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AbstractÐNeutron depolarization experiments have been performed on the ferrite and pearlite phase trans-
formations of the medium-carbon C60 and C35 steels. The interaction of the polarized neutron beam with
the ferromagnetic ferrite grains gives information on the mean magnetization and the magnetic correlation
length. From these parameters the ferrite fraction and the mean ferrite grain size are determined in situ as
a function of time and temperature during the phase transformations. The applied magnetic ®eld was var-
ied periodically in order to record a full hysteresis curve of the magnetization, which gives essential infor-
mation on the microstructure of the ferromagnetic ferrite grains. The ®eld dependence of the mean particle
size during the early stages of the pearlite formation is a strong indication of multi-domain behavior,
which is absent in the austenite±ferrite transformation and at the end of the pearlite formation. 7 2000
Acta Metallurgica Inc. Published by Elsevier Science Ltd. All rights reserved.
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1. INTRODUCTION

The austenite±ferrite phase transformation plays an

important role in the evolution of the microstruc-
ture of carbon±manganese and related steels, and
therefore, is an important step in the production

process of hot-rolled steel strips. The kinetics of the
phase transformation are usually studied by tech-
niques such as dilatometry, di�erential scanning
calorimetry and optical or electron microscopy.

From dilatometry and di�erential scanning calori-
metry, only information on the total fraction trans-
formed can be acquired. From optical and electron

microscopy, information on the grain size and mor-
phology can be obtained. These latter methods,
however, require the interruption of the transform-

ation process, and only give information on a small
amount of the material. In contrast, neutron de-
polarization measurements are sensitive to both the
fraction transformed and the average morphology

of the ferrite grains. These parameters are derived
from the rotation and shortening of the polarization
vector of a polarized neutron beam during trans-

mission through a sample. The method has success-

fully been applied to study the phase

transformations in several medium-carbon steels [1±

4]. A major limitation of the use of neutron de-

polarization to study phase transformations in steel

is that the transformation product must be ferro-

magnetic at all stages of the transformation. Since

the Curie temperature TC of ferrite is 1043 K, the

phase transformations can only be studied below

this temperature.

In this paper we concentrate on the formation of

ferrite and pearlite in two medium-carbon steels:

C35 and C60. Previous neutron depolarization

measurements [1±4] were performed in a constant

applied magnetic ®eld and analyzed by assuming

the magnetization alignment of the ferromagnetic

phase along the applied magnetic ®eld did not

change during the transformation. The magnetiza-

tion alignment of the ferromagnetic phase is an

essential parameter in the determination of the fer-

rite fraction and the ferrite grain size, and was cho-

sen in accordance with the equilibrium ferrite

fraction at the end of the transformation. In the

present experiment we have measured the magneti-

zation alignment of the ferromagnetic phase by
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varying the applied magnetic ®eld in order to
measure a full hysteresis curve of the magnetization

at each measuring point during the transformation.
In the following, we will ®rst describe the exper-
imental method. Subsequently, the neutron depolar-

ization measurements of a three-step isothermal
transformation experiment on C60 steel and of a
continuous cooling experiment on C35 steel are dis-

cussed. Finally, the experimental results are sum-
marized.

2. NEUTRON DEPOLARIZATION

Neutron depolarization makes use of the inter-
action between the spin of a neutron and the local

magnetic induction in a sample. The change in
polarization of a polarized neutron beam upon
transmission through a magnetic sample is generally
described by [5, 6]

P 0 � DP0 �1�

where P0 is the initial polarization vector, P ' is the
polarization vector after transmission, and D is the
�3� 3� depolarization matrix. The local magnetic
induction in the sample B�r� � hBi � DB�r� can be

described by a sum of the mean magnetic induction
hBi and the local ¯uctuation of the magnetic induc-
tion DB(r), with r indicating the position within the

sample. The polarization vector is in¯uenced by
each of these two components in a di�erent way.
The mean magnetic induction will result in a ro-

tation of the polarization vector around the mean
magnetic induction vector hBi by a rotation angle j
given by [7]

j � �g=v�LhBi � �g=v�Lfmm0Ms �2�

where g � 1:83� 108=s T is the gyromagnetic ratio,

v is the velocity of the neutrons, and L is the trans-
mission length of the sample. The mean magnetic
induction of a ferromagnet is the product of the
fraction of ferromagnetic material (ferrite) f, the

reduced magnetization m and the spontaneous mag-
netic induction m0Ms. The reduced magnetization m
quanti®es the degree of magnetization alignment in

the ferromagnetic phase. In the case of a-Fe, ferro-
magnetism occurs below the Curie temperature of
TC � 1043 K: The temperature-dependent saturation

magnetization Ms(T ) of a-Fe has been measured in
the vicinity of TC by StuÈ sser and co-workers [8],
who described the saturation magnetization by

Ms�T � �M0tbf1� atDg �3�

where t � �TC ÿ T �=TC is the reduced temperature.

The constants m0M0 � 3:408 T, b � 0:365, a �
ÿ0:529 and D � 0:55, which will be used for the
present experiments, have been determined by neu-
tron depolarization experiments on pure polycrys-

talline Fe in the temperature range from 800 to
1050 K [9].

The local ¯uctuations DB(r) will result in a short-
ening of the polarization vector (depolarization) by
an amount proportional to the correlation function

x of (DB )2 along the neutron path. This correlation
function x is a measure of the mean ferrite particle
size d. If the magnetic ®eld is applied along the y-

axis (perpendicular to the transmission direction of
the neutron beam) and the ferrite grains are
assumed to be homogeneously distributed identical

spheres, the mean particle size d is related to x by
[7, 10]

d � 3c3x=f2f �m0Ms�2�1ÿ c2c3m
2�g �4�

where c2 � �4pf 2=81�1=3 and c3 � 32=�27ÿ 9hn2yi�:
Here hn2yi is the average of the square of the
reduced local magnetization and describes the ani-
sotropy of the local magnetic ¯uctuations.

The rotation j and the magnetic correlation
function x can be expressed in terms of the depolar-
ization matrix D by [7, 10]

j � arctanf�Dxz ÿDzx�=�Dxx �Dzz�g �5�

x � ÿln�det D�=f2L�g=v�g: �6�

In order to obtain a direct relationship between the
measured depolarization matrix D and the par-
ameters of interest, the ferrite fraction f and the
mean ferrite grain size d, all the other parameters

should be determined experimentally. The magni-
tude of m during all stages of the transformation
can be established by varying the applied magnetic

®eld during the measurement. The approach to sat-
uration of the magnetization can be used to get an
indication of m at the maximum applied magnetic

®eld.

3. ISOTHERMAL EXPERIMENTS ON C60 STEEL

3.1. Experiment

We have performed neutron depolarization exper-
iments on the isothermal transformation of C60
steel. The experiments were performed using a ®xed

neutron wavelength of 1.6 AÊ . The composition of
the C60 steel sample, as determined by infrared
absorption spectrometry and X-ray ¯uorescence, is

given in Table 1. The equilibrium transformation
temperatures for the C60 steel sample were evalu-
ated with the multicomponent thermodynamic soft-

ware program MTDATA
1

, and amount to
A3 � 1010 K for the austenite±ferrite transform-
ation, A�1 � 998 K and Aÿ1 � 973 K for the pearlite

formation. A ring-shaped sample, polished to a
thickness of 0.33 mm, was placed in a slow-cooling
furnace. After annealing the sample at 1073 K, the
sample was cooled at a rate of 12 K/h to a tempera-
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ture just below the A�1 -temperature. After holding it

for several hours at a constant temperature of
993 K, the temperature was decreased twice in steps
of 5 K. Eventually the sample was cooled to room

temperature. The temperature±time sequence of this
three-step isothermal experiment is given in Fig.
1(a). The time t � 0 is de®ned as the moment that

the cooling started after annealing at 1073 K.
A varying magnetic ®eld between 1650 and
ÿ1650 A=m was applied perpendicular to the trans-
mission direction of the neutron beam. The time

dependence of the applied magnetic ®eld was
described by a ``saw-toothed'' function with a
period of 0.1 s, which was divided into 100 time

channels. In each time channel the full depolariz-
ation matrix was measured at a di�erent magnetic
®eld value. The measurement of each magnetization

curve lasted approximately 15 min in order to
obtain su�cient counting statistics.
The ®nal microstructure of the sample after the

experiment has been studied by optical microscopy.

It can be concluded that due to the long annealing
at temperatures just below the A�1 temperature, a
signi®cant amount of spheroidizing of cementite has

taken place. Furthermore, the remaining pearlite
has a relatively large lamella spacing �12 mm� due
to the high temperature (small undercooling) at

which it was formed. The non-lamellar ferrite
regions have a radius of approximately 10 mm. The
equilibrium ferrite fractions calculated by
MTDATA

1

amount to 7% of pro-eutectoid ferrite

and 88% at the end of the transformation, in quali-
tative agreement with the microscopy results.

3.2. Results

The determined rotation j as a function of time
for three di�erent values of the applied ®eld is

given in Fig. 1(b). The transformation from auste-
nite to ferrite starts during cooling at t � 374 min

and T � 1000 K: The pearlite formation starts at

the beginning of the second temperature step (at
t � 679 min and T � 988 K), indicated by a gradual
increase in dj/dt. A sharp increase in the rotation

is observed at the third temperature step (at t �
1215 min and T � 983 K). For each data point in
Fig. 1(b) the ®eld dependence of the rotation angle
j is measured. For six stages during the transform-

ation, the ®eld-dependent rotation j of the polariz-
ation vector is given in Fig. 2. Since the variation in
j in a varying magnetic ®eld only depends on the

reduced magnetization m [equation (2)], these
graphs are representative for the magnetization
curves. It is obvious that the magnetic behavior

changes during the transformation. First, the
approach to saturation changes. At the beginning
and at the end of the transformation �t � 413 and
1590 min), j hardly changes with the ®eld at high

®eld values. This suggests that at these ®elds the
magnetic structure is close to magnetic saturation.
However, at intermediate transformation times

there is a strong ®eld dependence of j, even at the
highest ®eld applied. Secondly, all the curves show
magnetic hysteresis, with the coercive ®eld becom-

ing larger towards the end of the transformation.
In general, magnetic hysteresis can be caused by

(1) the interactions between the local magnetization

of a domain and the bulk magnetization, (2)
domain wall pinning at grain boundaries or other
inhomogeneities, (3) crystalline and shape aniso-
tropy, and (4) demagnetization ®elds [11, 12]. The

Table 1. Chemical compositions of the C60 and C35 steel samples. The C and S concentrations were measured using infrared absorption
spectrometry and the concentration of the other elements was determined by X-ray ¯uorescence

Material Elements (in wt%)
C Mn S Si P Cr Ni Cu Mo Sn

C60 0.66 0.69 0.03 0.30 0.01 0.19 0.09 0.17 0.02 0.01
C35 0.364 0.656 0.021 0.305 0.014 0.177 0.092 0.226 0.016 0.017

Fig. 1. The temperature pro®le (a) and the rotation of the
polarization vector j (b) for C60 steel as a function of
time at di�erent values of the applied magnetic ®eld H.
The vertical lines distinguish ®ve di�erent temperature

regions.
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relative importance of these e�ects is determined by
the temperature and the microstructure. The crys-

talline anisotropy varies with temperature, but is
relatively small at the temperature range of the pre-
sent neutron depolarization experiments [13], limit-

ing its in¯uence on the magnetization. The pro-
eutectoid ferrite grains formed at the beginning of
the phase transformation are assumed to be single

magnetic domains and because of the low fractions
(large average distance between grains), the mag-
netic interactions between separate domains or

grains are expected to be small. Therefore, shape
anisotropy, demagnetization ®elds, and possibly to
some extent pinning at the grain boundary will be
the main factors that determine the magnetic hys-

teresis in the ®rst stages of the phase transform-
ation. When pearlite forms, the pinning of domain
walls will play a more signi®cant role. Various stu-

dies [14±16] of the magnetic behavior of steel at
room temperature have shown that cementite plates
in pearlite can act as pinning sites, and in fact are

strong pinning sites when the domain wall lies par-
allel to the cementite plate. However, it is possible
(even energetically favorable) for domain walls to

cross the cementite plates perpendicularly. In that
case they will pin at changes in the lamella orien-
tation or at pearlite±ferrite boundaries.
A quantitative analysis of each measured magne-

tization curve yields the coercive ®eld as a function
of time, as given in Fig. 3(a). Four ranges can be

distinguished. The ®rst range is from the start of
the phase transformation to about t � 700 min,
where Hc138 A=m: At t � 700 min Hc slightly

increases and then remains constant at Hc143 A=m
until t � 1200 min: This increase in the coercive
®eld can be explained by the formation of pearlite,

which introduces pinning sites as explained above.
The increase in Hc coincides with an increase in the
rate at which the rotation j changes [Fig. 1(b)],

which also indicated the formation of pearlite.
Between t � 1200 and 1350 min Hc increases rapidly
from 43 to 86 A/m. This range roughly coincides
with the range in which the temperature was held

constant at 983 K, during which the rotation
strongly increases, suggesting that the rest of the
pearlite formation is taking place. Additional pin-

ning sites due to the increase in the fraction of pear-
lite, as well as an increased interaction between
magnetic domains due to a higher ferrite fraction,

result in this strong increase in Hc. After
t � 1350 min, during cooling to room temperature,
the coercive ®eld remains constant.

Since between t � 1200 and 1350 min the fraction
of pearlite clearly in¯uences Hc, it is unexpected
that between t � 700 and 1200 min Hc changes very
little. This might be understood in terms of the fol-

lowing considerations. Studies of the magnetic

Fig. 3. The coercive ®eld Hc (a) and the reduced magneti-
zation at the highest applied ®eld m�H � 1650 A=m� (b)
for C60 steel as a function of time, determined by ®tting

the magnetization curves with equation (7).

Fig. 2. The rotation of the polarization vector j for C60
steel as a function of the applied magnetic ®eld at di�erent
stages during the transformation. The data points are the
measurements while the solid lines are the results of the ®t

with equation (7).
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behavior of pearlitic steels at room temperature
[16±19] show that spheroidizing of cementite in

pearlite reduces Hc, while regularly spaced pearlite
with a small lamella spacing gives rise to a high Hc.
The ®nal microstructure of the sample after the ex-

periment shows regions in which the lamellae are
more or less regularly spaced, and other regions in
which the structure is not regular and clearly a

large degree of spheroidizing of the cementite has
taken place. The pearlite that contains spheroidized
cementite will have formed at the higher tempera-

ture, and due to its microstructure will have a smal-
ler in¯uence on Hc than pearlite formed at lower
temperatures with a regular lamellar structure. In
the case of the irregular pearlite structure, the pear-

lite±ferrite grain boundaries are less sharp, also lim-
iting the in¯uence of the formed pearlite on Hc.
From Fig. 2 it is clear that at the highest applied

magnetic ®eld the reduced magnetization is not con-
stant throughout the transformation. In order to
determine the ®eld-dependent reduced magnetiza-

tion m(H ) for each of the measured curves, it is
necessary to know the saturation rotation js, since
m�H � � j�H �=js: As mentioned before, the value

m(H ) is essential for the determination of the ferrite
fraction f and the mean grain radius d from the de-
polarization matrix measured at a magnetic ®eld H.
Therefore, we will determine js from the measured

magnetization curves j(H ).
In the literature di�erent approaches have been

suggested to describe the magnetization curve [11].

These approaches take into account one or more of
the e�ects on the magnetic hysteresis, such as the
in¯uence of anisotropy and the interaction between

single-domain grains [20]. For the present measure-
ments, the simple empirical equation for an anhys-
teretic magnetization curve derived by FroÈ lich [21]
and later by Kennelly [22] is used:

M �Ms=�1� b=Heff � �7�

where Ms is the saturation magnetization, which is

equal to the spontaneous magnetization, b is a con-
stant depending on the microstructure, and He� is
the e�ective magnetic ®eld inside the sample.
Hysteresis in the magnetization can be taken into

account by de®ning Heff � H2Hc, where H is the
applied magnetic ®eld outside the sample and Hc

the coercive ®eld, and the + or ÿ sign refers to a

decreasing or increasing applied magnetic ®eld, re-
spectively [23].
For the magnetization curves of Fig. 2, ®ts to the

experimental data have been performed with
equation (7) and the coercive ®eld Hc of Fig. 3(a).
As shown in Fig. 2, equation (7) can reasonably

well describe the measured magnetization curves
throughout the transformation. The reduced mag-
netization as a function of the applied magnetic
®eld m(H ) corresponds to

m�H � �M�H �=Ms � j�H �=js

� 1=f1� b=�H2Hc�g: �8�

The reduced magnetization at the highest applied
®eld m�H � 1650 A=m� has been deduced from the
®tting parameter b and is shown in Fig. 3(b). At the

beginning and at the end of the transformation
m�H � 1650 A=m� reaches a value of 0.96. Between
t � 700 and 1240 min m�H � 1650 A=m� decreases
to 0.64, indicating that when pearlite is being

formed it is increasingly di�cult to magnetically
saturate the sample. Between t � 1240 and
1420 min the transformation comes to completion

and the sample is ®lled with magnetic material,
causing m to recede to the value that was found at
the beginning of the transformation. Apparently, it

becomes easier to align the magnetization along the
applied magnetic ®eld at higher ferrite fractions due
to the interactions between the magnetic domains.

In principle, the ferrite fraction f can now be cal-
culated from equation (2) using the determined
m(H ) and the measured j(H ). Using the values of
m(H ) in Fig. 3(b), the ferrite fraction at the end of

the transformation amounts to only 71%, whereas
it is expected to reach an equilibrium value of 88%
according to calculations with MTDATA

1

, and in

qualitative agreement with microscopy. Apparently,
although equation (7) can qualitatively describe the
®eld dependence of the magnetization, it fails to

Fig. 4. The ferrite fraction f (a) and the mean grain radius
d (b) of C60 steel as a function of time for di�erent

applied magnetic ®elds.
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describe the observed approach to saturation at the
highest magnetic ®elds and underestimates the sat-

uration rotation of the polarization js. In order to
obtain the correct ®nal ferrite fraction, the reduced
magnetization m(H ) obtained from the ®tting pro-

cedure is reduced by a factor 0.80 throughout the
measurement. This adjusted value of m(H ) is
applied in the further analysis of the experiment. In

this procedure we have assumed that the actual
reduced magnetization shows the same relative vari-
ations as the calculated reduced magnetization

during all stages of the transformation.
The resulting ferrite fraction as a function of time

is shown in Fig. 4(a). At the onset of the pearlite
formation �t � 700 min� the pro-eutectoid ferrite

fraction is 3%, which is comparable with the pro-
eutectoid ferrite formed in a previous continuous
cooling experiment [2]. The ferrite fraction con-

tinues to increase until about t � 1350 min where it
levels o�, signaling the end of the phase transform-
ation.

The mean ferrite grain radius d is shown in Fig.
4(b) at di�erent values of the applied magnetic ®eld
as a function of time and in Fig. 5 as a function of

the applied magnetic ®eld for the same stages of the
transformation as in Fig. 2. These ®gures show that
before the onset of the pearlite formation and after
the completion of the transformation, there is a

relatively weak dependence of d on the applied

magnetic ®eld. These regions correspond to high
values for m�H � 1650 A=m�: However, in the inter-

mediate range, where the pearlite formation takes
place, there is a relatively strong ®eld dependence
of the mean grain size d. At high magnetic ®elds d
is twice as large as at low ®elds. Furthermore, a dis-
tinct peak in d occurs in Fig. 4(b) during the early
stages of the pearlite formation. The maximum of

the peak at t � 1000 min coincides with a ferrite
fraction of 16%, and its height is distinctly ®eld
dependent. The mean grain radius of pro-eutectoid

ferrite just before the onset of the pearlite formation
reached 7 mm, while at the end of the transform-
ation d drops to about 5 mm.
The origin of the ®eld dependence of the mean

grain radius d is most likely the presence of multi-
domain grains in combination with variations in the
e�ective thickness of the sample. In an applied mag-

netic ®eld, the domain walls move when the applied
magnetic ®eld varies. The domain walls never com-
pletely disappear, because the applied magnetic ®eld

is not su�ciently large to obtain single-domain fer-
rite grains. Why this e�ect only takes place during
the early stages of the pearlite formation, and not

towards the end, is not clear. It is possible that in
the ®nal stages of the transformation, the high pear-
lite fraction and the decrease in the interlamellar
spacing in the pearlite introduce a signi®cant

increase in the density of domain wall pinning sites,
which halts the domain wall movement. This is con-
sistent with the observed increase in Hc.

Figure 4(b) shows that during the formation of
pro-eutectoid ferrite and during the early stages of
the pearlite formation �tR750 min), the mean grain

radius increases almost linearly with time at a rate
of 1 mm/h �13 �A=s). A comparison of the ferrite
fraction with the mean grain volume, calculated
from the mean grain radius, shows that the ferrite

grain density during these stages of the transform-
ation amounts to 2� 1013=m3: This means that,
assuming an austenite grain diameter of 50 mm, on

average two ferrite grains form per austenite grain,
which is comparable with the results presented by
van Leeuwen et al. [24] for low-carbon steels at low

cooling rates.

4. CONTINUOUS COOLING EXPERIMENTS ON C35
STEEL

4.1. Experiment

We have also performed neutron depolarization
experiments on the phase transformation in C35

steel during continuous cooling. The composition of
the C35 steel sample, as determined by infrared
absorption spectrometry and X-ray ¯uorescence, is

given in Table 1. The equilibrium transformation
temperatures for the composition of the C35 steel
were evaluated with MTDATA

1

and amount to
A3 � 1055 K for the austenite±ferrite transform-

Fig. 5. The mean grain radius d of C60 steel as a function
of the applied ®eld at di�erent stages during the trans-

formation.
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ation, A�1 � 994 K and Aÿ1 � 965 K for the pearlite
formation.

The applied magnetic ®eld H was varied between
825 and ÿ825 A=m: The varying magnetic ®eld was
applied as a ``saw-toothed'' function with a period

of 1 s, which was divided into 50 time channels, in
order to measure the depolarization matrix for 50
di�erent magnetic ®eld values. The measurement

lasted 60 s for each element of the depolarization
matrix. The ring-shaped sample was polished to a
thickness of 0.30 mm, heated to a temperature of

1148 K and annealed for 90 min. After this anneal-
ing in the single-phase g region, the samples were
cooled at a constant rate of 9.7 K/h.
After completing the experiment and cooling to

room temperature, a micrograph of the ®nal micro-
structure of the sample was made, which showed
that both the pro-eutectoid ferrite and the pearlite

have formed in bands, oriented along the rolling
direction. This texture is the result of an inhomo-
geneous distribution of Mn, created during hot roll-

ing. In the experiment the transmission direction of
the neutron beam is oriented along the rolling
bands. A quantitative image analysis of the micro-

graph reveals that the fraction of pro-eutectoid fer-
rite is 42%, while the total fraction of ferrite is
93%. The mean ferrite radius of pro-eutectoid fer-
rite is 12.9 mm, while that of the pearlite regions is

13.6 mm. The average distance between the rolling
bands is 29 mm.

4.2. Results and discussion

The A3-temperature of the C35 steel is 1055 K

according to the MTDATA
1

calculations, which is
about 10 K higher than TC. This means that during
a relatively slow cooling experiment, the transform-

ation from austenite to ferrite could start above TC.
Therefore, upon reaching TC, below which neutron
depolarization becomes sensitive to the formation

of ferrite, part of the transformation could already

have taken place. If this is the case, the rotation of
the polarization vector j will rapidly increase just

below TC to a value proportional to m0Ms and the
formed ferrite fraction.
The rotation determined from the depolarization

matrix at the highest magnetic ®eld is shown in Fig.
6. The rotation becomes non-zero at TC �� 1043 K),
but does not show a rapid increase, indicating that

only a small ferrite fraction has formed above TC.
At T � 970 K the formation of pearlite starts, indi-
cated by a rapid increase in the rotation during the

transformation of austenite to pearlite. The ®eld-
dependent rotation j is given in Fig. 7 for six
di�erent temperatures during the experiment. Each
curve represents a full hysteresis loop for the mag-

netization. We have applied the same quantitative
analysis of the measured magnetization curves as
was used for the experiments on C60 steel (see

Section 3).
First, the coercive ®eld Hc was determined. As

shown in Fig. 8(a), the coercive ®eld increases

gradually in value with increasing pro-eutectoid fer-
rite fraction during cooling. During the formation
of pearlite Hc increases rapidly from 40 to 135 A/m.

The coercive ®eld during the formation of pro-
eutectoid ferrite is similar in value to the coercive
®eld determined for C60 steel. However, the coer-
cive ®eld at the end of the pearlite formation is

Fig. 7. The rotation of the polarization vector j as a func-
tion of the applied ®eld at di�erent stages during the
transformation of C35 steel. The data points give the
measurements, while the solid lines are the results of the

®t with equation (7).

Fig. 6. The rotation of the polarization vector j as a func-
tion of temperature during continuous cooling of C35
steel at the maximum applied magnetic ®eld of

H � 825 A=m:
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higher than for C60 steel. Generally, Hc increases
with the fraction of pearlite [14], and therefore it

would be expected that C60 steel has a higher Hc

than C35 steel. However, the micrographs of the
fully transformed samples reveal that in the C60

sample partial spheroidizing of cementite has taken
place, and that the pearlite lamella spacing is larger
than for C35. Since pinning of the domain walls by

the cementite lamellae is one of the main causes of
coercivity, the di�erence in the pearlite microstruc-
tures between the samples is at the origin of the

di�erence in Hc at the end of the transformation.
Further quantitative analysis of each measured

magnetization curve consisted of ®tting the curves
to the ®eld-dependent magnetization [21, 22] given

by equation (7). With these ®ts (see Fig. 7), the
reduced magnetization m�H � 825 A=m� was deter-
mined, which is given as a function of temperature

in Fig. 8(b). The value of the reduced magnetization
at the highest applied magnetic ®eld m�H �
825 A=m� decreases with increasing pro-eutectoid

fraction and decreasing temperature. At the start of
the pearlite transformation m shows a sizable re-
duction. In contrast to the experiment on C60 steel,

the transformation of austenite to pearlite takes
place during the measurement of only a few de-
polarization matrices. Because the sample is rapidly
changing during the measurement of these matrices,

there is limited accuracy in the parameters derived
in this range of the experiment. The minimum in m

during the pearlite formation in the experiment on
C60 is not observed for C35. The value of m�H �
825 A=m� at the end of the experiment on C35 is

smaller than the value of m�H � 1650 A=m� found
for C60, which is partially due to the lower maxi-
mum applied magnetic ®eld during the C35 exper-

iment. However, it could also be the result of the
di�erence in the pearlite microstructures in both
samples. If the ®tted values of m(H ) are used to

calculate the ferrite fraction, the fraction at the end
of the transformation is too small (79%), while
quantitative microscopy on the sample shows that a
fraction of 93% is reached. To get the correct ®nal

ferrite fraction, the same procedure as used for C60
is performed and the ®tted values of m(H ) are mul-
tiplied with a factor 0.85.

The ferrite fraction is given in Fig. 9(a) and
shows an increase at a constant rate until the trans-
formation to pearlite starts. At the onset of the

pearlite formation a pro-eutectoid ferrite fraction of
16% is reached, which is considerably smaller than
the fractions determined by microscopy (42%), and

predicted by MTDATA
1

(47%). The mean grain
radius determined at H � 825 A=m is shown in Fig.
9(b) and indicates that the growth rate starts to
decrease as the transformation progresses. The

mean grain radius reaches a value of 20 mm before

Fig. 9. The ferrite fraction f (a) and the mean grain radius
d (b) as a function of temperature during continuous cool-
ing of C35 steel at the maximum applied magnetic ®eld of

H � 825 A=m:

Fig. 8. The coercive magnetic ®eld Hc (a) and the reduced
magnetization at the highest applied magnetic ®eld
m�H � 825 A=m� (b) for C35 steel as a function of tem-
perature, determined by ®tting the magnetization curves

with equation (7).

1112 TE VELTHUIS et al.: FORMATION OF FERRITE AND PEARLITE



the onset of the pearlite formation, which is larger
than the value found by microscopy (12.9 mm). As

before, the early stages of the pearlite formation co-
incide with a peak in d. After the peak, d drops to
7 mm.

The mean grain radius as a function of the
applied magnetic ®eld is given in Fig. 10. During
the ®rst �T � 1025 K� and ®nal �TR967 K� stages of
the experiment, there is little or no ®eld dependence
of the mean grain radius. However, starting at
T11018 K and persisting until the end of the pear-

lite formation, there is a signi®cant ®eld depen-
dence, which is most pronounced during the peak
in d at T � 970 K: In the analysis of C60 it was
observed that this ®eld dependence coincided with

the formation of pearlite, but in this experiment the
®eld dependence starts around 1018 K, while the
pearlite formation only starts after cooling below

970 K. For both steels the ®eld dependence of d is
observed when the mean grain radius at the highest
applied ®eld is 810 mm. These results suggest that in

ferrite grains of this magnitude multiple magnetic
domains can form when the applied ®eld is not
large enough to form single domain particles. The

variation in the grain radius d with applied mag-
netic ®eld is then the result of the movement of the
domain walls within these grains, in combination
with variations in the e�ective thickness of the

sample, as was suggested earlier for the experiments
on C60.

5. CONCLUSIONS

We have performed neutron depolarization exper-
iments on the ferrite formation in the medium-car-
bon steels C60 and C35 in a varying applied

magnetic ®eld. The continuous measurements of the
hysteresis curves of the magnetization give essential
information on the microstructure of the ferromag-

netic ferrite grains. During the austenite±ferrite
phase transformation the coercive magnetic ®eld Hc

and the reduced magnetization m do not signi®-
cantly change. The start of the pearlite formation is

indicated by a strong increase of Hc and a decrease
of m. The increase in Hc signals a pinning of mag-
netic domain walls in the pearlite phase, which is

sensitive to the pearlite microstructure, while the
decrease in m indicates multi-domain behavior in
the pearlite colonies. When the pearlite formation is

complete, Hc saturates at a constant value, while m
strongly varies at the transformation and assumes a
relatively high value at the end of the pearlite for-

mation. Using the relative variation of m during the
transformation, the ferrite fraction and the mean
particle size were evaluated. The ®eld dependence of
the mean particle size during the pearlite formation

is a strong indication of multi-domain behavior,
which is weak in the austenite±ferrite transform-
ation and at the end of the pearlite formation.
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