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Abstract
In this research Rare Earth elements (RE), La and Ce (200 ppm), were added to a low carbon cast microalloyed steel to 
disclose their influence on the microstructure and impact toughness. It is suggested that RE are able to change the interac-
tion between the inclusions and matrix during the solidification process (comprising peritectic transformation), which could 
affect the microstructural features and consequently the impact property; compared to the base steel a clear evolution was 
observed in nature and morphology of the inclusions present in the RE-added steel i.e. (1) they changed from MnS-based to 
(RE,Al)(S,O) and RE(S)-based; (2) they obtained an aspect ratio closer to 1 with a lower area fraction as well as a smaller 
average size. Besides, the microstructural examination of the matrix phases showed that a bimodal type of ferrite grain size 
distribution exists in both base and RE-added steels, while the mean ferrite grain size was reduced from 12 to 7 μm and 
the bimodality was redressed in the RE-added steel. It was found that pearlite nodule size decreases from 9 to 6 μm in the 
RE-added steel; however, microalloying with RE caused only a slight decrease in pearlite volume fraction. After detailed 
fractography analyses, it was found that, compared to the based steel, the significant enhancement of the impact toughness 
in RE-added steel (from 63 to 100 J) can be mainly attributed to the differences observed in the nature of the inclusions, the 
ferrite grain size distribution, and the pearlite nodule size. The presence of carbides (cementite) at ferrite grain boundaries 
and probable change in distribution of Nb-nanoprecipitation (promoted by RE addition) can be considered as other reasons 
affecting the impact toughness of steels under investigation.
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1 Introduction

Although wrought grades of microalloyed steels have been 
available for decades, producing low-cost high strength cast 
steels is still highly demanded. The carbon content of these 
steels can be reduced to improve both weldability and tough-
ness resulting in strength reductions, which can be compen-
sated by microalloying additions [1–4]. So far, low carbon 
cast microalloyed steels have found many applications in 
the production of complex internal shapes and the manu-
facturing of industrial parts where a high impact toughness 
at room temperature is desired [1, 5].

Generally, the solidification path followed by these low 
carbon microalloyed steels comprises a peritectic reaction/
transformation. Although this transformation is regarded as an 
important source of crack-formation [6–8], it has been studied 
with less detail compared to other widespread transformations 
in steels. According to John and Hogan [9] this transformation 
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can be described as two consecutive steps: (1) the “peritectic 
reaction” and (2) the “peritectic transformation”. In the cur-
rent context, the “peritectic reaction” would refer to the step in 
which the new peritectic phase is in formation and three phases 
exist in conjunction with each other (triple point). During the 
peritectic reaction, austenite nucleates at the interface between 
the melt (L) and δ-ferrite [8, 10–13] and grows on the surface 
of the δ-ferrite forming a thin (1–5 µm) interrupting enclosure/
layer around this phase [12, 14]. The “peritectic transforma-
tion” describes what follows after the peritectic reaction has 
taken place; i.e. the δ-phase is surrounded completely by a 
rim/layer of austenite and no triple points exist. In this second 
stage, the advance of the reaction is controlled by volume dif-
fusion from the melt through the layer of the γ-phase towards 
the δ-phase direction. In this process, the layer of γ-phase 
thickens by its simultaneous growth into the melt and into the 
δ-phase until the transformation of δ-ferrite is completed [15]. 
The amount of γ that is the product of δ-ferrite to γ transforma-
tion may cause the generation of residual tensile stresses in the 
solidified steels due to the difference in density and packing 
factor between δ-ferrite and γ [11, 16, 17]. The distribution and 
size of this transformed austenite can affect how other phases 
transform upon cooling to room temperature, how the residual 
stress redistribute and, consequently, the steels toughness.

In the as-cast ferritic-pearlitic microstructure of low car-
bon steels, pearlite is a detrimental constituent to the impact 
toughness [18, 19]. The contribution of this phase to the Frac-
ture Appearance Transition Temperature (FATT) has been 
expressed by the following equation [20]:

Apart from the amount of pearlite ( V
P
 in vol%), in fully 

pearlitic steels, the mechanical properties are influenced by 
the pearlite microstructure such as nodule and colony size and 
also the thickness and interlamellar spacing of cementite [19, 
21, 22]. However, in steels with a ferritic matrix, the influence 
of pearlite parameters like the nodule size and its volume frac-
tion on the mechanical properties is more striking than other 
features [23]. Besides, it is well established that finer ferrite 
grains would enhance the impact toughness of steels [24–26].

Grain Boundary Carbides (GBC) are also considered as 
crack initiators that may impair the impact toughness [20, 24, 
26]. The contribution of these carbides to the FATT depends 
on their thickness (t, in µm) and has been formulated as fol-
lows [26]:

Mintz et  al. [20] suggested that the linear relation-
ship between the FATT and the square root of t, is more 
applicable in the range of average carbide thicknesses of 
0.2–0.8 μm. Above and below these values, the influence of 

(1)ΔFATTp (◦C) = 15
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P
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the carbide thickness on the transition temperature can be 
discarded. Gutiérrez [26, 27] has done deep studies on the 
effects of microstructure on the impact toughness of low car-
bon microalloyed steels. She suggested that for low carbon 
ferritic–pearlitic steels, the FATT would be related to the 
steel composition and to a series of microstructural contribu-
tions, proposing the following equation:

where Nfree refers to the solute Nitrogen content, t is the 
thickness of GBC (in µm); D is the effective cleavage unit 
size in µm (for ferrite, D is usually taken as the mean grain 
size) and V

P
 is the amount of pearlite in vol%. This equation 

shows that the FATT is also a function of the strengthening 
term ∆σy (accounting for all the eventual microstructural 
hardening contributions to the yield strength such as pre-
cipitation hardening but excluded from those resulting from 
the grain size).

In steelmaking industry, RE metals are known as strong 
sulfide, oxide, or oxysufide formers. The RE-based inclu-
sions are formed in the molten steel providing the pro-
spective heterogonous nuclei for other phases during the 
solidification of the steel [28–30]. The main function of 
RE in steel industry up to date has been orientated towards 
their ability to control the inclusions shape and keep them 
spherical through the hot deformation processes [31–34]. 
Furthermore, it has been stated that RE-particles are able to 
slow down the austenite grain growth at high temperature 
by Zener pinning [35–39].

In this work authors have investigated the other aspects 
of addition of Rare Earth (RE) elements such as La and 
Ce to low carbon cast microalloyed steels. To the author’s 
knowledge, Gulyayev and Ulyanin [40] made the earliest 
reference to the effect of RE in steels in 1961. They discov-
ered that unlike B, minor addition of RE can increase the 
toughness and reduce the sensibility to temper brittleness. 
In 1965, Belyakova et al. [41] asserted that the addition of 
RE into the ingot greatly increases the impact toughness by 
a factor of about 1.5 which has been mainly attributed to the 
inclusions characteristics. Since then, abundant investiga-
tions have focused on the effects of RE on the toughness 
property [42–48], most of which regard with wrought steels. 
These studies have reported different contributions of RE 
additions to the steel properties, although some of the results 
are somehow contradictory. Other reports evidenced that: 
(1) RE atoms may segregate to grain boundaries, lowering 
their energy, and making it difficult for other impurities to 
segregate and form compounds at these locations [31, 32]; 
(2) the impurities would combine with RE forming stable 
particles; as a result, cleaner grain boundaries would be 
obtained, improving the toughness [41]; (3) RE can enhance 
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the solubility of Nb in steels [44, 49] which would indirectly 
assist the nanoprecipitation of Nb(C,N) in microalloyed 
steels [50]. These precipitates are able to prevent the grain 
growth (at high temperatures) as well as to hinder disloca-
tion movement during deformation, impeding the failure of 
the steel [51–53]. Thus, as a result of the refinement of the 
microstructure, an improvement in the impact toughness is 
expected.

As it has been mentioned, most of the studies conducted 
have been focused on the use of RE in wrought steels and 
there is limited reliable and detailed information in the lit-
erature to understand the influence of RE additions on the 
toughness of cast peritectic steels, from which the toughness 
of deformed steels can be also inherited. In the other words, 
what occur during the solidification process and the inter-
action between the inclusions and matrix, in such peritectic 
steels (in the presence of RE), have not been the subject of 
the reported studies, even working on the cast grades. Aimed 
at clarifying these issues, in this study, about 200 ppm of 
RE (Ce + La) has been added to a low carbon microalloyed 
steel. Microstructural examinations and deep fractography 
of the fracture surfaces, in the cast condition, allowed us to 
understand the contributions of RE to the impact toughness 
of the studied steel.

2  Experimental Procedures

2.1  Materials

A clean scrap steel was melted in a 100 kg capacity induc-
tion furnace under an open air atmosphere. After complete 
melting, alloying elements as well as carbon content were 
adjusted and then the melt was deoxidized by aluminum in 
order to obtain the base microalloyed steel. Chemical com-
position of the steel was measured by using Optical Emis-
sion Spectrometry (OES: ARL 3460) technique onsite. The 
composition of the base steel is given in Table 1.

A total of 7  g of a Misch metal (37.8  wt% La and 
62.1 wt% Ce) was placed at the bottom of a 25 kg capac-
ity carrying ladle. Then, half of the melt was poured into 
the ladle to ensure obtaining the same composition as the 
base steel but with the RE addition. The last step of casting 
was taken by pouring two melts into preheated sand molds 
with Y-block shape cavities inside. The amount of RE in the 
investigated steels was measured by Inductively Coupled 
Plasma (ICP: OPTIMA 7300 DV) technique; the results are 
shown in Table 2. This table also gives the amount of O and 

N in the ingots measured by means of a gas analyzing equip-
ment, model: LECO TC-436 AR.

The equilibrium phase diagram (Fe–C) was simulated 
using ThermoCalc software (TCFE8 database) and the 
chemical composition of the base steel. According to Ther-
mocalc phase predictions, the solidification of the stud-
ied steel starts at about 1516 °C where δ-ferrite nucleates 
from the melt followed by a peritectic transformation. The 
solidification process of this steel is complete (solidus tem-
perature) at about 1463 °C where austenite is transformed 
directly from the remaining melt (below the peritectic tem-
perature). The data regarded with the formation/dissolution 
temperature of some phases present in the studied steels, 
extracted from ThermoCalc program, are given in Table 3.

Although the microstructure of the as-cast steels is so 
coarse and they are usually processed by heat treatment to 
achieve the final desired properties, the microstructure of the 
as-cast samples were inspected using an Optical Microscopy 
(OM: NIKON ECLIPSE LV150N) to monitor any influences 
of RE on the as-cast condition. The rest of the samples were 
subjected to homogenizing (1100 °C for 5 h) and subsequent 
normalizing (950 °C for 30 min) treatments in a muffle fur-
nace (model: AZAR M11L) under the air atmosphere.

2.2  Metallographic Sample Preparation 
and Microstructural Characterization

Samples extracted from the as-cast and normalized heats 
were prepared using standard metallographic techniques. 
The samples were mounted in bakelite, dryly ground and 
then polished with diamond paste of 3 and 1 μm. Especial 

Table 1  Chemical composition 
of the base steel (Fe to balance)

Elements C Si Mn S P V Nb Mo Cu Al Cr

wt.  % 0.16 0.30 1.00 0.01 0.02 0.11 0.05 0.01 0.09 0.04 0.06

Table 2  Amounts of rare earth elements (La and Ce), O and N in the 
studied samples

Steels Elements, in ppm

Ce La Ce + La O N

Base < 10 < 10 – 96 ± 10 113 ± 4
RE-added 127.0 72.5 199.5 93 ± 6 112 ± 3

Table 3  The maximum 
temperature at which the 
phases present in the base 
steel according to ThermoCalc 
predictions

Phase Temperature (°C)

Al2O3 > 1500
MnS 1464
NbC 1177
VC 837
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cares were taken during the grinding and polishing; con-
trolled force was exerted on the samples during grinding 
to prevent removal of particles (inclusions) from the sur-
face. Besides, polishing was done using a lubricant (a mix 
of ethanol and DP-Lubricant Blue) to ensure prevention of 
oxidation or any possible errors committed through micro-
structural examinations. In the last step of this preparation, 
ethanol was also used to remove any products coming from 
the polishing steps.

Inclusion characterization was carried out on the normal-
ized samples in the as-polished condition to achieve bet-
ter contrast between the inclusions and matrix. This was 
done by using OM and Scanning Electron Microscopy 
(SEM, Hitachi S 4800 J). Imaging in the SEM was car-
ried out using Secondary (SE) and Back Scattered-Electron 
(BSE) detectors. The SEM was equipped with an Energy 
Dispersive X-Ray Spectrometer (EDS, Oxford INCA) for 
the microanalysis of the inclusions/precipitates. An image 
analysis software (ImageJ 1.47v) was used to measure the 
roundness factor (R), average area fraction and average area 
(A) of the inclusions on at least 5 OM micrographs at a same 
magnification. Assuming the inclusions as circular particles 
in 2-D, the average equivalent diameter of the inclusions (d) 
was calculated according to the equation d = 2

√

A∕�.
The polished as-cast and normalized samples were 

etched with Nital-2% to reveal the phases present in their 
microstructure. The etched microstructures of the normal-
ized steels were further inspected under the SEM (Hitachi 
S 4800 J).

Grain boundaries of ferrite and pearlite were precisely 
delineated on the OM micrographs by GIMP software (ver-
sion 2.8). The same image analysis program as utilized for 
inclusion characterization was employed on these images to 
measure the volume fraction of pearlite as well as the size of 
the ferrite grains and pearlite nodules in the studied steels. 
The same assumption as made for measuring the inclusion 
size from their average area was made for measuring the size 
of the ferrite grains and pearlite nodules.

The thickness of GBC in the microstructure of the stud-
ied steels was measured from the SEM images. Since the 
thickness of these carbides is not uniform throughout the 
microstructure, it is tried to report a thickness size range. 
The reported data has been obtained from at least 10 obser-
vations for each sample.

2.3  Impact test and Fractography

Impact tests were performed at least three times at room 
temperature using a WOLPERT testing machine (model: 
AMSLER D-6700) on notched normalized samples, pre-
pared according to ASTM: E23 and the average was 
reported.

A SEM (model: QUANTA 450) with EDS capability 
(model: Xflash 6L10) was conducted on the fracture sur-
faces of the impact samples for inspection of the fracture 
surfaces as well as microanalysis of the particles appeared 
on these surfaces. This SEM and its EDS unit were also used 
for some microstructural observations, like the characteriza-
tion of GBC.

3  Results

3.1  Inclusion Characterization in the As‑Cast 
Condition

Figure 1 shows OM images of characteristic inclusions in 
two steels investigated. Observations approve the presence 
of large inclusions in the base steel with irregular shapes 
(Fig. 1a). The inspection of these inclusions suggests that 
the addition of RE to the cast steel leads to a decrease in the 
size and change their shape to a more spherical geometry 
(Fig. 1b). A summary of the microstructural characterization 
undertaken using OM images is given in Table 4 for both 
steels. It can be realized from this table that RE addition 
causes a decrease in the average area fraction and average 
size of the inclusions and also an increase in the roundness 
factor of the inclusions in the cast steels.

Figure 2 illustrates SEM micrographs along with the 
microanalyses of a characteristic inclusion found in the base 
steel. It can be realized that inclusions in the base steel are 
MnS-Al2O3 type. A dark area can be distinguished in the 
SEM images (Fig. 2a, b) which has been reported as a gap/
solid discontinuity caused by different thermal contraction 
of MnS and the matrix during cooling [54, 55]. However, 
the removed part of the inclusions might be also generated 
through the polishing stage. It can be found out from Fig. 2b 
and the results of spectrum 4 (Fig. 2c) that Nb-rich phase 
accumulates around MnS consuming the dissolved Nb in 
the microalloyed steel. This phenomenon has been reported 
previously in recent study of the authors [50], in which Nb-
rich phases (likely as NbC/NbCN) have been observed to 
form preferentially around MnS particles in the absence of 
RE elements in the composition. This issue is explained in 
more detail in Sect. 4.1. Considering the microanalyses of 
the inclusions, It should be mentioned that if better and accu-
rate limits of detection are searched for the light elements 
(C, O, N), the use of Wavelength Dispersive Spectroscopy 
(WDS) would be suggested, thus, the EDS results obtained 
for the light elements should be taken with caution.

Figure 3 shows SEM micrographs depicting a complex 
characteristic inclusion observed in the RE-added steel. This 
inclusion contains a cluster of (RE,Al)-oxide and (RE,Mn)
S particles wrapped in a (RE)S matrix. Similarly to the OM 
observations and compared to the base steel, these SEM 
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images show that inclusions in the RE-added steel have 
a more spherical shape. As expected, the oxide particles 
appear in the sharp faceted cubic shapes [56]. In addition, it 
can be deduced from the results of the microanalyses that RE 
addition of ~ 200 ppm could change the nature of the parent 
inclusion from MnS-based to RE(S)-based.

3.2  Microstructure of the As‑Cast and Normalized 
Steels

Figure 4 illustrates OM micrographs of the microstructure 
of the steels in the as-cast condition. The images shown 

in Fig. 4a, b correspond to the base and RE-added steels, 
respectively. Both images show a mixture of ferrite and 
pearlite; however, the distribution of these two phases is 
not uniform and the microstructures seem to contain coarse 
and fine grain areas (bimodal microstructure). In addition, 
from the comparison of both images, it can be concluded 
that the microstructure of the RE-added steel is finer than 
that of the base one.

Figure 5 illustrates OM micrographs of the microstruc-
ture of the steels investigated in the normalized condition. 
As for the as-cast microstructures, it seems that the coarse 
and fine grain areas of ferrite and pearlite (bimodality) 

Fig. 1  Inclusions and their morphologies in the a base and b RE-added steels

Table 4  Inclusion 
characteristics in the base and 
RE-added steels

Steels Area fraction [%] Average area (A) 
[µm2]

Average size (d) 
[µm]

Roundness factor (R)

Base 0.123 ± 0.004 1.35 ± 0.06 1.31 0.71 ± 0.02
RE-added 0.105 ± 0.004 1.21 ± 0.04 1.24 0.83 ± 0.02

Fig. 2  SEM micrographs in 
a SE and b BSE modes and c 
microanalyses of the inclusions 
observed in the base steel
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coexist in both steels after applying the normalizing heat 
treatment. Compared to the base steel (Fig. 5a), it can be 
observed that the width of the finer grain-sized bands/areas 
is smaller in the RE-added steel (Fig. 5b). Besides, the 
overall microstructure in the RE-added steel is finer com-
pared to the base steel, similar to what can be observed in 
Fig. 4. Ferrite and pearlite are the products of decomposi-
tion of the parent phase (austenite); the results suggest 
that this phase was coarser in the base steel. According 
to OM observations made on several images similar to 
those depicted in Fig. 5, the distance between the neigh-
boring large grain regions is about 250–400 μm in the base 
steel. Although the grain size distribution is more uniform 
with the RE addition, this separation lies between 200 and 
300 μm for the relatively larger grain regions in the RE-
added steel. Figure 6 shows SEM images of the normal-
ized samples. It can be seen that compared to the based 
steel (Fig. 6a), finer and more uniform pearlite nodules can 

be found in the matrix of RE-added steel (Fig. 6b). How-
ever, in these SEM micrographs (at higher magnification) 
the bimodality is not as obvious as those observed in OM 
images (Fig. 5).

The pearlite nodule size and its volume fraction have 
been measured on the several random OM images similar 
to those shown in Fig. 7; the results are listed in Table 5. It 
can be deduced from these results that RE addition could 
decrease pearlite nodule size while it leads to a slight 
change in the volume fraction of pearlite. In addition, 
the average ferrite grain size (listed also in Table 5) and 
the ferrite grain distribution (Fig. 8) of the normalized 
samples have been measured from the OM images. The 
average ferrite grain size has been estimated to be 12 and 
7 μm for the base and RE-added steels, respectively. More-
over, a clear bimodality can be observed for the base steel 
(Fig. 8a), while this is not so evident for the normalized 
RE-added samples (Fig. 8b). One can conclude that, based 

Fig. 3  SEM micrographs in 
a SE and b BSE modes and c 
microanalyses of a complex 
inclusion observed in RE-added 
steel

Fig. 4  Microstructure of the as-cast a base and b RE-added steels
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on the results shown in Table 5 and Fig. 8, the addition 
of RE to the base steel helps to refine the microstructure.

3.3  Impact Properties

In introduction section, the influences of the microstruc-
tural features on the FATT (as a representative factor of 
impact property) were discussed. Charpy impact test, as a 
procedure to measure the amount of energy absorbed by 
materials during fracture, is performed to determine the 
toughness of the steel under investigation. The results of 
this test for the studied steels are given in Table 6. It can be 
seen that with 200 ppm addition of RE, the steel exhibits 
a significant increase (about 60%) in impact toughness.

4  Discussion

Previous reports have confirmed that the impact property 
of ferritic-perritic steels is influenced by the ferrite grain 
size, volume fraction of pearlite, pearlite nodule size, the 
presence of grain boundary carbides and the inclusions 
that exist in these steels [18–20, 23–26, 41]. Besides, it 
was pointed out that fine precipitates would enhance the 
impact toughness by affecting the yield stress and inhib-
iting the dislocation movement, which would retard the 
fracture. The results obtained in this research indicated 
that RE could modify the composition and shape of the 
inclusions in steels and prevent the segregation of the 
large-sized Nb-rich phases, which might be effective on 

Fig. 5  Microstructure of the normalized a base and b RE-added steels (lines show the finer grain-sized bands)

Fig. 6  SEM images showing the microstructure of the normalized a base and b RE-added steels
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the impact toughness. Moreover, RE addition has led to 
changes in the features of the phases present in the micro-
structures (Table 5 and Fig. 8), which may also affect the 
impact toughness. These issues will be discussed in the 
upcoming sections.

4.1  The Effects of Inclusion Characteristics 
on the Impact Properties

Although, in literature, the modification of inclusions by 
RE in wrought steels has been considered as a main factor 

improving the toughness property, the results of this study 
clearly showed that RE addition can affect the inclusion 
characteristics in the cast condition as well (Table 4 and 
Figs. 2, 3). In this regard, according to the microanalyses 
of the inclusions it was found that the RE addition changes 
the nature of inclusions from MnS-based to (RE)S-based.

It has been shown in Table 4 that the inclusions in the 
RE-added steel are more spherical which may be attributed 
to the formation of RE-based particles in the molten steel 
and their tendency to reach the minimum energy with the 
melt [57]. According to the data extracted from ThermoCalc 
software (Table 3), MnS particles form in the pasty region. It 
is possible for MnS to nucleate on the preexisting inclusions 
in the melt e.g. on  Al2O3 or on the RE inclusions. This het-
erogeneous nucleation would alter the formation temperature 
of MnS to higher temperatures [27]. Thus, in the last step 
of solidification, the solidifying grains might impede the 
dimension and growth of MnS, lowering the roundness fac-
tor of this particle. It is generally accepted that the particles 
with the aspect ratio closer to 1 favor the impact properties 

Fig. 7  OM images of the microstructures in normalized condition showing a the coarse pearlite nodules in the base and b finer pearlite nodules 
in the finer ferrite matrix in RE-added steel

Table 5  Microstructural characteristics of the normalized steels

Steels Average of ferrite 
grain size (µm)

Average of pearlite 
nodule size (µm)

Volume frac-
tion of pearlite 
(%)

Base 12 ± 0.6 9 ± 0.4 23 ± 0.8
RE-added 7 ± 0.4 6 ± 0.3 21 ± 0.9
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Fig. 8  Size distribution of ferrite grains in the a base and b RE-added steels (normalized microstructures)
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while sharp  (Al2O3) or elongated/strip-like particles (MnS) 
can provide stress concentration and therefore crack initia-
tion centers [48].

The difference in the coefficient of thermal expansion that 
exists between the matrix and the inclusions leads to the 
emergence of stress fields or structural discontinuities dur-
ing the solidification and cooling. The thermal expansion 
coefficient of MnS is higher than that of steel matrix and, 
thus, a solid discontinuity/gap may appear at the matrix/MnS 
interphase during cooling [54]. This gap is expected to have 
a negative influence on the impact toughness of the steel. In 
contrast, it has been reported that RE-based inclusions and 
the steel matrix have similar thermal expansion coefficients 
[38], therefore, stress concentrations will not be developed 
during the solidification. Consequently, the gaps between the 
inclusions and the matrix in the base steel, as the one shown 
in Fig. 2, could be an additional reason for the brittleness 
of this steel.

The fracture surfaces of the samples after the impact tests 
were inspected to clarify the fracture mechanism (Fig. 9). 
It should be mentioned that no MnS particles have been 
observed in the fracture surfaces, which could be due to the 
presence of the debonded areas around these particles. In 
contrast, the round RE particles could be found in the frac-
ture surface of the RE-added steel, which seem to remain 

supportive to the matrix even after imposing the impact 
stresses. It can be deduced from the deformed areas and 
tiny dimples around the RE-inclusion shown in Fig. 9, likely 
RE(S) or (RE,Mn)S type, that the presence of these particles 
would not cause stress concentration and the prospect of 
crack initiation at these sites would be decreased. The same 
idea was reported by Sohaciu et al. [54] where it is claimed 
that the rate of crack propagation is influenced by the nature 
of the inclusion; supportive hard inclusions would decrease 
the velocity of the crack propagation.

Figure 10 depicts another type of inclusion observed in 
the fracture surface of the RE-added steel along with its 
microanalysis. The results of the microanalysis carried out 
on the shield show that the particle is a RE-base component. 
The SEM image reveals some particles similar to the par-
ticles/cluster shown in Fig. 3. As it can be seen, the shield 
of the complex inclusion (a matrix of RE(S)) has been bro-
ken due to the impact stresses. The faceted particles inside 
are visible which according to the microanalyses shown in 
Figs. 3 and 10, seems to be a (RE,Al)-oxide cluster. It is 
noteworthy that the content of oxygen and aluminum given 
in Fig. 10c might refer to the cluster adjacent to the ana-
lyzed area due to the excitation volume (in 3D) in X-Ray 
spectroscopy. In fact, the enclosure of the RE component 
has acted as a shield and prevented the contact between the 
sharp cubic oxide particles and the matrix which, in turn, 
has probably contributed to the enhancement of the impact 
toughness of RE-added steel (Table 6).

Apart from shape and composition of the inclusions, 
according to Fig. 2, it was found that coarse Nb precipi-
tates form around MnS particles. The formation of these 

Table 6  The results of the impact test for the investigated steels

Steels Base RE-added

Impact energy (J) 63 ± 2 100 ± 3

Fig. 9  a SEM and b magnified SEM micrographs of the fracture surface of the RE-added steel showing deformed areas around RE-based parti-
cle and c EDS results of the selected point (spectrum) on the inclusion
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precipitates would reduce the amount of Nb in solid solu-
tion necessary for nanoprecipitation. It should be mentioned 
that annealing temperatures higher than ~ 1200 °C would be 
required to dissolve these Nb-rich precipitates (Table 3) in 
order to reprecipitate them in the matrix. This issue has been 
reported recently by the authors in this type of steels [50] 
where it was observed that the segregation of the large Nb-
rich phases takes place only on MnS and RE addition could 
suppress the formation of MnS and these segregated areas. 
As it is proposed there, this phenomenon is related to the 
higher thermal expansion coefficients of MnS compared to 
the steel matrix (delta ferrite) during the solidification pro-
cess, which could take place in such low carbon/peritectic 
steels. Subsequent stress fields and debonded areas at the 
interface of MnS and matrix are able to stimulate the forma-
tion of large Nb-rich phases (with high formation tempera-
ture) around this particle. It should be mentioned that due to 
removal of these phases (MnS and Nb-rich phases) during 
the sample preparation, their characterization by TEM was 
very difficult. However, they have been deeply studied under 
the SEM. Although the quantitative results obtained by 
microanalysis (in SEM) for the light elements like C and N 
are not reliable, qualitative comparisons demonstrated that, 
compared to the matrix, the Nb-rich phases accommodate 
more carbon, proposing that these areas can be considered 
as Nb-carbides/carbonitrides (Fig. 2). Thus, it can be antici-
pated that the accumulation of large Nb-rich phases around 
MnS (in the base steel) would lower the amount/efficiency 
of solute Nb necessary for Nb-nanoprecipitation. In steels 
with 200 ppm of RE, the formation of MnS has been inhib-
ited (because of previous formation of RE-sulfide/oxysul-
phide), thereby, Nb atoms would be uniformly distributed as 

solid solution, promoting Nb-precipitation during cooling. 
Accordingly, some Nb-nanoprecipitates have already been 
distributed in the matrix of the RE-added steel even in the 
cast condition. Hereupon, the higher population density of 
the nanoprecipitates present in the RE-added steel would 
contribute to the enhancement of impact toughness.

4.2  Contribution of the Matrix Grain Size 
Distribution to the Impact Properties

After casting, the optical micrographs shown in Fig. 4 illus-
trate bimodal ferrite-pearlite microstructures with coarse and 
fine regions in the both investigated steels. Besides, although 
the ferrite and pearlite nodule size was not measured in the 
as-cast condition, it is clear that the microstructure of the 
RE-added steel is finer compared to the based steel. It is 
well known that crack propagation and, consequently, the 
impact toughness are greatly affected by the grain size. 
Unveiling why the addition of RE-elements may affect the 
parent austenite microstructure of microalloyed steels that 
originated these ferritic-pearlitic microstructures is, thus, of 
key importance.

The appearance of bimodality in the microstructure 
of microalloyed steels can be created during the different 
production steps such as solidification, reheating (where 
pinning effects of precipitates and abnormal grain growth 
would have a contribution to it), and hot deformation i.e. 
rolling processes [58, 59]. Considering the fact that the 
steels studied in this work have not experienced any defor-
mation processes, the contribution of the latter item should 
be ignored. Besides, since the Nb nanoprecipitation has not 
been optimized by thermomechanical processing treatments, 

Fig. 10  a SEM and b magnified SEM micrographs showing a complex inclusion on the fracture surface of RE-added steel and c EDS results of 
the selected area on the shield of the inclusion
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the role of these precipitates on the austenite grain size can 
be assumed to be insignificant at high temperatures. In this 
regard, Davis et al. [60] claimed that having an inhomoge-
neous distribution of the precipitates is not sufficient itself 
to promote a duplex/bimodal grain size microstructure and 
there should be an additional reason for such observations. 
Although the studied steels have passed the homogenization 
and normalizing treatments where Zener effect of the precip-
itates could have an influence on pinning of the boundaries, 
such bimodality existed in the as-cast (solidified) structure 
as well, where the samples are not reheated to high tempera-
tures. This somehow implies that the bimodality observed in 
the heat treated samples conceivably arises from the solidifi-
cation stage; it has been shown that normalizing heat treat-
ment applied after casting has not been able to homogenize 
the grain size as a bimodal microstructure with finer grain 
size can be observed in RE-added steel (Fig. 5). Hence, the 
effect of RE addition on the grain size and its distribution 
could be considered from the following point of view.

Non-metallic inclusions such as oxides appear in various 
stages of the solidification of steels. These may act as the 
cores for the heterogeneous nucleation to refine solidification 
structure as well as to inhibit grain growth by Zener pinning 
in the solid state [28, 32, 35–37]. The heterogeneous nuclea-
tion takes place when two main conditions are met during 
the solidification [61]:

 I. The lattice misfit between the particle and the solidi-
fying phase must be less than 6%; when the lattice 
misfit is small at the melting point of the alloy, a pro-
posed nucleation particle will facilitate the nucleation 
of other solid. Experimental evidences have shown 
that the lattice misfit of the RE-based particles with 
the steel matrix is less than 6% [32, 36, 48, 62] which 
would reduce the nucleation barrier and promote the 
solidification of the new solid phase.

 II. The melting point of the candidate nuclei must be 
higher than that of the alloy. Computational calcula-
tions support that the melting points of RE oxides/
sulfides (Table 7) are much higher than the melting 
point of the investigated steels [63] and they form 
stable compounds right after the introduction of the 
misch metal to the melt [30, 45, 46, 48].

Tuttle [64], in addition to these criteria, also considered 
the wettability and crystallographic structure of RE-based 
inclusions in steels which fulfill the requirements to serve as 
potent heterogonous nucleation sites during solidification.

The structure of low carbon steels, which experience peri-
tectic transformation, is strongly dependent on the number 
of solidification nucleation sites. It has been reported that 
the number of nucleation sites for the peritectic austenite to 
form is low which would usually increase by the presence 

of heterogeneous nucleation sites [12]. Thus, heterogonous 
nuclei would promote the formation of additional solidified 
grains to grow in the melt until hard impingement takes 
place, resulting in a reduction of the δ-ferrite grain size. In 
addition, it has been reported that the grain boundaries of 
the δ-ferrite are preferential sites for the peritectic reaction 
[14, 15]. A schematic of this phenomenon is depicted in 
Fig. 11. For that reason, when the number of the nucleating 
agents (RE compounds in the melt) for δ-ferrite formation 
increases, a higher density of the δ-ferrite grain boundaries 
are provided for the nucleation of the peritectic austenite. 
These phenomena will eventually result in the refinement of 
γ grains at high temperature, also resulting in the refinement 
of the product microstructure upon cooling to room tem-
perature and, consequently, the enhancement of the impact 
toughness. Moreover, the finer grains bands observed in the 
as-cast (Fig. 4) and normalized (Fig. 5) conditions would 
arise from the structure formed at last step of solidification. 
At that stage, the temperature of the melt has been probably 
dropped and possible thermal and/or constitutional under-
cooling has been provided for the melt remained between the 
solidifying grains; it is suggested that in last stage of solidi-
fication, heat has been removed from the melt by convection 
in the molten metal or by conduction process through the 
mold (thermal undercooling) and also concentration of sol-
utes in the remained melt has increased, providing the con-
stitutional undercooling [57]. As a matter of fact, the larger 
the undercooling the more populous solidification nuclei 
would be, resulting in refinement of the solidified grains. 
Both of the aforesaid mechanisms would provide negative 
Gibbs free energy required for solidification of the remained 

Table 7  Melting points of some 
typical RE inclusions [63]

Compound Melting point (°C)

Ce2O3 ~ 2177
La2O3 ~ 2249
Ce2S3 ~ 2150
La2S3 ~ 2099

Fig. 11  Schematic of a peritectic reaction (nucleation of γ) on the 
grain boundary of δ (arrows show the direction of γ growth)
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melt in the studied steels, creating a finer grains between 
existed relatively large solidified grains.

In addition to these mechanisms, existence of the fine 
grain sized bands between the larger grain regions would 
be possibly related to the different stages of austenite 
formation during the solidification process. It should be 
mentioned that, although ThermoCalc software predicts 
the phase diagram in equilibrium condition, based on the 
chemical composition of the base steel, the extracted data 
approved that the studied steel is a hyper-peritectic type. 
In fact, solidification of this steel starts with deposition 
of delta ferrite in the melt followed by peritectic transfor-
mation. As it was mentioned above, this transformation 
requires volume diffusion from the melt through the layer 
of the γ-phase towards the δ-phase direction, which is 
believed to have a low kinetic rate [15], resulting in coarse 
austenite grains. In hyper-peritectic steels, the solidifica-
tion process will not end after completion of the peritectic 
transformation and liquid still coexists with austenite. The 
remaining melt would directly transform to austenite at 
lower temperature resulting in finer austenite grains at last 
stage of solidification.

The postulated consequence of these scenarios in the as 
cast as well as in the normalized conditions has been shown 
in Figs. 4 and 5.

To evaluate the effect of bimodality on the impact tough-
ness, fracture surfaces of the impact samples were further 
examined for both steels. Figure 12 shows a fractograph 
of the base steel in which two well different areas can be 
recognized. Aforementioned areas could be related to the 
finer grain-sized bands and larger grain regions. The bands 
shown in this figure include very fine dimples correspond-
ing to a ductile fracture. Microstructural inspections (Fig. 5) 
showed that the distance between adjacent larger grains area 
is longer in the base steel and consequently, the fraction of 
the finer grains in the base steel is lower than that in the 
RE-added steel. The fracture surface of the RE-added steel 
illustrated in Fig. 9 proves that this separation is limited to a 
much shorter distance in RE-added steel. It has been claimed 
that the presence of coarse grains in front of the ductile crack 
tip may promote brittle/cleavage fracture, while fine grains 
resist cleavage initiation and the ductile crack propagates 
further, resulting in the absorption of higher impact energy 
[65, 66]. In this regard, Bengochea et al. [67] deduced that 
in a heterogeneous ferrite microstructure, with the presence 
of a relatively important number of large grains in the final 
microstructure, mechanical properties of the steel, mainly 
the toughness, would be impaired in spite of the small mean 
grain size. Therefore the higher impact toughness obtained 
in RE-added steel would be expected.

Higher magnification of the larger grains region in the 
base (Fig. 13a) and finer grain-sized band in the RE-added 
(Fig. 13b) steels are shown in SEM images. It is clear that 

these images correspond to the brittle/cleavage (Fig. 13a) 
and ductile (Fig. 13b) fractures.

To sum up, it could be assumed that the both cleavage 
and ductile mechanisms for fracture (derived from the large 
and fine grain areas, respectively) can be found in the base 
and RE-added steels. While, compared to the base steel, 
the fraction of the ductile mode (determined by the dim-
ples appeared on the fracture surface) is higher in RE-added 
steel.

4.3  Contributions of Pearlite and GBC to the Impact 
Properties

The data extracted from the pearlite phase characterization 
show that the RE-addition could refine the pearlite nod-
ules and slightly decrease the volume fraction of pearlite 
(Table 5). It is reported that pearlite volume fraction would 
affect the impact property; the lower the volume fraction 
of perlite, the higher is the impact energy [20]. The slight 
change in the volume fraction of pearlite by the RE-addi-
tion could be attributed to the grain refinement achieved 
by RE addition which was discussed in Sect. 4.2. In this 
case, Aranda et al. [68] have reported that the finer austenite 
grains provide more grain boundary areas which will be used 
as nucleation sites for proeutectoid ferrite, thus, formation 
of ferrite is promoted and a higher fraction of ferrite (lower 
fraction of pearlite) in the final microstructure is expected.

In spite of the fact that the change in the pearlite volume 
fraction caused by RE-addition is insignificant and it may 
have a minor influence on the impact toughness, the nodule 
size is effectively affected by RE-addition. This value is con-
trolled by the transformation temperature and prior austenite 
grain size; the higher the transformation temperature and the 

Fig. 12  SEM fractograph showing finer and larger grain regions in 
the fracture surface of the base steel
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coarser the prior austenite grain size, the larger is the nod-
ule size [21]. The experimental results described in Table 5 
show that RE-addition could refine the nodule size. Since 
the history of the base and RE-added steels is the same, 
finer nodule size could be attributed to the finer austenite 
grains obtained in the RE-added steel. Figure 14 illustrates 
a relatively large pearlite nodule on the fracture surface of 
the base steel which can be considered as an origin of the 
cleavage fracture.

It has also been discussed that an approximately linear 
relationship exists between the impact transition temperature 
and the square root of the carbide thickness (t). It is reported 
that for low carbon steels, this value is influenced by the 

composition (Mn  %), ferrite grain size (D) and cooling rate 
(T) which can be expressed by the following equation [20, 
27]:

Since the chemical composition (except RE content) 
and the history of the steels under investigation are the 
same, thick Grain Boundary Carbides, GBC, (Fig. 15a) 
can be attributed to the larger grains observed in the base 
steel. As a well known fact, compared to austenite, fer-
rite accommodates much lower amount of carbon. Thus, 
when proeutectoid ferrite grows, the excess carbon redis-
tributes to the adjacent austenite, likely to their boundary. 

(4)t = 0.789 − 0.00609D−
1

2 − 0.267% Mn − 0.0291T
1

2

Fig. 13  SEM images showing the fracture surface of a larger grains area in the base and b finer grain sized band in RE-added steels

Fig. 14  a SEM and b magnified SEM fractographs showing a pearlite nodule on the fracture surface of the base steel
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Therefore, in steels with larger ferrite grains (base steel), 
higher amount of carbon would be pushback to the bound-
ary, resulting in formation of thicker carbide (cementite) 
formed at this area. The effect of GBCs on the fracture 
surfaces of this steel is shown in Fig. 15b. The same idea 
and observations have been reported elsewhere [20, 24, 
27] where it is confirmed that the cracking of this type of 
carbides is an essential feature of the cleavage process, 
deteriorating the toughness property. The GBCs could be 
also found in RE-added steel (Fig. 16) while compared to 
the base steel, their thickness is smaller and their density is 
lower; the thickness of most of the GBCs observed in the 
base steel is in the range of 0.05–0.60 μm, while this value 
for most of the GBCs in RE-added steel is in the range of 
0.05–0.30 μm. As it was mentioned above, according to 
Mintz [20], the thickness reported for the GBCs found in 
RE-added steel mostly lies in out of the effective thick-
ness range, hence, it does not seem to be as detrimental as 
GBCs observed in the base steel.

Although the results obtained in this study disclosed 
the influences of RE addition on the impact toughness of 
the steels under investigation, further researches might 
be necessary for better understanding the link between 
the addition of these elements to the composition and the 
microstructural variations and subsequently to the other 
mechanical properties of such a low carbon cast Nb-micro-
alloyed steel.

5  Conclusions

This experimental report provides an improvement in 
the understanding of the influence of rare earth (RE) ele-
ments (La, Ce) on the microstructure and impact tough-
ness of cast ferritic-pearlitic microalloyed steels. It can be 

Fig. 15  a SEM image along with a line scan microanalysis of the grain boundary precipitate and b SEM fractograph showing GBC resulting in 
cleavage fracture in the normalized base steel

Fig. 16  SEM image showing a relatively thin GBC in the normalized 
RE-added steel
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proposed that the modification of the inclusions and their 
effects on solidification process (including the peritectic 
transformation) would have a great contribution to the 
impact toughness of the cast steel. The main outcomes of 
this work can be summarized as follows:

1. The combined RE addition of La and Ce at the rate 
of 200 ppm affected the inclusion characteristics and 
changed their nature from MnS-based to RE(S)-based. 
Inclusions appeared in the RE-added steel were found 
to be smaller and more spherical, with a lower average 
area fraction. All these factors contribute positively to 
enhancing the impact toughness of the RE-added steel 
compared to the base one.

2. MnS particles were found to serve as preferential nucle-
ation sites for large Nb-rich phases (likely as NbC/
NbCN), formation of which could be suppressed by RE 
addition. Consequently, it can be anticipated that more 
solute Nb are possibly available for the formation of 
nanoprecipitates in RE-added steel, which is believed to 
have a contribution to the enhancement of impact energy 
absorbed.

3. In the normalized condition, finer microstructural com-
ponents (finer pearlite nodules in the finer ferrite matrix) 
and a slight reduction in pearlite volume fraction were 
obtained by RE-addition, where the bimodality was 
redressed as well. The finer grain-sized bands, whose 
volume fraction was higher in the RE-added steel, are 
linked to the very tiny dimples on the fracture surfaces 
and contribute to the improvement of impact toughness.

4. The results of SEM observations showed that the rel-
atively thick GBC caused by the large ferrite grains 
existed in the microstructure of the base steel, which 
would impair the impact toughness.

5. The microstructural characterization and the fractogra-
phy analyses allowed us to conclude that the aforesaid 
microstructural variations observed in the RE-added 
steel were the main reasons to explain the notable 
enhancement of the impact toughness (about 60%) in 
the microalloyed steel investigated.
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