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The decrepitation of high titania slags poses a problem for slag producers in that a larger
amount of fine slag (-106 µm) is produced. This results in a lower income per ton of slag. In
this study the decrepitation of high titania slags under oxidizing conditions was studied in an
attempt to identify the causes of the decrepitation.

Decrepitation of titania slags were observed after heating at 400 °C. This phenomenon was
however not observed after heating the slags at higher temperatures. From the available
literature and experimental information it is postulated that the decrepitation occurs due to
changes in the crystal chemistry of the M3O5 phase in the slag. The Mössbauer spectroscopy
technique has proved very useful in elucidating the crystal-chemical details of the iron-
bearing phases and their potential impact on the mechanisms responsible for decrepitation. It
is recommended that further work be carried out using this technique to fully explain the
transformations that occur.
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���� %DFNJURXQG

High titania slag is produced during the smelting of ilmenite in a furnace with a suitable
carbonaceous reductant. In this process a large fraction of the iron content of the ilmenite is
reduced to metallic iron. The remainder of the material essentially collects in a high titania
slag. The iron and slag are tapped through separate tapholes, with the titania slag being the
higher value product. The slag is typically tapped into moulds that would yield 20 ton slag
blocks. After the slag cooling process, which can last approximately seven to ten days, the
slag is crushed and milled to produce a fine and coarse product. These products are used in
the downstream processing for the production of titanium dioxide pigment. The fine slag
product (-106 µm) is used by the sulphate processing route, while the coarser product (-
850+106 µm) is used by the chloride processing route. The coarse slag product has a higher
value than the fine slag product.

During the slag cooling process severe decrepitation of the slag may occur. Decrepitation of
the slag is detrimental because an excess of fine material (-106 µm) is produced. It is
important to produce a minimum amount of fine slag in order to maximize the income that
can be derived from titania slag. This investigation was undertaken to study the decrepitation
of high titania slag to gain an understanding of the factors influencing decrepitation. In this
study decrepitation is defined as the disintegration or crumbling of a material into component
parts or fragments.

���� /LWHUDWXUH�VXUYH\�RQ�WKH�GHFUHSLWDWLRQ�RI�VODJV

Decrepitation of slag is a fairly well known phenomenon, especially for steelmaking slags.
Decrepitation of slag occurs due to phase and chemical changes in the slag, and the resultant
volume changes associated with these phase changes. Examples of the decrepitation of slags
are the following:

• The decrepitation of steelmaking slags due to an increase in volume of the free lime in the
slag during hydration���. This is particularly a problem in the cement industry.

• A second well-known example is that of the disintegration on cooling of slag containing
dicalcium silicate (Ca2SiO4)

�. This is due to a transition from the β (monoclinic structure)
to γ (rhombohedral structure) polymorph. This transition is accompanied by an expansion
in volume of approximately 10 per cent.

Very little has been published in the open literature on the oxidation and decrepitation
behaviour of high titania slags. Vasyutinskiy and Movsesov� studied the oxidation and
grinding of a high titania slag containing 90.1 per cent TiO2 and 3.47 per cent FeO. It was
concluded that in order to obtain the maximum reduction in strength of the slag, oxidation of
the slag in the temperature region of 500 to 600 °C was required. Vasyutinskiy� followed this
up with a more in-depth study of the oxidation of a similar high titania slag. This slag
consisted mainly of a M3O5 phase, with M denoting the cations present in the phase. This
phase can best represented as a x[(Fe,Mg,Mn)O.2TiO2].y[(Ti,Al,Cr) 2O3.TiO2] solid solution.
The experimental results on the oxidation of the slag indicated three main stages. At
temperatures of approximately 300 to 400 °C only slight changes in the M3O5 phase is
observed. X-ray diffraction analysis indicated a distortion of the M3O5 crystal lattice. At
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temperatures of up to 750 °C the formation of anatase is observed, while at higher
temperatures the formation of rutile is observed. The anatase to rutile conversion temperature
can range between 400 and 1000 °C, depending on the source of the anatase and the nature of
the impurities in it. Decrepitation of these titania slags was explained by the oxidation of the
M3O5 phase, resulting in the formation of anatase. As the density of anatase is less than the
density of the M3O5 phase, this results in the rapid cracking of the slag.

Toromanoff and Habashi� investigated the properties of high titania slags produced at Sorel in
Canada. Decrepitation of these slags during cooling was also observed. The slag consisted of
a M3O5 phase, a glassy phase, rutile and metallic iron globules. In this Sorel slag 13.1 mass
per cent of the total Ti was present as Ti3+. The decrepitation process was explained by the
oxidation of Ti3+ by Fe2+ during the cooling process. It was postulated that this process takes
place according to the following disproportionation reaction:

Ti2O3 + FeO = 2TiO2 + Fe0 … (R1)
∆G0

1000 °C = - 71.13 kJ.mol-1

It was concluded that due to the difference in the coefficients of expansion of the metallic iron
and the slag, the slag product cracks and decrepitates.

It is also known that ferrous and ferric pseudobrookite dissociates at certain temperatures�. It
is possible that these disproportionation reactions can contribute to the decrepitation of the
high titania slags. The disproportionation reactions are given below:

FeTi2O5 = FeTiO3 + TiO2  [< 1150 °C] …(R2)
Fe2TiO5 = Fe2O3 + TiO2  [< 585 °C] …(R3)

Reid and Ward� found that when a solid solution of Ti3O5 in FeTi2O5 was formed the
tendency to disproportionation decreased rapidly. It is also known that manganese and
magnesium stabilize the M3O5 phase����. This may counter the disproportionation reactions or
change the temperatures at which it occurs.

���� $SSURDFK�WR�WKLV�VWXG\

Based on the available information it seems that there are several possible ways in which high
titania slags can decrepitate. The following possible reasons were identified:

a) The formation of a new phase with a higher or lower molar volume.
b) A polymorphic phase change of one of the phases already present during cooling.
c) Differences in the coefficients of expansion of the metallic iron and the slag, with the

metallic iron formed according to reaction R1. It is also possible that decrepitation of the
slag can occur due to differences in the coefficients of expansion of other phases present
in the slag.

d) Hydration of selected phases present in the slag. As no hydrated phases were previously
observed in high titania slags it was however not considered as a viable option.

e) Thermal shock of the slag on cooling was considered as an option for decrepitation of the
slag. However, as large blocks are cooled over extended periods of several days or weeks
(depending on the size of the block) this was also considered unlikely.
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To test the various possibilities, high titania slag samples produced during various smelting
campaigns in a 3 MVA plasma furnace were obtained. These samples were then exposed to
air under isothermal conditions in an effort to simulate the cooling process at various
temperatures. Experiments were carried out between 400 and 800 °C, as this seemed to be the
temperature regime where decrepitation could be expected, both from the literature
information and from observations of slag blocks produced at Iscor using the 3 MVA plasma
furnace.

�� (;3(5,0(17$/�'(7$,/6

Various bulk titania slag samples were produced during pilot plant campaigns carried out at
Iscor using a 3 MVA plasma furnace. From these campaigns various homogeneous samples
were obtained for testwork. Chemical analyses of the slag samples used in this study are
shown in Table 1.

���� 7HVWZRUN

Two types of samples were used for the testwork, these being pellets produced from milled
slag and miniature slag blocks cut from larger slag lumps.

������ ([SHULPHQWDO�SURFHGXUHV�XVLQJ�SHOOHWV

Slag number 7030 (see Table 1) was used to produce pellets. The slag was first milled fine
(d50 = 121 µm). For each experiment a sample of the slag (5.00 g) was weighed, and then
pelletised at 817 atmospheres in a hydraulic press to produce a cylindrical pellet. The
diameter of the pellets was 15 mm, with a height of approximately 9.4 mm. Based on the
dimensions of these pellets the apparent density of the pellets was calculated to be
approximately 3.0 g.cm-3. The true density of the slag is approximately 3.9 g.cm-3. Testwork
was carried out in muffle furnaces with a static air atmosphere at fixed temperatures ranging
between 400 and 800 °C. Slag samples were placed in alumina crucibles, in the hot zone of
the muffle furnace. At the completion of the experiment the sample was tipped from the
crucible and quenched in water to enable rapid cooling of the slag. Some samples decrepitated
completely to a powder when quenched, while the remainder of the samples showed little
(surface decrepitation) or no visible decrepitation. The quenched samples were then dried and
prepared for analyses.

������ ([SHULPHQWDO�SURFHGXUHV�XVLQJ�PLQLDWXUH�VODJ�EORFNV

Slag number 7036 (see Table 1) was used to produce miniature slag blocks. These miniature
blocks were cut from a large, bulk piece of slag, using a diamond coated saw. These blocks
were cut in the approximate shape of a cube, with the length of each side ranging between 10
and 13 mm. Based on the mass and the measured dimensions of several of these miniature
blocks, the apparent density of these blocks was calculated to be approximately 3.5 g.cm-3.
Oxidation testwork on these miniature slag blocks were carried out under the same conditions
as for the pellets.

Some miniature slag blocks were also prepared (slag number 7051, Table 1) for crushing
tests. These blocks were also heated in a muffle furnace at various temperatures and times as
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described above before being subjected to unidirectional crushing tests using a Monsanto
Tensometer. All the samples heated at 400 °C decrepitated into a powder on quenching,
therefore only untreated samples and samples treated at 600 and 800 °C were used for the
crushing tests.

���� $QDO\WLFDO�WHFKQLTXHV

Chemical analyses of all samples were carried out using Inductively Coupled plasma or X-ray
fluorescence techniques. The oxidation states of iron and titanium in the starting slag samples
were determined using wet chemical analytical techniques. X-ray diffraction and
mineralogical investigations were carried out on all the samples, with polished sections
prepared for standard reflected light microscopy techniques. These polished sections were
also submitted for scanning electron microscopy (SEM) and electron microprobe analyses.
All photographs are of back-scattered electron images, thereby providing contrasts based on
atomic numbers. Rutile was used as standard for the microprobe analyses of oxygen in the
various samples. This was done as the majority of the phases contained high titanium and
oxygen values. This however resulted in the oxygen content of some of the standards being
underestimated. For example in the case of the hematite standard, the oxygen content of the
standard was underestimated by 2.7 per cent. No corrections were however made for the
oxygen analyses in this paper. Selected samples were also analysed using 57-Fe Mössbauer
spectroscopy.

�� 5(68/76

���� 6WDUWLQJ�VODJ�VDPSOHV

The two main phases present in the starting slags are M3O5 and rutile. Details on the typical
mineralogy of these slags have been given previously��. The chemical composition of the
M3O5 phase in slag 7030 (see Table 1) was calculated to be Fe0.30Ti2.60Al0.04Mg0.05Mn0.01O5.
Mössbauer spectroscopy of slag 7030, the starting material for the pelletised slag samples,
was also carried out. The results indicated the presence of a single M3O5 phase, but with more
than one type of crystallographic site for iron�����. All the iron was present in the divalent
oxidation state. Details of the hyperfine interaction parameters are given in Table 2. These
hyperfine interaction parameters are defined by the interaction of a nucleus with its own
electrons, as well as with the surrounding atoms. Grey and Ward�� assigned the majority of
the iron to strongly distorted fourfold octahedral sites in the orthorhombic pseudobrookite
structure. The remainder of the iron was assigned to less distorted eightfold octahedral sites.

���� 5HVXOWV�IURP�WKH�SHOOHWLVHG�VODJ�VDPSOHV

Experiments on pelletised slag were carried out at temperatures between 400 and 800 °C for
various times. Details of the Mössbauer results are given in Table 2. All these samples were
quenched in water after the oxidation treatment. Only samples DB121 and DB125
decrepitated to powder on quenching. The remainder of the samples retained their pellet shape
after quenching.

Various phases were identified in the slag samples. These included a variety of titanium and
iron phases. Various minor glassy phases were also observed but these are not discussed here.
The most important results are given below:
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• 6DPSOH�'%�����������&�IRU����KRXUV

The two main phases present in this sample as identified by X-ray diffraction are TiO2 (both
rutile and anatase) and M3O5. These two phases are intimately mixed together. Using
Mössbauer spectroscopy a hematite-like phase (solid solution between hematite and ilmenite,
written as M2O3) and a metallic iron phase were also identified. The concentration of these
phases was too low to be identified by X-ray diffraction. The iron present in the M2O3 phase
was characterised as being trivalent. A photograph of this sample is shown in Figure 1. The
slag particles are shown to be finely porous, with the majority of the slag particles displaying
well-defined, iron-enriched outer rims.

• 6DPSOH�'%�����������&�IRU����KRXUV

The slag particles in this sample display a zoned texture, with iron enriched outer margins,
titanium-rich mantle zones and large M3O5-cores with a dense and smooth appearance. Both
rutile and anatase phases were identified by X-ray diffraction analyses. Iron enrichment also
occurred at the edges of the cracks.  Fine metallic iron precipitates were found to be present.
These precipitates were associated with cracks cutting through the M3O5-cores. Some of the
finer grained particles were completely transformed to the titanium-rich phase, but still
contained iron-enriched outer rims. A typical example of this sample is shown in Figure 2.
Figure � shows the iron and titanium analyses from the centre of a typical particle to the rim
of the particle. This illustrates the change in the composition of titanium and iron over the
three phases. The chemical formula of the rim phase was calculated to be
Fe1.87Ti0.12Al0.07Mg0.02Mn0.01O3. Mössbauer data (Table 2) indicates that the iron content of
the M2O3 phase is trivalent. To obtain a charge balance it therefore implies that the majority
of the titanium should also be trivalent. This is however unlikely, with a more probable
explanation being that the titanium is tetravalent, with the iron a mixture of di- and trivalent
atoms. The M/O ratio of this phase was calculated to be 0.70, which shows an oxygen
deficiency in the M2O3 phase. This however discounts the potential correction factor that can
be applied due to the underestimation of the oxygen concentration as mentioned earlier.

• 6DPSOH�'%�����������&�IRU����KRXUV

An image of this sample is shown in Figure 4. What is immediately noticeable is the severe
cracking that had taken place in this sample. Apart from the cracking the sample appears
relatively dense and consists mainly of the M3O5 solid solution phase. The M3O5 phase was
identified by X-ray diffraction analysis as the major phase present, with rutile being present
only in trace amounts. No significant deviation in the analyses of iron and titanium could be
observed across a typical crack. No Mössbauer analysis was carried out on this sample.

• 6DPSOH�'%����±������&�IRU����KRXUV

Mössbauer analysis was carried out for a sample treated at 400 °C for 48 hours. This analysis
indicated that 63 per cent of the iron atoms in the sample was present as ferrous iron, while
the remainder of the iron was present in the trivalent oxidation state. The ferrous iron exhibits
two components. One of the components (43 % of the iron) has parameters similar to
ferropseudobrookite (M3O5), while the other ferrous component may be a separate ferrous
phase or it may represent a second site in ferropseudobrookite that is abundantly occupied.
The hyperfine interaction parameters are shown in Table 2. X-ray diffraction data and
scanning electron microscopy however do not show any separate phase containing ferrous



7

iron. It therefore seems likely that the ferrous component is an integral part of the M3O5 solid
solution. This is also true for the starting slag, DB100.

• 6DPSOH�'%�����������&�IRU�����KRXUV

X-ray diffraction analysis of this sample indicated only the presence of the M3O5 phase, with
rutile and anatase either not present, or only present below the detection levels of the X-ray
diffraction technique. Analyses of the M3O5 phase showed compositions ranging between
Fe0.25Ti2.49Al0.04Mg0.05Mn0.01O5 and Fe0.36Ti2.35Al0.04Mg0.08Mn0.04O5. Mössbauer spectroscopy
indicated that 45 per cent of the iron was present in the divalent oxidation state. This indicates
the relatively slow rate of oxidation obtained at these low temperatures. Similar to the
previous sample this sample also displays severe cracking.

���� 5HVXOWV�IURP�PLQLDWXUH�VODJ�EORFNV

Some experiments were carried out on miniature slag blocks at 400 °C to compare the results
obtained with that of the pellets. These samples were also quenched in water after the
oxidation treatment. It was found that only the surface of the samples decrepitated, with the
bulk of the sample remaining intact. The following result are reported on:

• '%�����������&�IRU����KRXUV

Once again significant cracking of the sample was observed. A point in the M3O5 phase field
with a composition of Fe0.60Ti2.20Al0.03Mg0.05Mn0.03O5 was analysed. Both the M3O5 and rutile
phases were identified by X-ray diffraction analysis. Compared to sample DB121
(comparable pelletised sample) significantly more rutile was found to be present.

���� 5HVXOWV�IURP�WKH�FUXVKLQJ�WHVWV�RQ�PLQLDWXUH�VODJ�EORFNV

The maximum force required for crushing of the miniature slag blocks is shown in Figure 5 as
a function of the experimental conditions. Between three and four blocks were crushed for
each experimental condition, with the average values obtained being shown in Figure 5. The
following results were obtained:
• The untreated slag samples required significantly less force to crush than the samples

treated at 600 °C for 24 hours and the samples treated at 800 °C for 24 hours.
• The samples treated at 600 °C for 24 hours required significantly more force to crush than

the samples treated at 600 °C for 96 hours.
• The samples treated at 600 °C for 24 hours required significantly less force to crush than

the samples treated at 800 °C for 24 hours.
• The samples treated at 600 °C for 96 hours required significantly less force to crush than

the samples treated at 800 °C for 24 hours.
• No significant difference in the force required for crushing the blocks were found between

the untreated slag samples and the samples treated at 600 °C for 96 hours.

The size distributions of the crushed miniature slag blocks were also evaluated in order to
differentiate between the various experimental conditions used. The following statistically
significant results were obtained:
• The untreated slag samples contained significantly more –500 µm material after crushing

than the samples treated at 600 °C for 24 and 96 hours, as well as the samples treated at
800 °C for 24 hours.
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• The samples treated at 600 °C for 24 hours were also contained significantly more –500
µm material than the samples treated at 600 °C for 96 hours and the samples treated at 800
°C for 24 hours.

No significant difference in size between the samples treated at 600 °C for 96 hours and the
samples treated at 800 °C for 24 hours were found.

�� ',6&866,21

From the obtained results it appears that the samples treated at 400 °C showed the most
significant propensity to decrepitate. This propensity to decrepitate seemed to decrease with
an increase in temperature, with samples treated at 800 °C showing minimal signs of
decrepitation. Samples treated at higher temperatures did not show the same effect as they
might have sintered sufficiently to prevent decrepitation of that magnitude. At the higher
temperatures the phase assemblages are also different, so that different decrepitation
behaviour could possibly be expected if it occurred. The crushing tests on the miniature slag
blocks also indicate that the slag treated at 800 °C requires more force to crush than the
untreated slag and the slags treated at lower temperatures. This is especially so in the case of
the samples treated at 400 °C which decrepitated completely on quenching.

It is assumed that the decrepitation of the samples at 400 °C is caused by the formation of the
large number of cracks observed in these samples. It does not appear that these cracks are in
any way associated with a new phase such as rutile. For samples DB121 and DB125 the only
major phase present was the M3O5 phase. For sample DB131 both the M3O5 phase and rutile
were identified to be present in significant amounts. These two phases were however not
bordered by the observed cracks. The presence of rutile in the latter sample could possibly be
due to the differences in the starting slag compositions of the respective samples.

It also does not appear from the available information that decrepitation of the slag occurs due
to differences in the coefficients of expansion of the phases present in the slag. If this were
indeed the case it would be expected that the borders between the various phases would be
characterised by cracks. This was however not the case, where for example no cracks were
observed at the interfaces of the M3O5 and rutile phases. No evidence could be found either
that reaction R1 contributed in any way to the decrepitation of the slag.

The third potential mechanism for the decrepitation of the high titania slags is the possibility
of a polymorphic phase change of one of the phases present in the slag. Based on the available
information it seems that a polymorphic transformation of the M3O5 phase is the most likely
cause for the decrepitation of the slag. It is for example known that Ti3O5 undergoes a
reversible phase transformation at 190 °C��. In various samples produced by Haggerty and
Lindsley� crystals in the pseudobrookite field frequently showed a tendency to form a rim
with a lower reflectivity compared to the core. No variation in the iron and titanium
concentration was found across the core and the rim in their study. The investigators therefore
inferred that the rim represented a quenched polymorphic inversion product of
pseudobrookite. As discussed previously, Vasyutinskiy�� found that a distortion of the M3O5

crystal lattice occurred on oxidation of the slag samples at temperatures of approximately 400
°C. Grey and Ward�� produced various compounds in the FexTi3-xO5 solid solution series. X-
ray  powder diffraction results of these compounds show that the orthorhombic
pseudobrookite cell transforms to a monoclinic cell at an approximate composition of
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Fe0.35Ti2.65O5. This distortion of the unit cell increases with increasing titanium content
towards Ti3O5.

The chemical composition of the M3O5 phase in the starting slag DB100 (see Table 1) was
calculated to be Fe0.30Ti2.60Al0.04Mg0.05Mn0.01O5. This is very close to the composition where
Grey and Ward�� found the orthorhombic-monoclinic transformation occurring. The
Mössbauer results obtained in this study show that M3O5 solid solution phase changes as a
function of time when heated at 400 °C, indicative of rather drastic changes in the crystal
chemistry (see Table 2 for results). Figure 7 illustrates the differences in the Mössbauer
spectra for the various slags shown in Table 2.

�� &21&/86,216

Decrepitation of titania slags was observed after heating at 400 °C. From the available
literature and experimental information it is postulated that the decrepitation occurs due to
changes in the crystal lattice of the M3O5 phase in the slag. The Mössbauer technique has
proved extremely helpful in the investigation and it is recommended that further work be
carried out using this technique to fully explain the transformations that occur. The obtained
results do seem to provide some guidelines for the prevention of decrepitation of high titania
slags. It seems that decrepitation can be minimised by decreasing the time the slag spends at
low temperatures (approximately 400 °C). Alternatively the phase assemblages should be
changed, possibly by prior oxidation, before the slag reaches these low temperatures.

�� $&.12:/('*(0(176
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)LJXUH�����5RRP�WHPSHUDWXUH�0|VVEDXHU�VSHFWUD�RI�WKH�YDULRXV�VDPSOHV�GHVFULEHG�LQ
7DEOH����6ROLG�OLQHV�DUH�WKHRUHWLFDO�ILWV�WR�WKH�GDWD�
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7DEOH����$QDO\VHV�RI�VODJV�XVHG�DV�VWDUWLQJ�PDWHULDOV

$QDO\VHV��PDVV���6ODJ
QR�

$QDO\VHV
QR� 6L2� $O�2� &D2 0J2 0Q2 &U�2� 9�2� =U2� )H� )H2 7L2� 7L�2� 7RWDO�7L

DV�7L2�

7030 DB100 1.41 1.19 0.27 1.03 1.17 0.05 0.45 0.16 < 0.1 9.8 53.9 30.4 87.7
7036 DB135 3.79 0.89 0.57 0.72 2.02 0.08 0.25 0.42 0.4 14.4 60.6 15.4 77.8
7051 DB136 1.50 0.96 0.25 1.22 1.11 0.05 0.46 0.16 0.13 8.40 52.0 33.9 89.7
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7DEOH����6XPPDU\�RI�UHVXOWV�REWDLQHG�IURP�0|VVEDXHU�VSHFWURVFRS\

+\SHUILQH�LQWHUDFWLRQ�SDUDPHWHUV6DPSOH
QR�

7HPSHUDWXUH
��&�

7LPH
�KRXUV� ,VRPHULF�VKLIW���δ

�PP�V���
4XDGURSROH

VSOLWWLQJ���∆��PP�V���
%KI

�7�

$EXQGDQFH
�DWRP���

$WWULEXWLRQ

1.16 (2) 3.35 (4) - 90 (2)
DB100 Starting slag

1.09 (2) 1.83 (4) - 10 (2)
Fe2+ compound (ferropseudobrookite)

0.32 (1) 0.65 (2) - 37 (2) Fe3+ compound (pseudobrookite)

1.09 (1) 3.07 (4) - 43 (2)DB128 400 48

1.00 (2) 2.23 (2) - 20 (2)
Fe2+ compound (ferropseudobrookite)

0.39 0.68 - 55 (2) Fe3+ compound (pseudobrookite)
DB125 400 384

1.09 3.05 - 45 (2) Fe2+ compound (ferropseudobrookite)

0.39 (1) 0.66 (2) - 47 (2) Fe3+ compound (pseudobrookite)

1.07 (1) 3.07 (4) - 11 (2) Fe2+ compound (ferropseudobrookite)DB115 600 24

0.38 (2) -0.20 (2) 50.8 (2) 42 (2) Hematite-like compound

0.38 (2) 0.74 (5) - 69 (2) Fe3+ compound (pseudobrookite)

0.02 (2) -0.01 (3) 33.0 (1) 20 (2) Metallic FeDB109 800 24

0.36 (2) -0.12 (5) 50.3 (2) 11 (2) Hematite-like compound
Errors are quoted as percentage (in parenthesis)
Bhf – internal magnetic field


