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Abstract: In this work, the effects of the micro-alloying of Mn, Ni, and Si on the microstructure and
mechanical properties of high-carbon pearlite steels were investigated. The results indicated that the
addition of solely Ni to high-carbon pearlitic steel can enhance the strength through the refinement
of interlamellar spacing, but work-hardening in the ferrite of the pearlite colony may be delayed,
leading to a reduction in area. The multiple additions of Ni and the increase in Mn and Si contents in
high-carbon pearlitic steel were beneficial to obtaining a balance between ultimate tensile strength
and reduction in area. Three-dimensional atom probe tomography results showed Si partitioning
into ferrite and Mn and Ni elements partitioning into cementite. The addition of Si inhibited the
formation of a continuous network of grain-boundary cementite, leading to high strength and high
ductility through optimization of the microstructure.
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1. Introduction

High-carbon pearlitic steel wires with a tensile strength in the range of 2~4 GPa are
extensively used in a variety of applications, e.g., suspension cables, tire cords, and piano
strings [1-4]. Even higher tensile strengths of close to 7 GPa, which is close to the strength
limit of the steel materials, could be achieved after heavy cold-drawn processing [5]. To
increase the strength of the cable with limited reductions in cross-section, it is important
to increase the tensile strength of the rod prior to cold-drawing. The most efficient way
to achieve high strength in steel is to add alloying elements, especially carbon, to refine
the original pearlite structure and improve the ductility of the steel [6-16]. Many studies
focused on the investigation of the effect of strong carbide formers, e.g., niobium and vana-
dium, which were proven to change the stoichiometric composition of pearlitic cementite
and form additional carbide dispersions in the microstructure. Some researches indicate
that the grain refinement effect of Nb is greater than that of coarsening interlamellar spacing
during hot rolling deformation [17]. The effects of strong carbide formers on the mechani-
cal properties of pearlitic steels can summarized as follows [17-21]: increase the strength
by decreasing the lamellar spacing and the smaller nodule size and more uniform grain
size distribution; decrease the reduction in area by increments in austenite grain size and
carbide plate thickness.

It is well known that alloying elements can affect the activation energy required for
the diffusion of carbon, thus altering pearlite transformation rates [10]. The addition of
alloying elements dominates the interlamellar spacing of the pearlite in the microstructure

Metals 2023, 13, 1535. https:/ /doi.org/10.3390/met13091535

https://www.mdpi.com/journal /metals


https://doi.org/10.3390/met13091535
https://doi.org/10.3390/met13091535
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0001-6343-1244
https://doi.org/10.3390/met13091535
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met13091535?type=check_update&version=1

Metals 2023, 13, 1535

20f12

and the element distribution during the phase change, which is not the result of adding
only one element and sometimes involves a combination of multiple elements. Vanadium-
microalloyed eutectoid steels show a delay in pearlite transformation with the addition of
niobium and accelerate pearlite transformation with increased nitrogen [8]. Si strengthens
the pearlite structure mainly through the solid solution strengthening of the ferrite phase. V
mainly enhances the strength of pearlite by precipitating the strengthening of pearlitic fer-
rite [11,12]. The addition of silicon and vanadium to very-high-carbon steel (>0.8 wt.% C)
also inhibits the formation of a continuous grain boundary cementite network, thus ensur-
ing the hypereutectoid steel’s high strength and ductility for cold-drawing.

However, the effect of the non-carbide-forming element on the properties of pearlitic
steels is different from that of the strong carbide-forming element. The most effective
alloy elements for the composition ranges studied in fully pearlitic steels are Si and Ni
for improvements in strength and Ni and Mn for toughness [10]. In an investigation
on the effect of the addition of nickel to low-alloy steels, the addition of nickel proved
to improve impact toughness and fracture toughness through a refinement of effective
grain size [15]. Mn, an austenite-stabilizing element, delays the pearlitic transformation,
improves the stability of the cementite phase, and can be used to refine interlamellar
spacing [16]. Aranda et al., using TEM and APT measurements at the austenite/pearlite
interface, indicated an increase in the Mn content in the ferrite and cementite phases during
grain growth [16]. The rate at which Si diffuses from the cementite phase limits the growth
kinetics of the pearlite [22]. Very few studies have reported that the composite addition of
a non-carbide-forming element in high-carbon pearlitic steels refines pearlite interlamellar
spacing and increases mechanical properties. Therefore, it is important to investigate the
composite effect of the non-carbide-forming element’s addition to pearlitic transformation
and properties in high-carbon pearlitic steels.

In the present study, four kinds of high-carbon pearlitic steels were designed with
increased content of Mn, Ni, and Si. The present work was undertaken to explore the
effects of non-carbide-forming elements Mn, Ni, and Si on the microstructure and mechan-
ical properties of fully pearlitic steel and to identify the strengthening and toughening
mechanisms of alloyed high-carbon pearlitic steels.

2. Materials and Methods

Four different materials were used in this study, with compositions shown in Table 1.
High-carbon steel D1 was provided by an industrially hot-rolled wire rod. Another
three alloyed materials were designed based on industrially hot-rolled wire rods. The
rods had a 13 mm diameter that was subsequently machined into tensile specimens with
the geometry shown in Figure 1. The mechanical properties of the test specimen’s actual
processing size were dy = 6 £ 0.1 mm, M = 12 mm (thread), h = 15 mm, r = 15 mm,
L; =70 mm, and Lt = 118 mm. The mechanical characteristics were determined by tensile
tests at room temperature using a Zwick-Z100/SN3A testing machine. Austenitizing treat-
ment was applied to all samples at 960 °C for 5 min. Then, the austenitizing samples were
immediately placed in the isothermal salt bath furnace at 537 °C or 545 °C for 600 s. Twelve
samples were measured, and each given steel variant was performed three times to obtain
accurate data. The tensile test was performed based on the ASTM standard.

Table 1. Chemical composition of the tested sample (wt.%).

Steel C Si Mn Cr Ni Fe

D1 0.92 1.15 0.50 0.30 Bal.

D2 (+Mn) 0.92 1.15 0.80 0.30 Bal.

D3 (+Ni) 0.92 1.15 0.50 0.30 0.30 Bal.
D4

(+C+Si+Cr+Mn+Ni) 0.94 1.25 0.80 0.50 0.30 Bal.
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Figure 1. Standard size of processed samples.

A SUPRA-40 field emission scanning electron microscope (FESEM) was used for
microstructural characterization, including qualitative identification of constituent phases
and measurement of pearlite colonies.

Thin foils for TEM observation were prepared by electropolishing at —20 °C in a
Struers (Tenupol-5, Denmark) machine. The electrolyte consisted of a 5% perchloric acid-
alcohol solution. The lamellar spacing and morphology of pearlite were observed by
transmission electron microscopy (TEM, JEOL JEM-2100F, Japan).

For elemental analysis of 3DAP, three samples were selected for each steel, which were
cutinto 0.5 x 0.5 x 15 mm? thin rods and electropolished with perchloric acid to form a tip
shape. Atom probe tomography was conducted at CSM using a Cameca LEAP 4000 HR
in laser pulse mode with a laser power of 10 p]J, a pulse frequency of 625 kHz, a detection
rate of 2 pct, a specimen temperature of —218 °C, and an analysis chamber pressure of
approximately 107! torr (1.33 x 10~ Pa).

3. Results and Discussions
3.1. Mechanical Properties

Figure 2 depicts the strength (yield strength (YS); ultimate tensile strength (UTS)) and
reduction in area (RA) of four samples after isothermal quenching in a 537 °C salt bath.
D1, D2 (+Mn), D3 (+Ni), and D4 (+C+Si+Cr+Mn+Ni) steels exhibit a high tensile strength,
close to 1.6 GPa, and show a good reduction in area (>25%). D2, D3, and D4 steel have a
larger UTS than D1 steel. D4 steel has the highest UTS. From Figure 2b, it is interesting to
note that compared with the other three steels, D2 steel has a larger RA, and D4 steel has
the lowest RA. As mentioned before, it can be seen that the UTS of D4 steel containing Ni
and the increased content of Mn and Si were significantly improved, but RA was decreased.
However, when the isothermal treatment temperature was increased to 545 °C in D4 steel,
the UTS decreased but the RA significantly increased. However, although the increase in
isothermal salt bath temperature led to a decrease in the strength of D4 steel, the reduction
in area increased significantly, reaching 41.22%. The RA and UTS balance of D4 steel that
was isothermally treated at 545 °C is better than the other three kinds of steel at 537 °C. It
is suggested that the addition of Ni and the increasing of Mn and Si contents have better
performance benefits than the single addition of Ni and are beneficial to obtaining the
balance of UTS and RA.

3.2. Microstructure Analysis

The pearlite is composed of several colonies of prior austenite grain. The colony
consists of lamellae layers of ferrite and cementite. As shown in Figure 3, the lamellar
pearlite colony is formed in a random manner during the isothermal transformation at
537 °C and 545 °C with different grain sizes. A colony is generally defined as a region with
parallel-oriented pearlite lamellae. Figure 3b,d,f,h present representative FESEM images
used for colony size determination with demarcated colony boundaries; the yellow dotted
line represents pearlite colonies. Colony size measurements are presented in Figure 4a,
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with error bars representing one standard deviation from the mean. The average sizes of
pearlite colonies were calculated from FESEM images to be 3.2 + 0.5,2.8 £ 0.6, 3.5 £ 0.8,
and 3.81 £ 0.3 um, respectively. The lamellar structure is shown in Figure 3a,ce,g, in
which ferrite is accompanied by the prior austenite (PAGB). There is a presence of grain
boundary ferrite (GB-o) at the PAGB of each test steel. GB-« is evident in pearlite colonies
or nodules. Different from pearlitic ferrite lamellae, it is an abnormal structure at the grain
boundary and is closely related to the properties of the material [23]. In the four steels
isothermal heat treatment at 545 °C, the amount fraction of GB-« obviously decreases.
This phenomenon is also reported by other research [23,24]. Hillert [24] reported that the
carbon content in austenite close to 8 becomes lower than the Ae3 composition, leading
to the nucleation of . On the other hand, the volume fraction of GB-« increases with
decreasing transformation temperature, carbon content, and prior austenite grain size [23].
However, through statistical observations based on SEM images of the same magnification
in four steels, in D4 steels, less grain boundary ferrite could be observed, while it is noted
that the pearlite colonies and the prior-austenite grain size of D4 steel were the lowest, at
about 3 pm and 33 pum, respectively.
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Figure 2. The tensile and yield strength and reduction in the area of D1~D4 steel after isothermal salt
bath at 537 °C (a,b) and 545 °C (c,d).
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Figure 4. FESEM images of the four steels after after isothermal salt bath at 545 °C. D1 (a); D2 (b); D3
(c); D4 (d).

In order to accurately obtain the microstructure characterization of the pearlite of
the steels, a TEM microscope is used to observe the substructure of the perlite, i.e., the
interlamellar spacing (ILS), pearlite colony grain, and pearlite nodule grain, as shown in
Figure 5. Figure 5a shows the microstructure of D1 steel. It is obvious that the pearlite
colony grain boundary (PCGB) is decorated with grain boundary cementite (GB-6), which
has a rod-like morphology with a discontinuous structure due to the high interface energy.
Figure 5b shows the pearlite microstructure of D2 steel, and the lamellar pearlite cementite
(P-0) at PCGB shows discontinuous growth. Compared with the former, Figure 5¢ shows
that the grain boundary of D3 steel is a pearlite nodules grain boundary (PNGB), and the
granular grain boundary cementite (GB-6) and curve lamellar P-6 appear in the vicinity
of this. Sometimes, discontinuous lamellar P- is also present inside the pearlite colony,
as shown in Figure 5d, and the adjacent two interlamellar cementites in the same pearlite
cluster are not all parallel; both angles sometimes differ by a certain angle. In the pearlite
microstructure of D4 steel, shown in Figure 5d, no obvious grain boundary ferrite is
observed. Other scholars have similar findings [25,26].

The interlamellar spacing determined using TEM foils with colonies oriented perpen-
dicular to the incident electron beam is considered the most accurate, as lamellar orientation
with respect to the incident beam can be crystallographically verified. Pearlite ILS mea-
surements are provided in Figure 6. D3 steel with a single Ni addition exhibits a 7 nm
refinement in ILS compared to D1 steel. Mn additions, the multiple addition of Ni, and the
increasing of Mn and Si percent content did not provide statistically significant refinement
of ILS based on the overlap of reported error margins for D1, D2, and D4 steels. A smaller
size is more favorable for rotating the colony structure as a whole and leads to better defor-
mation compatibility between colonies during testing. As a result, the ferrite/cementite
lamellae in one colony tend to be aligned close to the tensile direction at a higher strain.
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Figure 5. TEM micrograph of original organization of (a) D1; (b) D2; (c) D3; (d) D4 steels.
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Figure 6. Data for (a) pearlite colony size and (b) interlamellar spacing for four steels isothermal heat
treated at 537 °C.

It is known that the true interlamellar spacing governs the yield stress of eutectoid
steels [27], and the Hall-Petch relationships have been proposed to describe the depen-
dence [28].

o =0y +kyd /? (1)
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where 0 is the stress, 0y, is the friction stress, k;, is the Hall-Petch parameter, and d is the
true interlamellar spacing of pearlite for high-carbon pearlitic steels.

Figure 7 shows the relationship between lamellar spacing and tensile strength based
on the Hall-Petch type. It can be observed that, compared to based D1 steel, alloying
additions enhance strength to different degrees, with Mn, Ni, and Si exhibiting superior
effects. It is well known that the addition of carbide-forming elements such as V [12] and
Nb increased the strength of pearlite mainly by precipitation strengthening of the pearlitic
ferrite and improving the undercooling of the pearlitic transformation, resulting in finer
lamellar spacing [29]. However, different from the influence of carbide-forming elements,
the Mn, Ni, and Si elements may be attributed to their solid solution strengthening in ferrite
and cementite as well as their interaction with solute atoms on dislocation.
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Figure 7. Relationship between interlamellar spacing and tensile strength.

The multiple additions of Ni and the increase in Mn and Si contents in high-carbon
pearlitic steel resulted in a decrease in interlamellar spacing, which caused the strength to in-
crease. However, work-hardening in ferrite may be lagged, which leads to the deterioration
of reduction in area.

Figures 8 and 9 present 3D-APT reconstructions for all elements. It can be shown that
C, Cr, Mn, and Ni elements are observed at a higher density within cementite, and Si is
enriched on the ferrite side of the ferrite/cementite interface. The concentration profiles
shown in Figures 8 and 9c present C, Cr, Mn, Ni, and Si concentrations as a function of
distance at the ferrite and cementite interface, quantitatively expressing the enrichment of
C, Cr, Mn, Ni, and Si elements in cementite. The amounts of all elements in cementite and
ferrite were determined from APT data.

The average concentration of each element in cementite and ferrite is shown in Figure 10.
The partitioning result of C is undeniable. The highest concentration of carbon in cementite
is 24.06 + 0.33 at.%, which is basically consistent with the Fe3C stoichiometry. However,
the average concentration of carbon in the ferrite phase is only 0.04 at.%. The partitioning
ratio K; is measured to quantitatively analyze the partitioning properties of elements in
cementite and ferrite matrix, K; = Ciceme”“te /CE errite \where i = Si, Cr, Mn or Ni [15]. Table 2
lists the partitioning ratios of Si, Mn, Cr, and Ni between the two phases. One can see that
Mn, Ni, and Cr present higher concentrations in cementite, but Si strongly partitions to
the ferrite phase. Compared with D4 steel, the partitioning ratios of Si, Mn, Cr, and Ni
are stronger in D3 steel, indicating greater partitioning of Mn, Cr, and Ni to the cementite
phase. The partitioning ratio of Si, Mn, Cr, and Ni in higher alloying steel was greater than
that in lower alloying high-carbon pearlitic steel, leading to greater partitioning of Mn, Cr,
and Ni into the cementite phase. The Si element widely distributes into the ferrite lattice; its
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concentration reached its lowest point in the center of the cementite. On the contrary, the Cr,
Mn, and Ni contents in the cementite are greater than those in the ferrite, indicating that the
concentration of alloying elements is also constantly changing and redistributing during
the growth of the phases. During pearlite phase transformation, the alloying elements
prefer to partition into any of the cementite and ferrite phases.
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Figure 8. 3D-APT reconstructions of D3 steel where point density represented all element distribution
after isothermal quenching in a 537 °C salt bath: (a) 3D distribution map of all elements; (b) 3D
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Figure 10. Average concentration of alloying elements in cementite, ferrite phase, and nominal
composition (a) D3 steel (b) D4 steel.

Table 2. The partitioning ratio of the alloying elements.

K; Si Cr Mn Ni
D3 0.42 £+ 0.08 2.05+0.21 143 +0.15 1.41 +0.04
D4 0.36 £ 0.02 1.94 +0.23 1.40 +0.13 1.26 + 0.03

According to the above analysis of the distribution of elements at the atomic scale
of 3DAP, there is greater segregation of Mn, Cr, and Ni into the cementite phase, and
the Si element is widely distributed into the ferrite lattice. The alloy atom can inhibit the
broadening of the interlamellar spacing between ferrite and cementite phases during the
diffusion and growth of pearlite structures.

Meanwhile, it is related to the alloy element’s chemical composition with regard to
solution strengthening. According to the method [30], the solution strengthening due to
the solutes of Si, Mn, Cr, and Ni can be calculated by Equation (2).

) o =84Si + 32Mn — 30Cr + 33Ni ()

where the units of Si, Mn, Cr, and Ni are in wt.%. It is noted from the equation that the
addition of Ni elements, the multiple addition of Ni, and the increasing Mn and Si percent
content increase the strengthening effect of solid solutions significantly.

Miller and Smith [7] proposed the fracture of pearlite from the perspective of slip in
the ferrite phase. The brittle cementite phase in pearlite is assumed to experience tensile
deformation simultaneously with the ductile ferrite phase when the steel is subjected to
tensile deformation. Tensile deformation activates dislocations in the ferrite phase, and
then dislocations pile up at the ferrite/cementite interface. The brittle cementite lamellae
against which the dislocations pile up eventually crack from stress concentration. Teshima
considers that the plastic deformation behavior of pearlite is strongly affected by the
alignment of the ferrite/cementite lamellae [31]. Nevertheless, work hardening caused by
the dislocations piling up at the ferrite/cementite interface may be lagged, which leads to
reductions in area.

Summarizing the above experiment results, it is obvious that the solid solution effect
of the alloy element in ferrite dominates over these microstructural variations in terms
of strength. Meanwhile, the strength is also related to the interlamellar spacing because
the narrowing spacing increases pile-up stress. The reduction in area is related to the
prior-austenite grain size and pearlite colony size. Because during the tensile process, work
hardening in the ferrite of pearlite colonies may be lagged, leading to a reduction in area.
Although the addition of Ni can refine the interlamellar spacing to increase the strength, it
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is beneficial to reduce the pearlite colony size and improve the ductility. Meanwhile, the
higher alloying amount of Cr in the D4 specimen shows a relatively uneven partition of Ni,
Cr, and Mn, probably due to the inter-diffusion, which may influence the local chemical
composition and the mechanical properties. To obtain an optimum combination of high
strength and ductility, the alloying additions and isothermal transformation temperatures
need to be carefully controlled.

4. Conclusions

The effects of single Ni and the multiple addition of Ni, Si, and Mn on the microstruc-
ture and properties of high-carbon pearlitic steels were investigated, and the following
conclusions could be drawn:

(1) The addition of Ni alone to high-carbon pearlitic steel can enhance the strength, but it
leads to reductions in area. The multiple addition of Ni and the increase in Mn and Si
contents in high-carbon pearlitic steel resulted in a decrease in interlamellar spacing,
which caused the strength to increase, and work hardening in the ferrite of pearlite
colonies may be lagged, which leads to reductions in area.

(2) Three-dimensional atom probe tomography showed Si partitioning into ferrite and
Mn, Cr, and Ni elements partitioning into cementite. The addition of Si inhibited
the formation of a continuous network of grain-boundary cementite, leading to high
strength and high ductility through optimization of the microstructure.
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