rid of air. -4(The pipe bore is 5.08 x 10 m and cannot

be effectively evacuated).

3) 100 aLiSof hydrogen pressure are allowed past valve A and

on to valve C. Valve I is initially open to allow the

piston T to be driver; back to its starting position at

point 1, valves I and B are then closed.

4) The hydraulic PUI!}P W is operated which drives the piston T

t.ov e rds its finishing position at.
. ~ ..,po~nL c , This actio!";

compresses t.h e gas initially held in L"r;.e piston chambe r

into a smalLe r vo lume , thus increasing the pressure. As

long as the piston does not rest on the ends at position

1 or 2, the Buder~erg hydraulic pressure gauge will register

the pressure held within the system. A small magnetic

rider R shows L~e position of the piston within the chamber.

5) Having completed a piston traverse from position 1 to

position 2, valve F is closed and valves I and then Bare

opened and 100 atmsis again opened to the system; driving

L~e piston back to position 1.

6) Valve I and then valve B are shut and valve F opened and
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the pressure further increased. The sample chamber need

see no drop in pressure but only a gradual increase if
valve F is kept closed until the Budenberg gauge shows

the same or a higher pressure than previously shown at

the end of the preceeding cycle.

7) ~he process is repeated until the required pressure is

reached. Valve H may then be closed and valve I ooe"ed

thus allowing L~e pump to be unpressurised while still

registering L~e system's pressure via the Budenberg

gauge.

S) To ~e?ress~rise, valve H is opened. Once the piston is

=J-::'CK at po s i t i on L, va Lve E is clcsed and valve C o;?e:1ed

slowly, allowing t.he gas from the sample chariber to be

vented to air.

All va i ves a..rid piping are hiqh pressure piping rated at SCXXJat..:r:s.

All hydrogen retaining piping I valves and sample chambe r s are of 316

s t a i n l e s s steel ;..:hich exhibits a r e s i s t ari c e to hydrogen embr i t t.Lemen t .

Low ~ressure supply tubing is caDcer rated at 2000 aL~s.

The Lite of rise of pressure is related to the ratio of sample

chamber free vo lume to piston traverse vo i ume , The smaller this ratio

the faster the pressure rise. The sample chamber free volU2e is

therefore kep t; to a minimum. This has t'•••.o adva.ntages; firstly the

rate of rise of pressure is a maximum and secondly a small free volume

of qas is s a f e r in case of rupture ..
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APPENDIX Circuit for Double Channel Integrator.

The double cha~nel integrator circuit consists of two seoarate

channels each pOwered by its own 9 volt battery supply. The following

key refers to both the field integrator and the Band B-H integrator,

components of Fig. Bl.

All IC's are TL081CP.

Pl a~d P3 are wire wow,d, 10 turn helipots and are incorpcrated

and are small carbon t r inoo t s ,

is a c a zbcn po r.e n t ior.e t.e r .

S1 and S2 are gain controls, x 1, x 10, x 100.

Ss selects B or 3-H mode of measure~ents.

s~ and S., are i n t.eq r a tor zeroing button sw i t che s no rtr.a 11y
j '-t

off mode.

The 'power supply sw i t ch e s are double pale, double throw sw i t ch e s

a,d are not show~ in Fig. Bl.

(i) Field Inteqrac.or.

A voltaae is developed across L orooortional to dR/dt arid the
- - 0 - -

integral or this voltage LS proportional to 6R, where R is the applied

field.

I.C.l a n t eq ra t es the input voltage and I.C.2 arnpLi f ie s it and the

res~lt~~t output voltage is proportional to tH.

Nith the coils out of the ~agnet ?Ole pieces and the gain turned

up to max inum , "djuSLllent of the zero drift may be made. The [Jc...•er
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should be turned on for approximately 10 minutes before zero adjustment

is made.

(ii) Band B-H Integrator.

The circuitry is identical to that of the field integrator except

that:-

Ss switches between B and B-H mode, and Ps adjusts the output of

the field coil L2 to equal G~e output of the B coil Ll, when a specimen

is absent and the applied field is swept up.

The coil Ll is t.h e sample coil and has 2000 turns of 45 swg copper

wire on a P.T.F.E. fOrillerof wall thickness 0.12S mm. The coil L~ is
<.

empty ~~d is identical to Ll"

Ll and L2 are connected in opposite senses and are adjusted using

Ps to give zero output when a sample is absent. The adjustment is

generally done using mere gain than necessary.

;{hen a specinen is present the out out is proportional to 4nM that

is B-H.

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

for.ner to those of Ll and L2. The coil LJ approximately compensates for

the gap between the specimen and the coil of Ll. It is connected in the

opposite sense to Ll and the output is therefore proportional to B

actually in the specimen.



Field Integrator

lO lO

nOK

2101'(

B3.

S1

-9V
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Band (B-H) Integrator

r-r-r-: ---'(_8 - H )

l3

(8)
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O/P

21<
SOOK
PS P3

-9V -9\1

220 K

Fig. B1 Circuit diagram for double ch~~nel integrator.
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APPE"NuIX C

COMPUTER LISTING



, PRINT:PRINT:PRINT

10 PRINT:PRINT:PRINT

80 DIM U3(200),U4(200)

100 DIM A$(200)~B$(200),U$(200)
150 DIM AS(200),SV(200)

800 rU~ L=l!G 100

1100 FOR I=lTO SS

1300 INPUT#l,A$(C)
1400 FOR 1=1 TO ~~

1700 FOR 1=1 TO 500

1900 INPUT#l,S$(C)
1910 Wl(C)=(VAL(A$(C»/1000)

1920 Vl(C)=(INT(100+(Ul(C)-.005»)/100
1925 W2(C)=(VAL(S$(C»/1000)

1935 V2(C)=(INT(100*(U2(C)+.005»)~100

1950 U4(C)=U3(C)/U1(C)
2000 IF VAL(S$(C»(=080 THEN GOTO 2100



::::. ,1. 1::.1 c; C: L..c~::::;F:: .!. ,;' ;:::;

;;;~ ;;~~ (::1 i~::j T !'..;F:!..J '1" T' ::!::

; :,.'..
y :•.:' ,"

I: :' .••...' :..~ "
-. ::.." ;:~: !', 1'" !

2914 IF C8H).5THEN OOTO 2978
2918 IF F(1.5 THEN OOTO 2952

::;::::::;::::::::., F' l:;;~T ;',.j'T'

:-. , :: :.•.: :: .
;:: ::::~;:;:; i ,t::; l"'! ;;:;:~..: !:::i 1"':"j :::::

.~... _... ... .. ~.... ,..... ,-,

:.::.. ::'i ~::::;::~ i···j 1:::. ;:-:; i j'"

..' :...; .•.. i.... ~::~'. c: i. .:: !-;.• : L ;:::1,:';'111 " '. I:' " -I ", -c ' '• .' j .: I " ,;'.!' " IIi ' .. ' i . ,"'",':~.:,;:> >, '.: \,' ; '. :.::-, '.'!. .' !, ." :: :, .'. '1:. :;' ..':: Ij :L

2972 SQ=(INT(108*(-82!RE~2+.885»)*8.Gl

3808 O(F)=INT(34703-E(F)-(40+F(F)))

---------



.~;:::'f I,,': ,L '. :

r•••• :'-, 'r'! :":" :--.1"', '!, •. ,.

I'" !'< ,L r,t i ~~I" !' : I I '

4788 FOR X=I T0 1+5

6108 FOR F=! TO L

;:::- ,.... . " ..~~". ;..- - ,:.; '...::.,." :' ..'

12788 P=143:0=208

.; -r-, ..•~ -v-, 1::":::.:' .c:..... 1

1 P=168:0=288

c! :::::() .....:~:;;?

13458 IF I=5THEN 0U!U 13688

--- -----

..; , i , ... r" .,,,..,: ...,.:.,



14000 FOR 1=1 IU ~

:;::: : ~ \I !~'i .j;-
'..;- .t-'.;': ..!."

15225 SYS 9*4096
15250 FOR F=l TO C

15500 IF F(!.5 THEN GUIU 15552
15550 GOTO 15700

~." •.... " .:- ;

: C'(::i, F::yi)

j"i!:::::::r F

15708 IF F~C THEN GOTO 15710

< ••••••• ..~ .-.

~ lJ !'''1 y I"" y t.:.!
....., _ .

:1. ::::: (~:)j;::i

:l.
-,--,-- --



16014 BV(F)=INT(160+U4(F)/VAL(Q$) 43)

16028 IF U4(F)(=0THEN GOTO 16828

10400 FOR F=l TO _

1!:::;?' ;:~::;:::; <.:::.. i":'! .l. (: '.::., .11

1. (; :::~~::;i~) F' F;~I !...~'r :1:1: ::::: .r

10~00 G08UB 30400

17010 G08UB 30600

SQ,FACTOR(H90~REM/INT.CO)- ;PS

IF CBH)0.5THEN OOTO 30000
T~ F~1.5 THEN OOTO 18480

17900 IF 81<0 T~~~ ~UIU i8400

.; -,.3:? i?l (J ,:.::~:;:;'..j ";" V' '::::... ,;
----,,---------- .•. - - --- -- ~,.,-_., - -, - ."---' ._ ....



SQUARENESS RATIO (BHMAX~(REM*REM»='I,SQ

30210 FOR F=lTO C
::::;!~::!;~:::;;~:~\?! ,'.,! :;;;; ;;. 1'" '::::: :;;;; E:· .,) ;~~:~;::F' >
30230 IF AS(F)~=0THEN GOTO 30250

30250 GR=(V2(F)-V2(F-l»/(Vl(F)-Vl(F-l»

RC=-(INT(100*(RC-0.005»)/100
..".: :;"'l
C.l"::...'
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APPENDIX D: Calibration of magnet current versus magnetic field

Magnet current Magnet field A# Ornni.bu s OB2

(A) ± 0.05 ±0.05 (KOe) ±0.002 digital value

0 0.18 0.011

0.1 1. 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 0.3945

0.6 9.5 0.469

O. 7 10.5 0.539

0.8 11. 5 0.600

0.9 12.0 0.655

1.0 12.5 0.700

1.1 13.0 0.731

1.2 13.5 0.762 I
I1.3 13.7 0.788

1.4 14.0 0.809

I 1.5 14.3 0.830
I

Average gradient for magnetfieldjdigital reading = 16.005.

Therefore conversion for digital reading to a field reading is

H = -16.005A$ AI is the read in value of magnetic

field in mV equivalent
Using a pure Ni standard:

At saturation: 4nM = 6.185 KG} i corresponding average digital readings cc
B'I equals 0.149, this is for 0.413cc of pure Ni; therefore lee of material.

B-H 4nM 6.184
0.149 41. 503 B#. B# is the read in value of

magnetic intensity in mV

eauivalent
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