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InvestIgatIon of the MechanIcal ProPertIes of calcIuM treated low carbon steel

ın this study, the effect of calcium treatment on the mechanical properties and fatigue behavior of low carbon steel material 
is investigated. By applying calcium treatment after aluminum deoxidation for steel cleanliness, the aim is to transform the inclu-
sions into harmless structures and produce cleaner liquid steel. as a result of the study, calcium treated material’s tensile strength 
slightly increases while fatigue life decreases. Sem studies were conducted to evaluate the results and it was observed that while 
elongated inclusions were observed as well as spherical shapes in the untreated sample, the inclusions generally had a spherical 
shape in the calcium treated sample. after the steel cleanliness process, the mechanical properties of the samples were improved. 
the tensile strength of the calcium treated sample increased slightly. However, a significant decrease in fatigue strength was ob-
served depending on brittle inclusions that occur as a result of the calcium treatment process.
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1. Introduction

Steel cleanliness is an important factor of steel quality and 
the demand for clean steel is increasing. Clean steel contains 
low amounts of non-metallic inclusions, such as oxygen, sulfur, 
phosphorus, hydrogen, nitrogen and even carbon, and the level 
of cleanliness is determined by the amount of inclusion of these 
substances in the steel [1]. to obtain clean steel, inclusions 
are reduced or modified to harmless inclusions during a ladle 
metallurgy process between steel production and casting. ın the 
continuous casting stage, it is desirable to maintain the level of 
steel cleanliness achieved.

ınclusions inside the steel are of two types: internal and ex-
ternal. ınternally generated inclusions are composed of reactions 
during steel production while external inclusions are inclusions 
resulting from external factors, such as slag and refractories. 
non-metallic inclusions negatively affect steel properties, such 
as tensile strength, workability, toughness, weldability, fatigue 
resistance, and corrosion resistance.

the effect of inclusions on steel quality varies according to 
the shape, number, size, and distribution of inclusions [2,3]. Gen-
erally, controlling oxide and sulfide levels is important for steel 
cleanliness. total oxygen content, the sum of the oxygen content in 
steel for dissolved oxygen and oxygen in inclusions, is extremely 

important in terms of steel cleanliness. the oxygen content of 
steel should be as low as possible because low oxygen content 
reduces the possibility of unwanted large oxide inclusions [1].

During the production process of steel, deoxidation (oxy-
gen removal) is carried out in a ladle metallurgy process and 
the amount of oxygen is drawn to certain levels. ın steelmaking 
processes, there are primarily three elements (silicon, manga-
nese, and aluminum) used in steel deoxidation. Calcium, which 
is a highly reactive element, is used for modify the morphology 
of inclusions and calcium treatment is a way to modify solid 
alumina inclusions to liquid calcium-aluminates [4,5].

ın steel production, nozzle clogging problems are encoun-
tered in the continuous casting process and solid al2O3 inclusions 
have been found in the nozzle [6]. With the development of 
calcium injection techniques, the effects of calcium in the steel 
melt have been clarified [7]. the first comprehensive study on 
steel cleanliness control was conducted by Kiessling [1]. later 
on, mu and Holappa [8], Cramb [9], Zhang and thomas [10] 
conducted studies on steel cleanliness.

al2O3 and mnS inclusions occur during continuous casting 
and during solidification in deoxidized steels with al; they were 
found to have a negative effect on the mechanical and physi-
cal properties of the final product [11,12]. For steels untreated 
with calcium, during rolling, mnS inclusions show elongation 
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in the rolling direction while al2O3 inclusions are broken in the 
rolling direction. By applying calcium treatment to the steel, 
non-deformable spherical inclusions are obtained during roll-
ing [13,14]. Calcium can modify oxide and sulfide inclusions. 
However, insufficient calcium addition leads to incomplete 
modification of alumina inclusions and consequent formation of 
solid calcium aluminates having high melting points. these are 
detrimental to the castability of steel. on the other hand, excess 
calcium addition leads to the formation of a large number of CaS 
inclusions and partially modified calcium aluminate inclusions 
deteriorating castability of steel besides adverse effects on physi-
cal and mechanical properties on final product [14]. moreover, 
oxide-sulfide duplex inclusions are always observed in the steel 
[15]. Duplex inclusions containing calcium and aluminum such 
as Cao(al2O3) and Cao(al2O3(2Sio2)) are thought to be most 
detrimental to the fatigue strength [16].

Studies have been carried out on steel cleanliness with cal-
cium treatment and new methods are being developed [17,18]. 
the fatigue behavior of steel varies depending on many factors, 
such as size, shape and number of inclusions, and the bond 
with the matrix material. these factors are related to the stress 
concentration factor and the stress distribution around the in-
clusion. ınclusion size has a major effect on fatigue strength. 
ınclusions with an irregular shape and sharp edges cause larger 
stress concentrations around the inclusions than inclusions with 
a smooth shape, making it easier for a fatigue crack to initiate. 
Differences in the thermal expansion coefficients of the inclusion 
and the matrix can generate internal stresses around inclusions.

Studies on the effect of steel cleanliness on the fatigue 
properties of steel have been carried out [16, 19-25]. the aim 
of this study is to investigate the effects of steel cleanliness with 
calcium treatment on the mechanical properties of low carbon 
steel material. ın this context, fatigue tests of the materials under 
constant amplitude axial loads have been performed.

2. experimental procedures

2.1. Material and methods

the chemical composition of the low carbon steel material, 
obtained from industry, used in experimental studies is given 
in taBle 1.

taBle 1

 Chemical composition of low carbon steel material (weight %)

c Mn Pmax smax al
0.14-0.18 0.85-1.05 0.035 0.035 0.02-0.06
ca (ppm) timax crmax Momax fe

20-60 0.010 0.080 0.020 Balance

Calcium treated and untreated materials were obtained from 
industry. Both of the untreated steel samples and calcium treated 
steel samples were produced in the same batch. ladle furnace 

outlet temperature was 1579°C in average and casting speed 
was 1.1 m/min in the casting process. the slab thickness, width 
and length were measured as 200 mm, 1230 mm and 5860 mm, 
respectively. the final product analysis is S275JrC quality 
according to en 10025-2:2004 standard. the materials are hot 
rolled. the materials were rolled into 13.8 thicknesses. tensile 
and fatigue tests of both materials were performed to determine 
the effect of the calcium treatment for steel cleanliness on the 
mechanical properties of the material. tensile tests were carried 
out by using four samples for both untreated steel and calcium 
treated steel. Fatigue tests were carried out by using thirteen 
samples for both untreated steel and calcium treated steel.

tensile test samples were prepared according to aStm e8 
standards, and fatigue test specimens were prepared according 
to aStm e466 standards. the dimensions of the tensile and 
fatigue test samples are given in Fig. 1.

Fig. 1. Standard sample sizes: (a) tensile test. (b) Fatigue test (dimen-
sions given in mm)

the cyclic fatigue tests were performed on a servo-hydrau-
lic mechanical test machine (ınStron model 8501) equipped 
with a 100 kn load cell. the stress amplitude-controlled high 
cycle fatigue tests were performed using a sinusoidal wave-
form at a stress ratio (R = minimum stress/maximum stress) of 
R = 0.1, and the maximum stresses were 400, 375 and 350 mpa. 
the frequency was chosen as 15 Hz in order not to affect the 
results of the fatigue tests with this value being applied for all of 
the fatigue tests. ın all the fatigue tests, the applied load is in the 
form of a sinusoidal curve with the fatigue tests being performed 
until the sample broke.

2.2. sample preparation and microscopic  
characterization

For microscopic investigations, the fractured parts after the 
fatigue tests were cut using a diamond disc in a precision cut-
ting device (StruerS Secotom-10). Cut surfaces were molded 
with Bakelite (StruerS labopress-3) and mechanically 
polished from coarse to fine with diamond polishing solutions 
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and suitable polishing clothes by using an automatic polisher 
(StruerS tegrapol-25). Following the polishing step, some 
of the selected samples were etched with a 5% nitric acid and 
95% ethanol (nital 5%) solution for about ten seconds in order 
to reveal the grain boundaries. Some of the polished samples 
were examined by using the light microscope (Zeiss primotech). 
additionally, to determine the changes in the internal structure, 
polished, polished+chemically etched and fractured surfaces of 
the untreated and calcium treated samples were examined in 
the scanning electron microscope (Sem, Zeiss Supra 50 vp) 
by using secondary electron (Se-Sem) imaging technique. 
Chemical analyzes of the inclusions on the polished surfaces 
were performed with the energy dispersive x-ray spectroscopy 
(eDS, oxford ınstruments, ınCa enerGy) attached to the 
Sem. the sizes of the inclusions were calculated with ımageJ 
software using more than ten backscatter electron (BSe-Sem) 
images taken from different regions in the microstructures of 
each sample’s polished surfaces. ın addition, the volume per-
centages of the inclusions were measured using more than ten 
BSe-Sem images taken at 5000× magnification from polished 
surfaces. ınclusion volume fractions were calculated using the 
equation (1) given below [26,27]:

 X0 = 0.89R0 f –1/3 (1)

where X0 is the average adjacent inclusion distance, R0 is the true 
average inclusion radius and f is the inclusion volume fraction. 
X0 is calculated from equation (2) [28]:

 X0 = 0.554(Nv)–1/3 (2)

where Nv is the number of inclusions per unit volume and derived 
from equation (3) [29]:

 Na = 2R0 Nv (3)

where Na is the number of inclusions per unit area on polished 
surfaces.

R0 is determined by the following equation [26,30]:

 (π/4)H(d) (4)

where H(d) is the harmonic average value of inclusion diameters 
measured from polished surfaces.

3. results and discussion

3.1. Mechanical test results

tensile tests were carried out by using four samples for 
both untreated steel and calcium treated steel. the average of 
the tensile test results of the untreated and the calcium treated 
samples are shown in Fig. 2. the tensile test results of untreated 
and calcium treated samples are given in taBle 2. tensile 
strength of calcium treated steel sample is marginally higher than 
untreated steel sample while strain deformation value is lower.

as can be seen in the results given in taBle 2, the cal-
cium treated sample’s tensile strength increased slightly while 
elongation decreased.

taBle 2

effect of calcium treatment on tensile test results

Measured values untreated  
sample

calcium treated 
sample

tensile strength (mpa) 456 (±5) 492 (±2)
maximum strain (%) 31.6 (±3) 27.8 (±3) 

Fatigue tests were carried out by using thirteen samples for 
both untreated steel and calcium treated steel. average of the 
fatigue test results of untreated and calcium treated samples for 
each maximum stress value are given in taBle 3. as can be 
seen in the results given in taBle 3, fatigue life significantly 
decreased with an increase of maximum stress in cyclic loads 
applied at R = 0.1. ın tests where maximum stress of 350 mpa 
was applied, life in the untreated sample was 9.684.577 cycles, 
whereas in the case of maximum stress of 400 mpa, it decreased 

Fig. 2. tensile test results: (a) untreated steel sample. (b) Calcium treated steel sample

taBle 3

effect of calcium treatment on fatigue test results

Maximum 
stress  
(MPa)

number of cycles  
up to break  

(untreated sample)

number of cycles  
up to break

(calcium treated sample)
400 266.097 (±36.400) 196.424 (±18.600) 
375 647.748 (±66.700) 274.901 (±25.800) 
350 9.684.577 (±315.400) 1.048.561 (±167.900) 
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to 266.097 cycles. Similar results are observed in other tests. 
ın addition, the results of the fatigue test on the calcium treated 
samples were lower than the fatigue test results of the untreated 
samples.

the variation of fatigue life with stress amplitude (S-n 
curves) for the untreated and the calcium treated samples created 
according to the fatigue test results are shown in Fig. 3. as can 
be seen from the S-n diagram, the degradation in cyclic fatigue 
life at the higher stress amplitudes and resultant short fatigue 
life than at the lower stress amplitudes and resultant enhanced 
fatigue life. ın Fig. 3, it is seen that the fatigue life is lower for 
all stress values in calcium treated samples.

Fig. 3. S-n curves for the untreated and the calcium treated samples

3.2. Microstructure investigations

the purpose of the calcium treatment after aluminum 
deoxidation is to modify inclusions and produce cleaner liquid 
steel. ıt was expected that the calcium treatment process would 
improve the mechanical properties of the material. the tensile 
strength value of the calcium treated materials was slightly in-
creased. However, in this study, the fatigue strength decreased 
rather than improved. ın order to determine the reason for this, 
the microstructure of the materials was investigated by using 
a light microscope (Fig. 4) and Sem (Fig. 5). low magnification 
light microscope images indicated that the calcium treatment 
process affects some morphological properties of inclusions. 
While elongated inclusions were observed as well as spherical 

shapes in the untreated sample (Fig. 4a), the inclusions generally 
had a spherical shape in the calcium treated sample (Fig. 4b). 
taBle 4. shows the inclusion characteristics achieved using 
BSe-Sem images obtained from the polished surfaces of the 
untreated and calcium treated steels.

according to the ımageJ software measurements (ta-
Ble 4), the average inclusion size decreased from 3.3 µm to 
1.9 µm with calcium treatment. ınclusion size has the major 
effect on the fatigue strength. the characteristics of the inclu-
sions which influence toughness are volume fraction, spacing 
and resistance to void nucleation.

the inclusion volume fraction (f ) and the number of inclu-
sions per unit area (Na) values were higher in calcium treated 
sample, while the average adjacent inclusion distance (X0) was 
lower (taBle 4). according to these results, it was observed 
that there were smaller, more numerous and closer inclusions in 
calcium treated sample than untreated sample. micro cracks that 
start from hard inclusions close to each other may coalescence 
and turn into larger cracks.

taBle 4

Characteristics of inclusions in untreated and calcium treated samples 
(f is the inclusion volume fraction, Na is the number of inclusions  

per unit area on polished surfaces, X0 is the average adjacent inclu-
sion distance, R0 is the true average inclusion radius)

Materials
characteristics of inclusions

average size 
(µm) f Na  

(µm–2)
X0 

(µm)
R0  

(µm)
untreated 3.3 (0.7-7.0) 0.0042 0.0003 14.31 2.6

Calcium treated 1.9 (0.5-4.6) 0.0068 0.0014 6.98 1.49

Se-Sem images obtained from the polished+chemically 
etched surfaces of the untreated (a, b) and calcium treated sam-
ples (c, d) at low and high magnifications are presented in Fig. 5. 
the microstructures of the untreated and the calcium treated 
steel samples showed that there was no significant change in 
the microstructure after calcium treatment.

Fig. 6. shows detailed microstructures and eDS analysis 
results of the inclusions in untreated and calcium treated samples. 
the magnified inclusion images (Fig. 6a1, b1) supported the 
interpretation of the tendency of the inclusions to become spheri-

Fig. 4. microstructures of (a) untreated and (b) calcium treated samples taken at low magnification by using a light microscope
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Fig. 5. Se-Sem images obtained from the polished+chemically etched surfaces of the (a, b) untreated and (c, d) calcium treated samples at 
(a, c) 2000× and (b, d) 4500× magnifications

Fig. 6. (a1, b1) Se-Sem images and (a2, b2, c) eDS analyzes results including (a2, b2) spectra and (c) quantitative data of the inclusions in (a1, a2) 
untreated and (b1, b2) calcium treated samples
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Fig. 7. (a1, b1, c1) BSe-Sem and (a2, b2, c2) Se-Sem images of the three representative inclusions in calcium treated steel. eDS analyses re-
sults including (d) eDS compared spectra and (e) quantitative data obtained from the regions marked with yellow point 1 and red point 2 in the 
inclusions
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cal by calcium treatment based on light microscopy images. ın 
addition, similar elements were identified in the inclusions in 
both samples (Fig. 6a1, b1, c).

ıt is observed that the amount of sulfur and oxygen has 
increased in the calcium treated sample (Fig. 6c). an increased 
sulfur content alters the inclusion balance. ıt becomes impossible 
to only bind sulfur solely in CaS. ınstead, many mnS inclusions 
are formed though often combined with CaS, resulting in the 
formation of (mn,Ca)S. (mn,Ca)S inclusions are less ductile 
compared to mnS [31].

Fig. 7. shows BSe-Sem (a1, b1, c1) and Se-Sem (a2, 
b2, c2) images of three representative inclusions in the calcium 
treated sample. Se-Sem images taken from the same inclu-
sion revealed the inclusion structure details more clearly than 
BSe-Sem images. ın addition, eDS-Sem analyses (Fig. 7d, e) 
were performed on two different regions, which were observed 
in the structure of the three inclusions and marked with yellow 
number 1 and red number 2 (Fig. 7a2, b2, c2). Fig. 7d and e shows 
the compared eDS spectra and quantitative results, respectively. 
Quantitative eDS results (Fig. 7e) are the average of results from 
regions in the three inclusions. 

regions marked with the same number in all inclusions 
gave similar chemical analysis results (Fig. 7e). alumina was 
observed in the most of the inclusions in the calcium treated 
samples. ın the eDS analysis, alumina and spinel phases may 

coexist in grain containing al, mg and o (red colored number 2). 
all of the mg and some al took place in the spinel structure, 
while the remaining al formed a solid phase as alumina (alumina 
is extremely hard). Hard inclusions are very fragile and under 
loads, losing their bonds with the matrix as they cannot easily 
change shape as the surrounding matrix, resulting in a void 
around them. these voids cause stress concentration, and as local 
stress increases the micro voids grow, coalesce, and eventually 
form a continuous fracture.

the Se-Sem images of the fractured surfaces taken from 
the fractured specimens as a result of the fatigue tests were 
given in Fig. 8. and Fig. 9. the untreated sample, at a maximum 
tensile of 400 mpa, was broken at 266.097 cycles. ıt is seen that 
the broken surface is a ductile fracture, resulting from intense 
plastic deformation. Cracks formed in the material due to the 
coalescence of micro voids can also be seen from the Sem 
image. there are dimples on the broken surface caused by the 
inclusion or separation of second phase particles. ın the calcium 
treated sample, fracture occurred in 196.424 cycles. the un-
treated sample, at a maximum tensile of 350 mpa, was broken 
at 9.684.577 cycles. Striation marks are clearly visible on the 
fracture surface. ın the calcium treated sample, fracture occurred 
in 1.048.561 cycles. When the test results and microstructures of 
the fracture surfaces are examined; it is seen that cracks progress 
rapidly in the calcium treated samples and fast fracture occurs.

Fig. 8. Se-Sem images of fracture surfaces after the fatigue test where maximum stress of 400 mpa is applied: (a) untreated sample. (b) Calcium 
treated sample

Fig. 9. Se-Sem images of fracture surfaces after the fatigue test where maximum stress of 350 mpa is applied: (a) untreated sample. (b) Calcium 
treated sample
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4. conclusions

ın this study, the effects of the calcium treatment process 
on the material’s tensile strength and fatigue behavior are de-
termined by experimental studies. For this purpose, tensile and 
fatigue tests have been applied to untreated and calcium treated 
samples. light microscopy and Sem investigations were car-
ried to untreated and calcium treated steels to investigate the 
reasons for the mechanical test results. the following results 
being achieved:
• When compared to untreated and calcium treated sample 

test results, the calcium treated samples’ tensile strength 
increased slightly. the hard inclusions resulting from cal-
cium treatment have caused a decrease in extension.

• the fatigue life of the calcium treated samples was lower 
than the untreated samples. the decrease depended on brit-
tle inclusions that occur as a result of the calcium treatment.
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