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In this paper, structures and related mechanical properties of some tool steels subjected
to quench-cooling in a magnetic fluid with a different concentration of the magnetic phase
under a steady magnetic field of different intensity are studied. The goal of the research
is to find out how the cooling modes of steel samples, found in previously published
papers, in a magnetic fluid subject to magnetic fields of varying intensity affect the steel
structure. The possibility of controlled quenching in a magnetic fluid is determined by
the dependence of the cooling intensity on the fluid composition, on the magnitude and
degree of the magnetic field uniformity near the cooled surface. Varying cooling intensity
determines different mechanisms of phase transformations in steel in the quenching process. The possibility to obtain a significant variety of structural components in quenched
steel samples has been experimentally proved. For the quenching process, only one magnetic fluid was used which varied the intensity of the applied external magnetic field. It
is known that traditional quenching allows obtaining different structural components in
hardening steels only by complex selection of different quenching media.

Introduction. In [1–6] it was shown that magnetic fluids (MF) can be used
as a cooling and quenching medium in the process of intensive cooling of steels
heated to high temperatures. The ability to control the cooling intensity during
quenching in MFs is due to the significant influence of the magnetic field on heat
and mass transfer phenomena during fluid boiling [2]. As it will be shown further
for certain sizes of quenched samples exposed to magnetic fields of different intensities, due to the intensification of heat dissipation by the magnetic field, it is
possible to obtain diffusion-free (marten-screen), diffusion (pearlitic) transformations during quench-cooling and also the intermediate (bainitic) transformation.
1. Materials and methods. When selecting steel for experiments on
quenching in magnetic fluids, an aim was to find a steel for which the range of
cooling rate changes in a magnetic fluid provided by the application of a magnetic
field, would cover the area characterized by both perlite-diffusion and martensiticdiffusion-free transformation of super-cooled austenite. As a result, it was possible
to evaluate the structural sensitivity of the cooling effects in a magnetic fluid under
the imposed magnetic field. This was achieved by selecting steels characterized by
the varying degrees of super-cooled austenite stability and, hence, by different values of the critical quenching rate (cooling rate), providing only the non-diffusion
austenite transformation – the high-temperature phase of steel [7].
We investigated pre-eutectoid steel st 50 and eutectoid steel U8. For certain
reasons, cylinder-shaped samples were chosen with a diameter of 10 mm and a
height of 35 mm. On the one hand, it was possible to compare the results of the
cooling in MF in a magnetic field with those obtained in [1–3] and with the data
on steel quenching in an MF exposed to a magnetic field of different intensity. On
the other hand, a steel sample must be small to achieve critical quenching rates in
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Table 1. Heating temperatures of different steels.
Type

steel st 50
steel U8

Heating temperature
for quenching
880
820

Temperature of steels’
critical points [8, 9], ◦ C
Ac1
Ac3
725
720

760
740

a weakly cooled medium. Finally, the previously revealed cooling heterogeneity of
different sections of the surface of a small cylindrical sample [2–5] cannot lead to
significant structure and heterogeneity properties of the whole sample.
The samples for quenching were installed on a non-magnetic guide rod. The
samples were heated in a tubular electric furnace with a 10-minute exposure to
complete the transformations. Heating temperatures of different steels were selected in accordance with Table 1 [8, 9], where the temperatures of the critical points
are listed. The samples were cooled by their rapid vertical immersion in the center
of the MF volume that filled the non-magnetic cylindrical container located at
the poles of the electromagnet. The sample hardness determined its mechanical
properties. Measurements were made by a Rockwell instrument on the C scale in
three sections: central and two extreme, located at 3 to 5 mm from the ends. The
measuring step on the counter was 1 mm. The counter readings were sampled by
a potentiometer KSP-4. X-ray diffraction was performed according to the method
described in [10].
2. Results and discussion.
2.1. Hardness and structure of pre-eutectoid steel after quenching in magnetic fluid.
A magnetic fluid with he volume magnetic phase concentration
0.0023 ≤ ϕm ≤ 0.0374 gave the best results as a quenching medium. This is determined by the favorable combination the magnetic and thermo-physical properties which affect the duration and intensity of the film and bubble cooling regimes.
For an MF with ϕm > 0.0374, the cooling in the film boiling regime extends to
the temperatures of martensitic transformation. Martensitic transformation for
the selected steel samples starts at a temperature about 300◦ C. The formation
of stratified particles of the magnetic phase noticeably increases on the samples
surface. Then the cooling capacity of the concentrated MF sharply reduces. A
magnetic fluid with ϕm < 0.0023 loses most of its magnetic properties, and the
magnetic field effect on the cooling processes becomes weak. At the same time,
despite of the significant MF dilution by a carrier fluid, a large enough amount
of the remaining surfactant produces a low cooling capacity if compared with the
carrier fluid itself. The low cooling capacity and the weak effect of the magnetic
field on the cooling intensity in the MFs with ϕm < 0.0023 and ϕm > 0.0374 do
not allow to quench steel effectively and to achieve high hardness in the quenched
samples. Fig. 1 shows the hardness of the steel st 50 samples quenched in an MF
with a different volume concentration of the magnetic phase in magnetic fields.
The magnetic field application results in a substantial increase in hardness
of the samples. Noticeable jump-like changes occurred already under a relatively
weak magnetic field when quenching took place in the MF with ϕm = 0.0294.
However, we connected the points in the graphs in Fig. 1 by lines because of
the continuous variation of the cooling process rate in the magnetic fluid. The
absence of intermediate-bainitic transformation in both steels (st 50 and U 8) is
the reason of the jump-like change of the samples hardness with the continuous
change in cooling rate [7]. Significant changes in samples’ hardness during the
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Fig. 1.

Hardness of steel st 50 samples as a function of the applied magnetic field
when quenched in magnetic fluid with a volume concentration of the magnetic phase: 1
– ϕ = 0.0229; 2 – ϕ = 0.0159; 3 – ϕ = 0.0023.
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Fig. 2.

Microstructures of steel st 50 samples after quenching in MF (ϕ = 0.0294) at
different intensity of the magnetic field B, [T]: (a) – 0; (b) – 0.0140; (c) – 0.0220; (d) –
0.0370; (e) – 0.0525.

quenching in the MF with ϕm = 0.0023 appeared in a strong magnetic field. The
hardness maximum versus the magnitude of the applied magnetic field is due to
the maximum of the cooling intensity in the martensitic transformation (∼300◦C)
temperature range in the applied magnetic field. Fig. 2 shows microstructures of
the steel st 50 samples quenched in a magnetic fluid with ϕm = 0.0294.
The structure of the quenching samples in the magnetic field absence (Fig. 2a)
consists of approximately equal parts of diffusion and non-diffusion conversion.
Bright areas in the photo represent martensite with clear martensitic needles.
Dark areas represent troostite. The measurements of the samples hardness have
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Fig. 3. Microstructures of steel st 50 samples after quenching in MF (ϕ = 0.0159) at
different intensity of the magnetic field B, [T]: (a) – 0; (b) – 0.0220; (c) – 0.0370; (d) –
0.0525; (e) – 0.0680; (f ) – 0.0980.
confirmed the visible structures. The 40 HRC hardness corresponds to the semimartensitic zone of a standard end steel sample with 0.5% carbon [11]. Fig. 2b
displays the microstructure of a steel st 50 sample obtained by quenching in a
weak magnetic field. The troostite structure in the photo has dark areas with
large-angle boundaries. The martensite structure has an acicular shape against
the light background. Even in a weak magnetic field, the cooling rate for the
investigated samples was close to critical, which indicates the domination of the
non-diffusion transformation of super-cooled austenite. The further increase of the
magnetic field no longer leads to significant changes in sample’s structure. The
needle-shaped dark inclusions characterize morphological signs of martensite in a
steel st 50 sample obtained at quenching in the 0.0220 T magnetic field (Fig. 2c).
However, separate troostite areas can still be observed there.
The steel st 50 samples quenched in magnetic fields of 0.0370 T and 0.0525 T
in both cases demonstrated the martensite structure in the form of needle-shaped
dark inclusions (Figs. 2c,d). However, as the magnetic field increases, the dark
inclusions enlarge, which is a feature of the tempering process. Apparently, this
gives evidence of the maximum influence of the magnetic field on the intensity of
the cooling process in a magnetic fluid at the martensitic transformation temperature. The decrease in cooling rate with increasing applied magnetic field leads to
a possibility of low-temperature tempering process development. The phase transformations for steel st 50 are similar to the quenching in the MF with ϕm = 0.0294
and with ϕm = 0.0159. A comparative analysis of the hardness and structure of
the steel st 50 samples after quenching in the MF with ϕm = 0.0159 without a
magnetic field showed that there are products of diffusion and non-diffusion transformation (Fig. 3a). For the 40 HRC hardness steel with ∼0.5% carbon, there
are ∼50% troostite and ∼0% martensite in its volume. In the photo, the bright
areas with needle-shaped inclusions are martensite, the dark areas are troostitis.
It is possible to smoothly control the composition of the phases in the quenching
samples exposed to the magnetic field in the MF with ϕm = 0.0159. Figs. 3b,c
illustrate the microstructures of a steel st 50 sample after quenching in magnetic
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fields of 0.0220 T and 0.0370 T, respectively. The martensite in the photo looks like
dark needle-shaped formations against the light background. The dark formations
with large-angle boundaries are troostite. Troostite formations were practically
absent in the same magnetic field (0.0370 T) if the steel was being quenched in
the MF with ϕm = 0.0294. Diffusion transformation in the structure disappeared
upon the further increase of the magnetic field during quenching in the MF with
ϕm = 0.0159. To prove this, Fig. 3d displays the microstructure of a steel st 50
sample after quenching in a magnetic field of 0.0525 T. The steel has a martensite
structure. The effects of the tempering processes can be found in the samples
quenched in a magnetic fluid with ϕm = 0.0159 in a magnetic field stronger than
0.0525 T. The photos in Figs. 3d,e show the microstructures of the steel st 50
sample after quenching in magnetic fields of 0.0680 and 0.980 T, respectively. The
needle-like formations are enlarged. A decrease in volume fraction of the magnetic
phase in the magnetic fluid leads to smoother control of the phase composition in
the steel because of quenching.
However, the magnitude of the applied magnetic field needed to control the
process increases substantially. Fig. 4a shows the microstructure of a steel st 50
sample quenched in a magnetic fluid with ϕm = 0.0023 in the absence of a magnetic
field. When being quenched in the MF with ϕm =0.0294 andϕm = 0.0154 in the
absence of a magnetic field, the hardness of the samples corresponds to a halfmartensitic zone (40 HRC). There are ∼50% martensite and ∼50% troostite in its
structure. In the pictures, these areas are visible, respectively, as light areas with
needle-shaped formations and more and less etched dark areas. The latter is due
to the fine-dispersed and coarse-dispersed phases in the structure.
The superposition of the magnetic field leads to a stepwise decrease in volume
of the troostite inclusions in the steel sample structure. Figs. 4b–d demonstrate
the microstructures of the steel st 50 samples quenched in a magnetic fluid with
ϕm = 0.0023 subject to the magnetic field. As one can see from the photos, if the
magnetic field increases, the volume of dark spots with large-angle boundaries of
the well-etched fine-phase troostite decreases.

(a)

(b)

(d)

(c)

(e)

Fig. 4.

Microstructures of steel st 50 after quenching in MF (ϕm = 0.0023) at different
intensity of the magnetic field B, [T]: a – 0; b – 0.0980; c – 0.1930; d – 0.2310; e – 0.2460.
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Fig. 5.

Graphical presentation of the hardness of steel U8 samples vs. the applied
magnetic field upon quenching in MF with a volume fraction of the magnetic phase ϕ: 1
– 0.0229; 2 – 0.0159; 3 – 0.0023.

2.2. Hardening of eutectoid and low-alloy steels in magnetic fluids. As the
carbon content of steel increases, the critical quenching rate decreases, however,
the ultimate hardness of quenching samples increases. Despite of the lower critical
rate of the quenching of U8 steel in contrast to steel st 50, the hardness of the U8
steel samples quenched in a magnetic fluid in the absence of a field turned out
to be smaller than the hardness of the steel st 50 samples treated under similar
conditions. Fig. 5 illustrates the results of the hardness measurements of the steel
U8 samples quenched in a magnetic fluid with 0.0023 ≤ ϕm ≤ 0.0374 in a magnetic
field of different intensity. The hardness of the samples did not exceed 30 HRC
when hardening in the most concentrated MF in the absence of the magnetic field.
It should be noted that the hardness of the steel st 50 samples was 40 HRC under
similar conditions. This can be explained by the difference in heating temperatures
at which these steel were quenched. With increasing heating temperature, the
initial temperature difference between the sample and the cooling fluid increased.
This led to a more intensive cooling of the sample in the high-temperature region
[7]. Due to the lower heating temperature for U8 steel quenching, the cooling of the
samples in the temperature range of the perlite transformation was slower, which
contributed to the diffusion processes in the steel. In the figure, the bright areas,
where the equilibrium structure (perlite) were formed, are clearly visible. Thin
plates of cementite are visible against the light background of ferrite. However,
in a large volume the finely dispersed perlite-like phases – sorbitol and troostite –
can be observed in the structure. They look like less (slightly etched) and much
darker (heavily etched) areas.
Being quenched in a concentrated magnetic fluid (ϕm = 0.0294), the diffusionfree conversion dominates even under a weak magnetic field. In Fig. 6b, the microstructure of the U8 steel sample after quenching in a magnetic field of 0.0220 T
exhibits rare dark spots of troostite. Martensite is the fine-grained basic structure. When quenched in a magnetic field of 0.0370 T, as follows from the photo
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Fig. 6.

Microstructures of steel U8 after quenching in MF (ϕm = 0.0294) at different
intensity of the magnetic field B, [T]: a – 0; b – 0.0220; c – 0.0370; d – 0.0525.
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Fig. 7.

Microstructures of steel U8 after quenching in MF (ϕm = 0.0159) at different
intensity of the magnetic field B, [T]: a – 0; b – 0.0220; c – 0.0370; d– 0.0525; e – 0.0680;
f – 0.0980; g – 0.1250.
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in Fig. 6c, troostite inclusions are no longer detected. When hardening the steel
U8 sample, the maximum influence of the field is more pronounced. Fig. 6d shows
the microstructure of the steel U8 sample after quenching in a magnetic field of
0.0525 T. Troostite inclusions are like dark spots with large-angle boundaries that
reappear and occupy a significant relative volume in the structure. Similar to the
steel st 50 sample quenching with a decrease in volume fraction of the magnetic
phase in the MF, the magnetic field allows to more and more smoothly control the
progress of phase transformations in steel upon cooling.
Figs. 7a–g show the microstructures of the U8 steel samples obtained after
quenching in an MF with ϕm = 0.0159 in magnetic fields of different intensities.
After quenching without the magnetic field (Fig. 7a), the samples have a troostomartensite structure: the photograph shows the alternation of the dark troostite
and light martensitic regions. The needle-like martensite structure is not visible
due to the small size of the grains. If the magnetic field increases to 0.0525 T,
the troostite inclusions are still detectable. Figs. 7b–d show the changes in microstructure of the steel U8 samples obtained at quenching in fields of 0.0220, 0.0370
and 0.0525 T, respectively. As before, the well-etched dark areas are troostite, the
light background with a weakly visible acicular structure is martensite. When a
sample was quenched in a magnetic field of 0.0680 T, troostite was not found in the
structures (Fig. 7e). However, the enlarged needles as characteristic structures of
martensite are clearly visible. With further increasing magnetic field, the diffusion
processes occurred again, and the troostite areas appeared in the structure (Figs.
7e,f ). When hardening a steel U8 sample in the least concentrated magnetic fluid
in fields up to 0.2 T, the cooling rate turned out to be lower than the critical one
for the given sample of steel, which does not allow obtaining structures free of
austenite decomposition products.
Fig. 8a displays the microstructure of a steel U8 sample obtained as a result
of quenching in a magnetic fluid with ϕm =0.0023 in the absence of a magnetic
field. Martensite is visible as light areas, but sorbitol and troostite are visible in
differently etched areas. In some places, the formed areas of perlite are visible,

(a)

(b)

(c)

(d)

Fig. 8.
Microstructures of steel U8 after quenching MF (ϕm = 0.0023) at different
intensity of the magnetic field B, [T]: a – 0; b – 0.0980; c – 0.1930; d – 0.2130.
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Fig. 9.

The plot of the intensity J of the austenite line (002) in X-ray diffraction
patterns from the applied magnetic field in steel U8 samples quenched in a magnetic
fluid with ϕ: ◦ – 0.0294; ∆ – 0.0159; ∗ – 0.0023. The straight line is the intensity level
of the austenite line (002) for samples quenched in water.

against the light background of the perlite parallel plates of cementite. Such variety
of phases in the structure is also characteristic of samples quenched in a field of
0.0980 T (see Fig. 8b). The following decrease in products’ volume of the pearlite
transformation – sorbitol and troostite, as follows from the microstructures of steel
shown in Figs. 8c,d, occurs in the fields 0.1930 and 0.2130 T, respectively. The
performed x-ray diffraction analysis detected changes of the quantitative content
of residual austenite in the steel U8 samples which were quenched in a magnetic
fluid with a different content of the magnetic phase in magnetic fields of varying
intensity.
Fig. 9 illustrates the dependence of the intensity of the (002) austenite lines
on the applied magnetic field. The straight line (002) is the intensity level of
austenite for samples quenched in water. Curve 1 corresponds to the intensity of
the austenite line (002) for samples quenched in an MF with ϕm = 0.0294. Curve
2 characterizes the changes of the intensity of the austenite line (002) for samples
quenched in an MF with ϕm = 0.0159. The behavior of curve 3 corresponds to
intensity changes of the (002) lines of austenite of the samples quenched in a fluid
with ϕm = 0.0023. Curve 4 corresponds to the intensity level of the austenite
line (002) in the samples quenched in water with an initial temperature of 240◦ C.
The run of the curves in Fig. 9 confirms that by imposing a magnetic field it is
possible to control the amount of residual austenite in steels during quenching in
a magnetic fluid.
On the one hand, the process is more intensive than in water, cooling occurs in the temperature range of the martensitic transformation. Another possible
mechanism to increase the amount of residual austenite in steel can be the corresponding redistribution of phase stresses due to the non-uniform cooling, which
makes it difficult to shift the atomic planes during the martensitic transformation
period.
Conclusions. Based on the results of the study of thermohydrodynamic
phenomena during cooling of steels in a magnetic fluid, the possibility allowing to
obtain an almost unlimited variety of different structures in quenched steel samples
has been proved. This possibility, as it was shown in previously published papers
[2-5], is due to the influence of the magnetic field on the process of sample cooling
in a magnetic fluid.
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It was experimentally found that by imposing a magnetic field on all magnetic fluids with different concentrations of magnetic particles it was possible to
control the structural transformations in the quenching samples. The period of
such influence is so wide that in one fluid we can obtain structural components of
both non-diffusive (martersitic) and diffusion-free (pearlite) transformations.
It should be emphasized that using the traditional quenching technology to
obtain those various steel structures, discussed in this paper, as a result of quenching would require an equally large variety of quenching media which are difficult
to produce. As shown above, in a magnetic fluid, various structures are achievable when the magnetic field is imposed, which affects the cooling intensity of the
quenching samples only in one volume of the quenching medium. If supply our
obtained results with the earlier published results on the study of cooling local
non-uniformity in magnetic fluid, which makes it possible to control the distribution of the current and residual stresses in a quenching metal piece, then it can be
stated that the magnetic fluid is a very promising controlled quenching medium,
and the study of heat transfer and gas hydrodynamics in the processes of solids’
cooling in magnetic fluids is an urgent problem of the thermophysics of liquid,
magnetizable, nanodispersed media.
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