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Abstract: The effect of the initial microstructure and soft annealing temperature on cementite
spheroidization and microstructure softening is studied on an AISI 5140 hot-rolled wire. In coarse
pearlite microstructure (λ: 0.27 µm), the cementite spheroidization progresses slowly under subcriti-
cal treatment, and the microstructure does not achieve the minimum G2/L2 IFI rating defined in the
ASTM F2282 to be used in cold forming operations under any of the annealing treatment studies.
Fine pearlite (λ: 0.10 µm) and upper bainite microstructures are more prone to spheroidization, and
the minimum G2/L2 IFI rating is achieved under subcritical annealing at 720 ◦C for 6 h. Independent
of the initial microstructure, even in the case of martensite, low hardness values within 165–195 HV
are attained after imposing a 10 h long treatment at 720 ◦C. Annealing treatments conducted at
660 ◦C and 600 ◦C on pearlitic microstructures give rise to very poor softening. The G2/L2 rating is
not achieved in any of the treatments applied at these two temperatures in this study. In pearlitic
microstructures, the spheroidization progresses according to a fault migration mechanism, enhanced
by the presence of defects such as lamella terminations, holes, and kinks. In the upper bainite, the
row-like disposition of the cementite along the ferrite lath interface provides necks where dissolution
and consequent lamellae break-up take place quickly under annealing.

Keywords: cementite; cold forming; spheroidization; annealing; AISI 5140

1. Introduction

Medium carbon steel wires are widely employed for the manufacturing of mechanical
fasteners by cold heading operations. For such procedures, the wire must exhibit good
workability properties in order to avoid the occurrence of defects, such as folds and shear
cracks at the headed parts due to the high loads involved in the process [1]. It also requires a
low hardness to enhance tool life. The microstructure, and hence the mechanical properties
of the wire, is highly dependent on the conditions in which the cooling stage is carried
out in the last step of the manufacturing process after hot rolling. The cooling process
initiates after the ring formation in a laying head and continues along the cooling conveyor,
where γ→α phase transformation takes place [2–4]. The cooling conveyor offers a wide
range of cooling possibilities that can produce coarse pearlitic to bainitic microstructures
and a mixture of both depending on the conveyor speed or the air flow pumped onto the
loops [5,6], the diameter of the wire, and the composition of the steel. Commonly, the
cooling strategy after hot rolling is devoted to providing soft microstructures that allow
the wires to be worked in their as-rolled condition [7–9]. When the cold forming operation
involves many blows and/or strains above 1.6, an enhanced workability that cannot be
reached in the as-hot rolled condition is demanded, so an intermediate spheroidization
softening treatment prior to cold forming needs to be applied [10–13]. According to the
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ASTM F2282, the spheroidized can be categorized in different ratings by the comparison
of micrographs at ×1000 magnification with different patterns shown in the standard.
The rating varies from G0, which corresponds to a fully spheroidized microstructure with
a 100% spheroidization frequency, to G5/L5 for microstructures consisting of pearlite
and ferrite that show no spheroidization characteristics. The rating in between these
two exhibits partial cementite spheroidization. The standard includes the letters G or L
before the number as an indication of the globular or lamellar nature of the microstructure,
respectively. For the production of fasteners, wires must exhibit a minimum test rating of
G2/L2 as quality assurance for proper workability [10]. That corresponds to a condition
where most of the cementites exhibit spheroidal shapes with an average distribution, and
few lamellar cementites might be present The standard also requires that the microstructure
must fulfil a spheroidization frequency higher than 60%.

The spheroidization treatment is usually performed by subcritical treatments that
consist of maintaining the stock at a temperature below the critical temperature A1 [14–18].
Spheroidization progresses faster when the cementites are in the form of discrete particles,
as in bainite or tempered martensite, rather than in lamellar morphology [19–23], so the
initial cementite features in the as-rolled rod play a crucial role in the kinetics involving
spheroidization. Conventionally, high energy and time consumption are involved, and
consequently this constitutes the most expensive stage of the production [7]. The holding
times at subcritical temperatures vary notably depending on the alloy content and the
required degree of coarsening, varying from 10 up to 24 h [24].

Several models have been proposed for the spheroidization mechanism of pearlite;
nevertheless, the main mechanism for the spheroidization under conventional annealing
still remains unclear. Some reports have adopted Mullins’ modified perturbation model [25]
to explain the instability of the lamellar structures, while others found that the initiation
and development of the break-up of cementite lamellae were associated with lamellar
faults [26–30]. The cited mechanisms explain the spheroidization process simply from the
scope of lamellae break-up. This scope of spheroidization is limited since cementite particle
coarsening is also involved in soft annealing treatments. Thus, the spheroidization may
be defined as a process consisting of two different stages; the first being the mentioned
lamellae break-up, and the second, the subsequent dissolution and coarsening of the
fragmented cementites, referred to as the Ostwald ripening process [16].

The influence of the initial microstructure on cementite spheroidization has been
studied before, but in most of the research works, the microstructures have been obtained
by continuous cooling from a given austenitization temperature. On continuous cooling,
phase transformation takes place within a range of temperatures that depend on the
cooling rate applied. Thus, the microstructural features that are related to the temperature
(interlamellar spacing, cementite thickness or length) are not homogeneous, but different
as the phase transformation initiates at different times on cooling.

This study analyzes the influence of the initial microstructure obtained by isothermal
phase transformation (coarse pearlite, fine pearlite, bainite, and martensite) on cementite
spheroidization in a subcritically annealed AISI 5140 steel. As phase transformation is
completed at the same temperature, the cementite features are expected to be more homoge-
neous than when continuously cooled, so that a better comparison between microstructures
can be established. The aim of the work is to analyze the effect of the initial microstructure
on the cementite spheroidization of an AISI 5140 steel.

2. Experimental

The steel studied is a medium carbon chromium hot-rolled steel (AISI 5140). The
steel composition is 0.4C-0.17Si-0.78Mn-1.02Cr-0.025S (in wt %). Heat treatments were
conducted on cylindrical samples 8 mm in length and 4 mm in diameter machined along
the axis of a hot-rolled 25 mm diameter rod. The treatments were applied in a dilatometer
equipped with an induction heating system. The specimens were austenitized at 850 ◦C
for 15 min, cooled down at a rate of 20 ◦C/s to a given temperature, and maintained there
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for different times before cooling down to room temperature at 1 ◦C/s. The temperature
was monitored by a thermocouple fixed on each sample, and the cooling was conducted
by pumping He into the chamber. The holding temperatures of 700, 630, and 500 ◦C
were selected to produce coarse pearlite, fine pearlite, and upper bainite microstructures,
respectively. The martensitic microstructure was obtained by direct quenching from 850 ◦C.

When cooling down from the austenitization temperature, no phase transformation
takes place, as shown in Figure 1a. The holding times were selected to assure that 90 pct of
the austenite has transformed. In this manner, possible initial spheroidization phenomena
related to longer holding times is avoided. Assuming equivalence between the transformed
fraction and sample dilatation, the representation in Figure 1b is obtained, from which the
required times were determined.
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Figure 1. Continuous cooling diagram (austenitization stage performed at 850 ◦C) (a), and transformed fraction on
isothermal holding at different temperatures (b).

The specimens were annealed subcritically for 2 h (short cycle), 6 h (intermediate
cycle), 10 h (long cycle), or 50 h (very long cycle). Preliminary dilatometry tests showed that
the critical temperature Ac1 of the steel is around 761 ◦C. Considering that temperature,
and taking into account that in the presence of segregations austenitization may take place
at temperatures lower than the expected, an annealing temperature of 720 ◦C was selected.
The samples were introduced once the temperature in the furnace was stabilized, and they
were taken out and air-cooled at room temperature after the specified holding times.

The degree of spheroidization was quantified by image analysis over randomly
selected Field emission gun scanning electron microscope (FEG-SEM) micrographs (at
10,000 times magnification) taken from polished samples etched with nital 2%. The image
analysis software LEICA QWin provides accurate dimensional data for each cementite
detected. As many as necessary micrographs were analyzed in order to measure around
104 cementite particles in each condition and obtain an adequate statistical reliability. Parti-
cles with an area smaller than 0.001 µm2 were not considered in the analysis. According to
the criteria used by O’Brien and Hosford [22], cementite particles with an aspect ratio lower
than 3 were considered to be spheroidized. Thus, the overall degree of spheroidization
was determined as the ratio between the area constituted by the spheroidized cemen-
tites and the total cementite area (spheroidized and non-spheroidized), normalized to
area percentage.

3. Results

The coarse pearlite, as shown in Figure 2a, exhibits the classical appearance, i.e.,
parallel arrangement of the cementite lamellae which constitute the pearlite in each colony.
Despite this classic feature, there are some cementites within the colony that exhibit kinked
forms. In the fine pearlite, as shown in Figure 2b, microstructure cementite lamellae appear
fragmented as they rarely, if ever, cover the whole colony from side to side as occurred in the
coarse pearlite. The average interlamellar spacing in the coarse and fine pearlite is 0.27 µm



Metals 2021, 11, 219 4 of 14

and 0.10 µm, respectively. The lamellae thickness is also affected by the transformation
temperature, thus, in the coarse pearlite the value is 0.10 µm, while in the fine pearlite
it is 0.06 µm. The upper bainite features are noticeable in Figure 2c, corresponding to
the pre-treatment performed at 500 ◦C. The ferrite is arranged parallelly, and the carbon
rejection from the ferrite has led to the formation of discontinued rows of cementite along
the ferrite interfaces. At higher magnification, the presence of small pearlite islands is
observed, consisting of very fine and low-spaced cementites, which have nucleated at
some prior austenite grain boundaries. However, the fraction of these pearlite islands is
low, so the microstructure can be considered as fully bainitic. In Figure 2d, the martensitic
microstructure obtained after imposing a quenching with He from the austenitization
temperature of 850 ◦C is shown. The lath-like nature of the martensite may be observed
where parallel alignment of several laths along the prior austenite grain is noticeable.

Metals 2021, 11, x FOR PEER REVIEW 4 of 14 
 

 

kinked forms. In the fine pearlite, as shown in Figure 2b, microstructure cementite lamel-
lae appear fragmented as they rarely, if ever, cover the whole colony from side to side as 
occurred in the coarse pearlite. The average interlamellar spacing in the coarse and fine 
pearlite is 0.27 μm and 0.10 μm, respectively. The lamellae thickness is also affected by 
the transformation temperature, thus, in the coarse pearlite the value is 0.10 μm, while in 
the fine pearlite it is 0.06 μm. The upper bainite features are noticeable in Figure 2c, cor-
responding to the pre-treatment performed at 500 °C. The ferrite is arranged parallelly, 
and the carbon rejection from the ferrite has led to the formation of discontinued rows of 
cementite along the ferrite interfaces. At higher magnification, the presence of small pearl-
ite islands is observed, consisting of very fine and low-spaced cementites, which have 
nucleated at some prior austenite grain boundaries. However, the fraction of these pearlite 
islands is low, so the microstructure can be considered as fully bainitic. In Figure 2d, the 
martensitic microstructure obtained after imposing a quenching with He from the austen-
itization temperature of 850 °C is shown. The lath-like nature of the martensite may be 
observed where parallel alignment of several laths along the prior austenite grain is no-
ticeable. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 2. Microstructures obtained by quick cooling from 850 °C to the transformation tempera-
ture, and subsequent holding at the transformation temperature to promote isothermal phase 
transformation. Initial coarse pearlite (phase transformation temperature = 700 °C) (a), initial fine 
pearlite (phase transformation temperature = 630 °C) (b), initial bainite (phase transformation tem-
perature = 500 °C) (c), and martensite obtained after quenching from 850 °C (d). 

Figure 3 shows the microstructure of the coarse and fine pearlite microstructure after 
the application of short and long spheroidization cycles. In the coarse pearlite, the expo-
sure to annealing temperatures at 720 °C produces the lamellae fragmentation, although 
the microstructure maintains the pearlite features from the beginning; that is, cementite 
lamellae exhibit straight and elongated morphology, as shown in Figure 3a. The lamella 
break-up proceeds in high curvature areas like kinks that correspond to the energetically 
more favored positions along the lamella [30]. After the long cycle, the lamellae appear 

Figure 2. Microstructures obtained by quick cooling from 850 ◦C to the transformation temperature,
and subsequent holding at the transformation temperature to promote isothermal phase transforma-
tion. Initial coarse pearlite (phase transformation temperature = 700 ◦C) (a), initial fine pearlite (phase
transformation temperature = 630 ◦C) (b), initial bainite (phase transformation temperature = 500 ◦C)
(c), and martensite obtained after quenching from 850 ◦C (d).

Figure 3 shows the microstructure of the coarse and fine pearlite microstructure
after the application of short and long spheroidization cycles. In the coarse pearlite,
the exposure to annealing temperatures at 720 ◦C produces the lamellae fragmentation,
although the microstructure maintains the pearlite features from the beginning; that is,
cementite lamellae exhibit straight and elongated morphology, as shown in Figure 3a.
The lamella break-up proceeds in high curvature areas like kinks that correspond to the
energetically more favored positions along the lamella [30]. After the long cycle, the
lamellae appear highly fragmented, as shown in Figure 3b. Increasing the treatment
maintenance has allowed sufficient time for further lamellae break-up. The microstructure
is quite heterogeneous since the spheroidization process progresses at a different rate
depending on the colony. Thus, certain pearlite colonies appear highly decomposed,
whereas in others a lamellar structure is still present. Even after the application of a very
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long cycle, as shown in Figure 3c, there are cementites that remain which exhibit very high
aspect ratios.
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Figure 3. Coarse pearlite microstructure after short (a), long (b), and very long (c) spheroidization
cycle. Idem for fine pearlite in (d–f).

Unlike in the coarse pearlite, the morphological changes in the fine pearlite are more
noteworthy even after the application of the short annealing cycle, as shown in Figure 3d.
Despite the shortness of the cycle imposed, the lamellar nature of the cementites has
been widely altered into a more globular shape. In spite of that, there are some areas
in which straight and long cementites may also be observed. The effective lamellae
fragmentation gives rise to the development of high density globular cementite dispersion.
After a long spheroidization treatment, an almost fully spheroidized microstructure is
obtained in the fine pearlite, as shown in Figure 3e. The presence of lamellar structures
is practically negligible; instead, globular and well distributed cementite distribution
is achieved. The population constituted by the smallest cementites formed after the
initial break-up during the short spheroidization dissolved in the matrix, whereas larger
ones located at grain boundaries have coarsened. When the very long annealing cycle
is applied, total spheroidization is achieved and cementite coarsening progresses even
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further, especially in the ferrite grain boundaries given the fast carbon diffusion along such
boundaries (pipe diffusion), as shown in Figure 3d.

The bainite microstructure after the application of the short annealing cycle at 720 ◦C
is shown in Figure 4a. The cementite row-like structure split quickly into sets of individual
cementites lineally arranged. Certain small size cementite dissolution and coarsening of
those located at the boundaries is appreciated. After the long spheroidization cycle, bainite
lath decomposition occurs and cementite coarsening becomes evident at lath boundaries
and even within the prior laths, as shown in Figure 4b. In the case of the martensite
microstructure, following the short annealing cycle, very fine cementite and homogeneous
distribution is observed, as shown in Figure 4c. The elongated packet-lath morphology per-
sists in the microstructure, and the cementite precipitates mainly at ferrite lath boundaries
driven by the carbon depleting from the lath interiors, rather than within the laths. The vast
majority of the cementites exhibit globular shapes, although there are also some noticeable
cementites that present elongated forms in parallel with the laths. The application of a long
annealing treatment results in further cementite coarsening as shown in Figure 4d. The
coarsening is particularly effective at triple points. Prior lath martensite features are almost
removed, and not only equiaxed grain formation, but also grain growth are present.
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Figure 4. Bainite microstructure after short (a) and long (b) annealing treatments. Idem for martensite
microstructure in (c,d).

The evolution of the degree of spheroidization for the initial microstructures consid-
ered during the different annealing treatments is shown in Figure 5. In Figure 5a, the degree
of spheroidization determined as a spheroidized cementite area fraction is represented. As
seen, the lower the transformation temperature, the higher the tendency of the microstruc-
ture for spheroidization. In the coarse pearlite, the spheroidization degree increases slowly
with time, and slows down beyond 6 h. In fine pearlite and bainite microstructures, the
spheroidization degree increases quickly in the first hours of treatment, and in both cases
similar values are obtained. The degree determined as spheroidized cementite frequency
is shown in Figure 5b. Similar trends as in Figure 5a are observed, although the degree
obtained by this criterion provides higher values.
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Figure 5. Evolution of the degree of spheroidization determined as spheroidized cementite area fraction (a) and spheroidized
cementite frequency (b) for different initial microstructures. Influence of the annealing temperature on the spheroidization
degree determined as spheroidized cementite area fraction for coarse (c) and fine (d) pearlite initial microstructure.

As expected, the spheroidization degree of the microstructures depends strongly
on the annealing treatment temperature applied due to diffusion controlled mechanisms
involving the spheroidization process. In the case of the initial coarse pearlite, the evolution
of spheroidization degree as a function of the treatment temperature is shown in Figure 5c.
As seen, the spheroidization degree is drastically reduced with the decrease of the treatment
temperature. The same effect is also observed in the case of the initial fine pearlite in
Figure 5d.

Microstructure hardness has been evaluated by using a Vickers indenter and an
applied load of 1 kg. The hardness values obtained after different annealing treatments for
each initial microstructure are shown in Figure 6a. The coarse pearlite shows the lowest
values of all the microstructures despite experiencing a low softening on annealing. Such
low hardness might be associated, at least partially, with the proeutectoid ferrite content
in this microstructure (about 25%). Fine pearlite instead undergoes a significant drop in
hardness after short annealing and a more progressive softening as the annealing cycle
duration increases. The bainitic microstructure shows a similar trend to the fine pearlite,
and the hardness values are slightly lower than in the former after short and intermediate
annealing cycles. Such differences reduce for long and very long annealing, and even
the martensite microstructure shows very similar values. For fine pearlite, bainite, and
martensite, a long annealing cycle results in a microstructure hardness in the range of
185–195 HV, whereas the hardness for the coarse pearlite is just 165 HV.
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Figure 6. Hardness evolution after the application of different annealing treatments at 720 ◦C depending on the initial
microstructure (a), and influence of the treatment temperature on coarse (b) and fine (c) pearlite microstructure.

The influence of the treatment temperature on the microstructure hardness in coarse
and fine pearlite is represented in Figure 6b,c, respectively. As expected, the softening slows
down as the treatment temperature decreases in both cases. In the initial coarse pearlite,
the treatments carried out at temperatures below 660 ◦C do not produce any softening,
and even certain hardening is observed when the treatment is performed at 600 ◦C. The
fine pearlite microstructure is more prone to softening and a significant drop in hardness
occurs at both annealing temperatures. Nevertheless, the resulting microstructures exhibit
relatively high hardness values (>230 HV) even after applying long and very long annealing
cycles at these temperatures.

4. Discussion

The presence of defects (such as holes, kinks, and lamella terminations) within the
cementite lamella constitutes a starting point for the spheroidization and cementite lamella
break-up [24]. In Figure 7a, the presence of holes in the lamellae corresponding to the
coarse pearlite can be observed. The cementite plane is quite close to the observation plane
and that has allowed for the capture of such holes which otherwise would remain hidden.
The curvature along the edge implies a thermal instability of the edge given the different
solute concentration in equilibrium in the tip constituted by the edge and the cementite flat
area [29]. Thus, a solute transfer is activated from the tip, which causes the dissolution at
the tip and the consequent hole growth. Figure 7b would constitute an advanced stage of
the process described. During growth, the hole may well coalesce with another adjacent
hole in the same lamellae, reaching the lamella termination, and causing lamella division
in shorter units.
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Figure 7. Micrograph showing the presence of a hole in a cementite lamella in an initial coarse
pearlite microstructure (a). Detail of a hole growth (red circle) after the intermediate cycle causing
lamellae break-up according to the migration of the edge of the hole in the coarse pearlite after the
intermediate cycle (b).

As well as the holes, the kinks present in cementite are the zones where spheroidization
phenomena start in the first place. The kinked constitution of the cementite may result from
the release of transformation strain and habit plane interfacial strain that has accumulated
as the phase transformation proceeds as reported by Zhang et al. [31]. Figure 8a shows the
initial coarse pearlite after deep nital etching. Ferrite dissolution in between the lamellae
makes it possible to observe the presence of kinks and striations along the cementite. Due
to the high curvature in these kinks, their preferential dissolution takes place very quickly
on annealing, and thus an elongated cementite can subsequently divide into smaller units.
Previous studies attribute the formation of kinks to defects present in the austenite when
phase transformation is taking place [32]. As reported, when the pearlite growing front
meets with twins or other crystallographic defects, the growing direction may change
drastically to adopt an energetically more favorable orientation. From the scope of the
spheroidization kinetics, the presence of kinked and distorted pearlite colonies is beneficial,
as the lamellae splitting creates new terminations that accelerate further spheroidization.
Figure 8b shows the mentioned kinked cementites in the coarse pearlite microstructure
annealed for 2 h at 600 ◦C. As could be intuited, some of the kinks have dissolved, whereas
others remain unaltered due to the lowness of the treatment temperature employed, which
slows down the dissolution process.
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The lamella terminations act as seeds for the initiation of the spheroidization. Such
terminations would arise from the quick dissolution of previous kinks in the lamella or
may be due to the sudden interruption of the lamella growth during phase transformation.
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The terminations or the borders of the lamella provide the required curvature for the edge
spheroidization, by means of which the edge thickens, driven by the Gibbs–Thomson
effect [28]. In Figure 9a, edge spheroidization of the lamellae before break-up is observed.
As the flat area of the lamella adjacent to the tip coarsens, a morphological instability is
established between the ridge formed along the edge and the remaining flat cementite. As a
consequence, the edge splits from the lamella, and the process starts again in the new edge.
The break-up would be driven by the reduction of the total α/θ interface, as described by
Rayleigh’s instability theory [24]. As a rule of a thumb, the edge spheroidization in both
terminations give rise to the formation of two globular shape cementites (one at each side)
and a remaining flat cementite that may undergo the same process once and again. When
the cementite is sufficiently short after the splitting, no flat cementite could remain. As
such, two particular cases could occur depending on the cementite aspect ratio. The first
would be represented with an arrow and the letter A in Figure 9b. The edge spheroidization
on both sides of the cementite provokes the lamella to split into two globular cementites.
The other case would be that indicated by the letter B. The cementite aspect ratio is lower
than in the previous case and the material transfer from the tips to the flat zones result in
the formation of a unique globular cementite.
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The initial fine pearlite microstructure provides more lamella terminations than the
coarse pearlite, where the cementite lamellae are elongated. This difference in termination
density could explain the higher and faster spheroidization observed in the fine pearlite,
as shown in Figure 5. Furthermore, in the fine pearlite, some of the cementites exhibit
relatively low aspect ratios, so they can be converted more quickly into globular shapes.
In the coarse pearlite, in contrast, as the cementites are long lamellae, successive edge
spheroidization and splitting sequences must take place until the cementite evolves into a
set of globular cementites.

Depending on the interlamellar spacing, the solute transfer may well occur between
two parallel lamellae as described by the defect migration theory [24] or may simply
proceed in a particular lamella. In coarse pearlite, the distance between the cementites after
the short cycle spheroidization treatment has not changed considerably with respect to
the non-annealed condition (compare Figures 2a and 3a). The same is observed when the
lamella thicknesses are compared. This would imply that there has not been an important
material transfer between adjacent lamellae; that is, the solute transfer from the tips to
the flat areas takes place exclusively in the same cementite lamella. In contrast, in fine
pearlite interlamellar spacing increases and thickening of the elongated cementites could
be intuited (compare Figures 2b and 3c). This would mean that the interlamellar distance
is short for interlamellar solute transference.

In the coarse pearlite, the break-up progresses more slowly and long, straight lamellae
may remain even after the long annealing cycle, as shown in Figure 3b. In such a case,
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together with the fault migration mechanism, Rayleigh’s instability phenomenon gains
importance in the spheroidization process in the long term, as high aspect ratio cementite
plates persist after the initial stages of the annealing treatment. No evidence of the break-
up according to the thermal groove theory has been observed in any of the annealed
pearlite microstructures. The process is reported to occur very quickly after subjecting the
microstructure to annealing temperatures [27], and consequently the cementite may have
broken-up completely before the end of the short annealing treatment.

The initial bainite microstructure consists mostly of elongated cementites joined and
aligned in a row along the bainite lath direction. Such particularity provides high curvature
areas for rows to split into individual cementite units. Figure 10a shows the presence
of such cementite rows in the non-annealed bainite. The break-up proceeds according
to the preferential material transference from the necks along the row up to the adjacent
zones. Thus, the necks narrow while the neighboring areas enlarge. This situation would
correspond to the cementite highlighted by a red circle in Figure 10b, where it can be
observed how the cementite thickens at the expense of the continuous dissolution of the
neck. This material transfer remains active until the splitting occurs. As a result, almost
globular shape cementites are created from an original elongated cementite form.
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Figure 10. Cementite spheroidization process in the initial bainite microstructure. Detail of the initial
bainite laths in the as-transformed bainite microstructure, where rows of cementites are observed
along boundaries between laths as indicated by the red circle (a). Formation of necks during annealing
that cause cementite break-up into globular shapes of the cementite rows in the interface between
laths (b).

The lattice defects in the matrix due to the higher undercooling condition during
bainitic transformation enhance the solute diffusion, leading to a much coarser cementite
distribution than in the ferrite–pearlite microstructures for a given annealing cycle, as
shown in Figures 3b,e and 4b. As for the matrix, it is observed that in some areas where
spheroidization has progressed further, recrystallisation occurs, as evidenced by the pres-
ence of equiaxed grains. The cementite dispersion throughout the bainite matrix exert a
pinning effect that delay the recrystallization taking place in the short term as reported for
pearlitic grades subjected to a heavy warm deformation process before annealing [33–38].
As the cementites spheroidize, dissolve, and coarsen during annealing, the energy bar-
rier against recrystallisation diminishes. Cementite dissolution and coarsening allow the
dislocation to overcome the obstacles constituted by such cementites, as described by
Orowan [39], and recrystallisation could take place.

Considering the ASTM F2282 standard for mechanical fastener manufacturing, the
different initial microstructures achieved the spheroidization rating summarized in Table 1.
The coarse pearlite microstructure does not achieve the minimum G2/L2 rating that implies
an adequate proper workability under any of the annealing cycles studied. In contrast, in
either initial fine pearlite or bainite, such a minimum is attained just after the intermediate
annealing cycle at 720 ◦C. In addition, as shown in Figure 6a, these two microstructures
after annealing are just about 20–30 HV harder than the softest condition corresponding to
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the coarse pearlite, so the enhanced spheroidization rating is not obtained at the expense
of a much harder microstructure. This fact is important from the scope of the tool life
employed for cold forming, since higher stresses increase tool wear. Long annealing cycles
at 720 ◦C give rise to a superior G1 rating in both cases and an additional hardness drop.
The initial martensite microstructure achieves the minimum requirement just after the
short annealing cycle, and a G0 rating that corresponds to a total spheroidization regarding
the standard after a long annealing cycle at 720 ◦C, after which it softens to values similar
to those for fine pearlite and bainite. The application of technology based on quenching
after rolling would be impossible in the actual industrial mills and expensive as it involves
another step (quenching) in the production. Nevertheless, it is worth emphasizing that the
results show that in an industrial conveyor cooling condition, the formation of martensite
is not harmful and undesirable whatsoever if the steel wire is subjected to an intermediate
or long subcritical annealing treatment.

Table 1. Spheroidization rating of the annealed microstructures according to the ASTM F2282 standard.

Annealing Temperature (◦C) 720 660 600

Annealing Cycle Short Inter. Long Very Long Short Inter. Long Short Inter. Long

Coarse pearlite L4 L4 L3 L3 L5 L5 L4 L5 L5 L5

Fine pearlite G3 G2 G1 G0 G5 G4 G3 G5 G5 G3

Upper bainite G3 G2 G1 - - - - - - -

Martensite G1 G1 G0 - - - - - - -

The cementite spheroidization is a diffusion controlled process, so it is very sensitive
to the annealing temperatures and the alloying content. As could be expected from the
results in Figure 6b,c, the annealing treatments conducted at 660 ◦C and 600 ◦C do not
provide the minimum G2/L2 rating at maintenances shorter than 10 h in ferrite–pearlite
microstructures. The Cr enriches in the cementite and slows down the diffusion phenomena
involving the spheroidization [13].

5. Conclusions

• The microstructure evolved at high undercooling exhibits a higher trend for cementite
spheroidization. Bainite and fine pearlite microstructures show similar behavior as the
applied annealing treatment is prolonged. In both cases, the fastest increase in the de-
gree of spheroidization is achieved after the short annealing treatment. The quenched
microstructure allows for the obtaining of practically fully spheroidized microstruc-
tures after the application of the annealing treatments. When longer treatments are
employed, the spheroidization continues, but it proceeds more slowly. Coarse pearlite
exhibits the lowest values, and even after the application of the very long annealing
treatment, it maintains the initial pearlite features, that is, long and straight parallel
cementite arrangements.

• The initial coarse pearlite does not achieve the minimum G2/L2 spheroidization rating
described in the ASTM F2282 standard for the manufacturing of mechanical fasteners
involving cold forming operations in any of the annealing treatment conditions stud-
ied. Nevertheless, such a minimum rating is relatively quickly obtained, with initial
fine pearlite or bainite microstructures treated at 720 ◦C. This result points towards a
different strategy based on the application of faster cooling in industrial procedures to
provide a microstructure which is easier to spheroidize.

• The spheroidization in ferrite–pearlite microstructures progresses according to the
fault migration theory. Crystallographic defects within the cementite lamellae, such as
holes, kinks, or lamella terminations, provide the starting points for the advance of the
spheroidization process. In the fine pearlite, the shortness of the cementites gives rise
to a higher global cementite termination density than in the coarse pearlite, where such
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imperfections are scarcer, and consequently the formation of spheroidized cementites
from an original cementite lamella develops more quickly. The shorter interlamellar
distance in the fine pearlite allows for solute transference between the tips to the flat
areas of neighboring cementite, resulting in an acceleration of the spheroidization and
even coarsening processes. In contrast, in the coarse pearlite, the material transfer is
restricted to individual lamella, due to the excessive interlamellar spacing.

• Microstructures soften drastically after the annealing cycle, especially after the short
annealing cycle, where the main hardness decrease is observed. The softening in
the ferrite–pearlite microstructures derives strictly from the combination of either
cementite spheroidization or recovery processes, the latter of which has a more con-
siderable effect in the short term. Despite the fact that the coarse pearlite exhibits the
lowest degree of spheroidization, it constitutes by far the softest microstructure of
those studied. Bainite and fine pearlite evolve similarly and attain similar hardness
values after long annealing treatments.
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