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Comparison of the Characteristics of Nanocrystalline Ferrite
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Nanocrystalline ferrite formation by ball milling in Fe—0.89C steels with initial pearlite and spheroidite microstructures and their annealing
behaviors have been studied through microstructural observation and microhardness measurement. It was found that nanocrystalline ferrite
first forms near the surface of powders due to localized severe deformation. The microhardness of nanocrystalline ferrite regions is much
higher than that of work-hardening regions. The dissolution of cementite was observed together with the nanocrystallization of ferrite. The
nanocrystallization rate of pearlite powder is faster than that of spheroidite powder due to higher work-hardening rate and smaller cementite
size. After long time ball milling, the equiaxed nanocrystalline ferrite with less than 10 nm grain size forms in the whole powders of both pearlite
and spheroidite structures, and the cementite dissolves completely. By annealing the milled pearlite and spheroidite powders, recrystallization
was observed in the work-hardening regions, while continuous grain growth was observed in the nanocrystalline ferrite region. After annealing,
microhardness of the former nanocrystalline ferrite region is always higher than that of the former work-hardening region when compared at
the same annealing condition. The grain growth rate of nanocrystalline ferrite produced from pearlite structure is lower than that of spheroidite
structure due to the finer grains.
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1. Introduction nanocrystallization in steels with pearlite and spheroidite
microstructure by ball milling will give a useful informa-
Mechanical properties of engineering materials can be intion to understand the influence of microstructure factors on
proved by refining their microstructures. Various severe plasranocrystallization.
tic deformation processes, such as cold rolfifequal chan- The thermal stability of nanocrystal is another important
nel angular pressing? torsion straining under high pres- issue and has been studied by several researeAérs:;27-29
sure>9 and ball milling/~® were developed to synthesizelt was found that grain growth rate of nanocrystalline ferrite
ultra-fine grained materials. Among these, ball milling is thés much lower than that of conventional coarse grained fer-
most effective method to refine the grains down to 10 nm faite. Lower atom jump frequency or higher activation energy
most of metals, alloys and intermetallit33 for diffusion in nanocrystalline ferrite was considered to be
To improve mechanical properties, microstructure refingesponsible to this phenomenon. The pinning effect which
ment has been studied extensively in steels. Recently, thetards the grain boundary migration was also proposed to
formation of nanocrystalline ferrite in Fe—C alloys (includingexplain the slow grain growth rate of nanocrystalline mate-
pure iron) by ball milling has been reportéd.*19Various  rials?%3% However the mechanism of slow grain growth in
mechanisms of nanocrystallization have been proposed hgnocrystalline materials is still unclear.
many researchers according to their experimental results. Itin the present study, the formation process of nanocrys-
has been generally understood that ball milling gradually realline ferrite by ball milling in Fe—0.89C steels with pearlite
fine the grain size to the final nanocrystalline structure. Howand spheroidite microstructures was compared in detail. The
ever, our previous worké 1-1%revealed that nanocrystalliza- thermal stability of nanocrystalline ferrite was studied by an-
tion in steels by ball milling is not a gradual process, but thereealing the ball-milled powders. Special attention was paid to
is a sharp transition from work-hardening state to nanocry$ind the influence of microstructure on the nanocrystallization
talline state. process.
Pearlite steel with fine lamellar structure has high strength
and excellent drawability. High strength wires used for tir€. Experimental Procedures
cord, springs, wire rope and suspension cable were produced
by heavy drawing. The presence of nanoscale fibrous fer- The material used in the present study was a steel (0.887C,
rite in the pearlite steel wire is thought to contribute to th®.25Si, 0.50Mn, 0.005P, 0.0044S, 0.036Al, 0.0048N,
high strengtt® Cementite dissolution during wire drawing 0.003Ni, 0.30Cr and 0.003Ti at mass%) with pearlite mi-
is an attractive topic and studied by many researcHef®. crostructure. To obtain spheroidite structure, specimens were
The nanocrystallization of pearlite and spheroidite steels héisst austenitized at 1173 K for 3.6 ks followed by oil quench-
been investigated by ball milling:?®) The comparison of ing to obtain martensite. Spheroidising treatment was sub-
sequently carried out at 983K for 79.2ks. The chips with

thickness of less than 1 mm and a length of several mm
*Doing this research work in the Department of Production Systems Eng?i 9
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Fig. 1 Microstructure evolution of ((a), (c), (e)) pearlite and ((b), (d), (f)) spheroidite powders with ball milling for (a), (b) 360ks;
(c), (d) 720 ks and (e), (f) 1800 ks.

were cut from the specimens with pearlite and spheroidit®¢ Results
microstructure, respectively. These chips were loaded into
a stainless vial with steel balls (SUJ2) and ball milled undera1 Microstructure and microhardness evolution along
pure Ar atmosphere using a conventional horizontal ball mill. ball milling time
The weight ratio of ball to powder was 10@ and the milling 3.1.1 Microstructure evolution
time was up to 1800ks. Part of the milled powders were Figure 1 shows the microstructural evolution of pearlite and
sealed in quartz tubes with pure Ar protective atmosphere aggheroidite powders with milling time. After ball milled for
annealed at different temperature for 3.6ks. The as-mille350 ks, two types of microstructures appeared in both pearlite
and annealed powders were subjected to structural obserg@d spheroidite powders (Figs. 1(a), (b)). One is a uniform
tions by scanning electron microscope (SEM, JEOL JSMstructure observed near the surface of powders (the left hand
6300) and scanning probe microscope (SPM, SHIMADZ$ide of each picture), which does not show any distinguish-
SPM-9500 J2) after etching with 3% Nital. Transmissiorable details after etching with Nital. Cementite is hard to be
electron microscopic (TEM) observations were carried ousbserved in this region by SEM. This structure was found
on a Hitachi H-800 microscope working at 200KV. High-to be nanocrystalline ferrite by TEM observation as would
resolution electron microscopic (HREM) observations werpe mentioned below. Another is a work-hardening structure
performed on JEOL JEM-2010 working at 200KV. Mi-in the interior of the powders (the right hand side of each pic-
crohardness measurement was carried out using a MVK-Gdre),i.e. deformed pearlite structure (Fig. 1(a)) and deformed
Vickers hardness tester. ferrite grains with spherical cementite (Fig. 1(b)). With in-
creasing milling time to 720 ks, the size of pearlite powder be-
comes finer (less than 20n). The microstructures of all the
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powders become uniform structure (nanocrystalline ferritegpheroidite powder milled for 360 ks. High density of dislo-
irrespective of their size (Fig. 1(c)). The size of spheroiditeations was also observed in the deformed ferrite grains.
powder after ball milling for 720ks is larger than that of Figure 4 shows the TEM image of the area near the sur-
pearlite powder. Two types of microstructures still remairface of pearlite powder milled for 360 ks. Equiaxed nanocrys-
in most of the large spheroidite powder (Fig. 1(d)), and unitalline ferrite with an average grain size less than 20 nm was
form structure (nanocrystalline ferrite) is seen in the smallabserved. The bright field image and the selected area diffrac-
powder. Longer milling time to 1800ks leads to the furtion patterns (SAD) of this region show that cementite has
ther refinement of powder and formation of a uniform strucdissolved into ferrite. It is considered that cementite particles
ture (nanocrystalline ferrite) in all spheroidite powders (Figgeceive severe deformation, fracture into small particles and
1(e), (f)). The average size of powder is finer in pearite thadissolve into nanocrystalline ferrite grains. Figure 5 shows
spheroidite. It is clear that the formation rate of hanocryshe TEM images of the area near the surface of spheroidite
talline ferrite by ball milling is faster in pearlite (completedpowder milled for 360 ks. Two types of microstructures were
by 720 ks milling) than that in spheroidite powder (completedbserved. One is layered nanocrystalline ferrite structure with
by 1800 ks milling). This indicates that the size of starting mi10-50 nm thickness as is shown in Fig. 5(a). The bright field
crostructure has various influences on the nanocrystallizatiomage and SAD of this region show that a small fraction of
process. cementite still remains as fine particles. The HREM image

The detailed observation of microstructure evolution wa@ig. 5(b)) of the layered nanocrystalline ferrite indicates that
done by TEM. Figure 2 is typical TEM micrographs ofthe grain boundary of layered nano-structure is not of disloca-
the work-hardened region in the interior of pearlite powderson cell wall type but of granular type like conventional high
milled for 360 ks. High density of dislocations was observedngle grain boundary. The misorientation angle between the
in the ferrite lamellae, and the cementite particles were oladjacent layers was generally high. For instance, the misori-
served in the prior cementite lamellae (Fig. 2(a)). In other reentation angles in Fig. 5(b) measured from (110) planeis 18
gion, equiaxed ferrite grains with cementite particles are se@iihe other type of microstructure is an equiaxed nanocrys-
due to further plastic deformation (Fig. 2(b)). Figure 3 showsalline ferrite with grain size less than 20 nm (Fig. 5(c)). It
the TEM image of work-hardening region in the interior of

Fig. 3 Typical TEM image of the work-hardening region of spheroidite
powders milled for 360 ks.

Fig. 2 Typical TEM images of the work-hardening region in the pearlité:ig- 4 Typic_al TEM image of the nanocrystalline ferrite in the pearlite
powders milled for 360 ks. powders milled for 360 ks.
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Fig. 6 Typical TEM image of the nanocrystalline ferrite in the pearlite
powders milled for 1800 ks.

Fig. 5 Typical TEM images of the nanocrystalline ferrite in the spheroidit:
powders milled for 360ks: (a) layered nanocrystalline ferrite, (b) high res
olution image of layered nanocrystalline ferrite, (c) equiaxed nanocrys
talline ferrite.

Fig. 7 Typical TEM images of the equiaxed nanocrystalline ferrite in the
spheroidite powders milled for 1800ks: (a) lower magnification and (b)
high resolution images.
is considered that layered nanocrystalline ferrite will evolve

into equiaxed nanocrystalline ferrite with further deforma-
tion. The volume fraction of layered nanocrystalline ferritel800ks. Similar to that of pearlite powders milled for
is much larger than that of equiaxed nanocrystalline ferrite in800 ks, uniform equiaxed nanocrystalline ferrite with the
this milling condition (360 ks). grain size less than 10 nm was observed in the whole areas
Figure 6 shows the TEM image of pearlite powders milledf powder (Fig. 7(a)). The SAD indicates that the cemen-
for 1800 ks. The microstructure of the whole powders is thgite particles have dissolved completely. The HREM image
uniform equiaxed nanocrystalline ferrite with grain size lesgFig. 7(b)) shows random orientation of the grains with large
than 10nm. The bright field image and SAD indicate thagnisorientation with neighbor grains. It should be noted that
the cementite particles have completely dissolved. Figuredislocations are not observed in the equiaxed nanocrystalline
shows the TEM images of spheroidite powders milled foferrite in both pearlite and spheroidite powders milled for
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The above SEM and TEM observations revealed that
the microstructure evolution for nanocrystallization in ball 12 _
milling is as follows. At the early stage of ball milling, the nanoregion (F)
dislocation density increases and dislocation cell structure de- 10

velops with milling time. With further ball milling, the mis- nanoregion (Sph)
orientation between the adjacent cells increases and the size
of dislocation cells decreases. When the dislocation density
in the cell walls reaches a critical value, the transition from
cellular to granular structure will take place to reduce the
energy of the system as has been suggested.182Mlt is
considered that the severe and inhomogeneous deformation
which occurs under high strain rate is an essential condition
for this transition. The strain rate in ball milling is estimated

work-hardened region (P)

work-hardened region (Sph)

VickersHardness, HV/ GPa
00]

to be 16-10* s~1.3V Under such a high strain rate, deforma- ol ‘ :
tion occurs adiabatically. When a ball collides with a pow- 0 500 1000 1500 2000
der, the temperature of deformed region (surface of powder) Milling Time, t/ ks

increases and deformation will concentrate near the surface , , _ _
of powder. After a certain number of' pall cpllisior!s, theF'?éﬁte';"%?Lﬁ?g?gpﬁ:ﬁggﬂg;ﬁ;ﬁ?éﬁ;hg&eggg ﬁ?{%mﬁﬁﬁﬁ"ﬂg‘e
surface area of powder reaches the critical dislocation den-
sity and transforms to nanocrystalline condition where the
grain is either equiaxed 20 nm in diameter (in pearlite) ogpheroidite structure powder. After milling for 1800ks, the
layered structure with 10-50 nm in thickness (in spheroidite)vork-hardening region in spheroidite disappears.
The boundary between the nanocrystalline ferrite and work- The microhardness of nanocrystalline ferrite region in
hardened regions are quite sharp as seen in Figs. 1(a) d@rlite powders milled for 360ks is as high as 11.4GPa,
(b). The formation mechanism of sharp boundary is corwhich is higher than that in the spheroidite powder milled
sidered as follows. Once the nanocrystalline region is prdor 360ks (9.5GPa). As mentioned above, the nanocrys-
duced near powder surface, the further ball collision will notalline ferrite in pearlite powder milled for 360ks is equiaxed
deform the nanocrystalline region since the hardness is high@#gin, while the nanocrystalline ferrite in spheroidite powder
than 10 GPa. Instead the deformation will occur preferentiallig mainly layered grain. This difference in grain size is con-
at work-hardened region adjacent to nanocrystalline regiosidered to be responsible to the difference in the microhard-
This makes the sharp boundary between the nanocrystalliftess of nanocrystalline ferrite. Further milling up to 1800ks
region and work-hardened regions. Ball milling produce &oes not make any significant change in the microhardness of
high strain rate deformation, which is very important for dishanocrystalline ferrite regionsin both pearlite and spheroidite
locations to reach the critical density to initiate the transpowders. Itis considered that the measured microhardness of
formation from the cellular structure to granular one. Thig800ks milled pearlite and spheroidite powders shown in the
transformation can be considered as dynamic recovery afitd. 8 islower than the actual value, since the powder sizeis
dynamic continuous recrystallization. Those phenomena &li@0 small to be measured correctly after mounted in resin.
assisted by local temperature rise due to a large number ofThe distinct difference in microhardness between work-
dislocation annihilation at cell wal&) From these consider- hardening region and nanocrystalline ferrite region indicates
ation, it seems hard to produce nanocrystalline structure et the strengthening mechanisms of the two regions are
conventional cold rolling because of low strain rate. different. It is considered that dislocation strengthening is

When the nanocrystalline ferrite grain is refined to arountesponsible in the work-hardening region and grain refine-
10nm, further refinement will not occur since deformatiorinent strengthening is responsible in the nanocrystalline fer-
takes place mainly by grain boundary slidiffy.Equiaxed fiteregion.®
nanocrystalline grains with random orientation and large mis-
orientation will be achieved by grain boundary sliding (Fig3.2 Microstructure and microhardness evolution by an-
7(b)). nealing
3.1.2 Microhardness evolution 3.21 Microstructure evolution by annealing

The microhardness evolution of pearlite and spheroidite Figure 9 shows the annealed microstructures around the
powders with ball milling time is shown in Fig. 8. The boundary between the work-hardening region (right hand side
starting microhardness of pearlite (3.3GPa) is higher thdn each picture) and nanocrystalline ferrite region (left hand
that of spheroidite (2.2GPa). The microhardness of thgde in each picture) of the pearlite and spheroidite structure
work-hardening regions in both pearlite and spheroidite powilled for 360ks. After annealed at 673K for 3.6ks, only
ders increases with milling time up to 36ks. The furthefecovery takes place in the work-hardening regions of both
milling up to 360ks the change in the microhardness dearlite and spheroidite structures (Figs. 9(a), (b)). The sub-
work-hardening regions is small. The work hardened pearligans were observed by high magnification AFM in these
structure keeps higher microhardness than that of spheroidiggions. It is considered that in work-hardened pearlite fine
structure. After 720 ks milling, the work-hardening region incementite lamellae or fine cementite particles effectively pin
the pearlite structure powder disappears, but it still remains the dislocations and grain boundaries and retard the recrys-
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Fig. 9 Microstructure evolution of the work-hardening and nanocrystalline ferrite regions in the ((a), (c), (€)) pearlite and ((b), (d), (f))
spheroidite powders milled for 360 ks after annealing at (a), (b) 673K; (c), (d) 873K; and (e), (f) 1073K for 3.6 ks respectively.

tallization of ferrite in the work-hardening regions. In the
nanocrystalline ferrite regions of both pearlite and spheroidite
structures (Figs. 9(a), (b)), the re-precipitation of fine ce-
mentite can be observed, but no significant change is seen
in nanocrystalline ferrite grains. The size of re-precipitated
cementite particle in pearlite powder is smaller than that in
spheroidite powder.

When annealed at 873K for 3.6ks, recrystallization com-
pletes in the work-hardening ferrite region of pearlite struc-
ture leading to the formation of recrystallized ferrite grains
with an average grain size of about 0.5um (Fig. 9(c)), while
the grain growth of recrystalized ferrite to about 1.5um
can be observed in the work-hardening ferrite region of

spheroidite structure (Fig. 9(d)). In the nanocrystalline fer-
rite regions of pearlite and spheroidite structure (Figs. 9(c),
(d)), the further re-precipitation and coarsening of cementite
particles and the grain growth of nanocrystalline ferrite can
be seen. It is considered that conventional discontinuous re-
crystallization does not take place in nanocrystalline ferrite
region. The average grain size of nanocrystaline ferrite in
the pearlite powder is smaller than that in spheroidite powder.

When annealed at 1073K for 3.6 ks, the complete austen-
itization occurs, and pearlite structure formed during subse-
quent cooling (Figs. 9(e), (f)). The former nanocrystalline re-
gion and work-hardening region are still distinguishable since
the former nanocrystalline ferrite region has lesslamellar and
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Fig. 10 Microhardness evolution of the work-hardening and nanocrys-
talline ferrite regions in the pearlite and spheroidite powders milled for
360 ks with annealing at different temperature for 3.6 ks.

more spherical cementite structure than that in the former
work-hardening region. This difference in microstructure is
due to the small y grain size in the original nanocrystalline
ferrite region. However, after annealed at 1273K for 3.6ks,
the difference in pearlite microstructures between formed in
theformer nanocrystalline ferrite and work-hardening regions
disappears, since the substantial grain growth of austenite oc-
cursin both regions.
3.2.2 Microhardness evolution by annealing

Figure 10 shows the microhardness evolution of the work-
hardened and nanocrystalline ferrite regions of pearlite and
spheroidite powders as a function of isochronal annealing
temperature. In both the work-hardened and nanocrystalline
ferrite regions, the microhardness decreases with increas-
ing annealing temperature up to 973K. When the anneal-
ing temperature becomes higher than the eutectoid tempera-
ture, the microhardness of work-hardening regions increases
since the microstructure changed from spheroidite to pearlite.
With further increasing annealing temperature, the micro-
hardness in work-hardening region decreases due to the re-
crystalization and grain growth. In contrast, the micro-
hardness decrease in the nanocrystalline ferrite regions is at-
tributed to the continuous grain growth of nanocrystalline fer-
rite and re-precipitation of cementite. The recrystallized fer-
rite grain size in work-hardening region formed from pearlite
structure is smaller than that from spheroidite structure un-
der the same annealing condition, hence the microhardness
of recrystalization ferrite in pearlite powder is higher than
that in spheroidite powder. Similarly, the grain size of an-
nealed nanocrystalline ferrite formed from pearlite structure
is finer than that from spheroidite structure under the same
annealing condition, therefore the microhardness of annealed
nanocrystalline ferrite in pearlite powder is higher than that in
spheroidite powder.
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4, Discussions

4.1 Comparison of nanocrystallization between pearlite
and spheroidite

The microstructure in pearlite is much finer than that of
spheroidite. When severe strain is applied to pearlite, the
size of ferrite and cementite lamellae becomes smaller.?324
High density of dislocation cells forms in the ferrite lamel-
lae of pearlite and divide the ferrite lamellae into subgrains.
Equiaxed nanocrystalline ferrite will form when the dislo-
cation cell structure transforms into granular structure by
further deformation.?”? When severe strain is applied to the
spheroidite structure, deformation of ferrite grain will first
take place. The elongated subgrains will form inside the fer-
rite grains. Layered nanocrystalline ferrite will form when
the dislocation cell structure transforms into granular struc-
ture. Layered nanocrystalline ferrite will evolveinto equiaxed
nanocrystalline ferrite with further deformation.

It is considered that the work-hardening rate of the material
has an influence on the nanocrystallization rate. The pearlite
structure characterized by higher work-hardening rate showed
higher nanocrystallization rate than those of spheroidite. Pure
iron has alower work-hardening rate than that of high carbon
steel. Ball milling of pureiron showed that layered nanocrys-
talline ferrite with an average thickness of around 100 nm
and length of several hundreds nanometers forms after 360 ks
of milling.*¥ This indicates that the nanocrystallization rate
of pureiron is slower than that of the Fe-0.89C stedl with
pearlite and spheroidite structures as is expected from the
lower work-hardening rate.

4.2 Annealing behavior of nanocrystallineferrite

The present results show that the annealing behavior of
nanocrystalline ferrite is intrinsically different from that of
work-hardening ferrite in both pearlite and spheroidite pow-
ders. Conventional discontinuous recrystallization takes place
in the work-hardening ferrite region while a continuous grain
growth takes place in the nanocrystalline ferrite region.

Grain growth occurs in polycrystalline materials to de-
crease the grain boundary energy. Nanocrystalline materi-
als have a larger specific grain boundary area and the driv-
ing force for grain growth is higher than conventional ma-
terials. High grain growth rate is expected in the smaller
grained materials. However, the low grain growth rate was
observed in various nanocrystalline materials. The inher-
ent stability of the nanocrystalline grains has been explained
on the basis of structural factors such as narrow grain size
distribution, equiaxed grain morphology, low energy grain
boundary structures, relatively flat grain boundary configu-
rations and porosity present in some samples.®® Additionally,
grain boundary Zener drag and triple junction drag have been
found to be significant in retarding grain growth.®? Zener
drag (where a particle interacts with grain boundary to re-
duce the system energy and restrain the grain boundary move-
ment) and solute drag can slow down the grain growth kinet-
ics by reducing driving force or the grain boundary mobil-
ity. The carbon dissolved in the nanocrystalline ferrite is as-
sumed to attribute to this effect. With the increase in anneal -
ing temperature, cementite particles begin to re-precipitate
on the grain boundaries. The fine cementite particles prob-
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ably work effectively to pin the movement of grain bound-
aries. Hence, the grain growth rate of nanocrystalline fer-
rite at lower annealing temperature is much lower than that
of work-hardening ferrite. However, at higher annealing tem-
perature (more than 873K), the cementite particles become
large due to the Ostward coalescence and the grain growth of
nanocrystalline ferrite becomes large enough to be observed.
It can be concluded that carbon and fine cementite particlesin
nanocrystalline ferrite have beneficial effect on the low grain
growth rate of nanocrystallineferritein the ball milled pearlite
and spheroidite powders.

Itisalso found that the grain growth rate of nanocrystalline
ferrite formed from pearlite structure is slower than that from
spheroidite structure. The grain size of nanocrystalline ferrite
formed from pearlite structure is finer than that formed from
spheroidite structure. Hence, the re-precipitated cementite is
more finely and uniformly dispersed in the nanocrystalline
ferrite region in pearlite structure than that in spheroidite
structure powder. Consequently, larger effect on retarding the
grain growth of nanocrystalline ferrite in pearlite than that of
spheroidite structure powder.

5. Conclusions

The structural evolution by ball milling of an eutectoid
steel with pearlite and spheroidite structures and their an-
nealing behavior were compared in detail. SEM and TEM
observations revealed that in both pearlite and spheroidite
powders, the nanocrystallization starts from the surface of
powders where the concentration of severe deformation is
expected. The boundary between the nanocrystalline re-
gion and work-hardening region is sharp in both types of
powders. The particle size reduction with milling time is
faster, grain size in nanocrystalline ferrite at a given milling
time is smaller and the dissolution of cementite is faster in
pearlite than shperoidite. These results are considered to be
due to higher work-hardening rate and smaller microstruc-
ture in pearlite than spheroidite. The annealing behaviors of
nanocrystalline ferrite and work-hardening ferrite are intrinsi-
caly different. Conventional discontinuous recrystallization
takes place in the work-hardening ferrite region, while con-
tinuous grain growth occurs in the nanocrystalline ferrite re-
gion during annealing. Under the same annealing condition
nanocrystalline ferrite keeps higher microhardness than work-
hardening ferrite. Thethermal stability of nanocrystalline fer-
rite formed from pearlite structure is higher than that formed
from spheroidite structure stemming from the finer origina
grain size.
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