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The effects of titanium and zirconium additions on the non-metallic inclusions and microstructure of PK942 (X11CrNiMo12)
steel were investigated. Laboratory steel charges with additions of Ti, Zr and a combination of both elements were melted. The
inclusions’ size, quantity, distribution and composition were analysed using optical and scanning electron microscopy (SEM).
Other than the difference in �-ferrite quantity, there are no significant differences in the microstructure. The Ti and Zr additions
had a significant effect on the non-metallic inclusions, and while the addition of Ti did have an effect on the composition of
inclusions, the addition of Zr also had a great effect on the size distribution and the number of non-metallic inclusions. The
result of the Zr addition was a large reduction in the total non-metallic inclusion surface area. The additions of both titanium and
zirconium had similar effects to the addition of Zr. Thermodynamic reactions were considered to explain the modification of the
non-metallic inclusions.
Keywords: non-metallic inclusions, clean steel, de-oxidation with Ti, de-oxidation with Zr, creep resistant steel

S pomo~jo opti~ne ter elektronske mikroskopije se je preiskal vpliv dezoksidacije jekla PK942 (X11CrNiMo12) s cirkonijem,
titanom ter kombinacijo obeh. Poudarek raziskave je bil na spremembi velikosti, razporeditve ter sestave nekovinskih vklju~kov
v jeklu PK942. Razen v majhni razliki dele`a �-ferita, ni bilo bistvenega vpliva na osnovno mikrostrukturo jekla. Ve~ji vpliv pa
se je pokazal na velikost, {tevilo ter kemi~no sestavo nekovinskih vklju~kov. Analiza nekovinskih vklju~kov je pokazala, da Ti
vpliva predvsem na kemi~no sestavo, med tem ko ima Zr zelo velik vpliv tudi na velikostno porazdelitev ter {tevilo nekovinskih
vklju~kov, rezultat ~esar je manj{i skupni povr{inski dele` nekovinskih vklju~kov. Dodatek kombinacije Zr in Ti ima podoben
vpliv kot dodatek Zr, vendar v manj{em obsegu. Pri razlagi modifikacije vklju~kov so se upo{tevale osnovne termodinami~ne
reakcije oksidacije.
Klju~ne besede: nekovinski vklju~ki, ~istost jekla, dezoksidacija s Ti, dezoksidacija z Zr, jekla za lezenje

1 INTRODUCTION

The efficiency of steam turbines can be improved by
increasing the maximum operating pressure and tempe-
rature, which are limited by the properties of the avail-
able materials.1 The most widely used creep-resistant
steels in a power plant are 9–12 % Cr martensitic steels,
where the size, number and distribution of the precipi-
tates affect the creep resistance.2–6 They offer the best
combination of high creep strength, high resistance
against thermal fatigue, high steam oxidation resistance
and good manufacturability at relatively low costs.7 The
steel grade PK942 (X11CrNiMo12) is a martensitic
creep-resistant steel that is generally used for turbine
blades and fittings.

These steels must fulfil very high quality standards in
terms of the mechanical properties and microstructure.
One of very important factors is the cleanliness of steel,
which depends on the number, size, and distribution of
non-metallic inclusions. The content of non-metallic
inclusions depends on the control of melting, refining
and casting of steel.8 The use of de-oxidation agents is
very important as they will greatly influence the forma-

tion of inclusions, both during refining and casting.
De-oxidization is usually carried out through Al addi-
tions, but aluminates are hard and brittle, and are un-
favourable. Alternatively, de-oxidation can also be
performed with elements that have a very high chemical
affinity for oxygen, like titanium and zirconium, this
changes the size, number and distribution of non-
metallic inclusions.9 Zirconium and titanium additions
are known to modify sulphide inclusions, cause grain
refinement, reduce the grain growth during high-tempe-
rature annealing and in the heat-affected zone during
welding, they also promote the precipitation of small
nitride, carbide and carbonitride particles.10–15 The use of
both titanium and zirconium are known to reduce the
size and improve the distribution of oxide inclusions in
steel.16

The present investigation was undertaken with the
objective of determining the effect of small additions of
Zr, Ti and the combination of both elements, on the size,
distribution and composition of inclusions in PK942
steel grade.
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2 EXPERIMENTAL

2.1 Melting and casting

Experimental charges of PK942 (X11CrNiMo12,
SINOX 4938) steel were remelted in a vacuum-
induction-melting furnace under an inert Ar atmosphere.
The four charges consisted of 8 kg of X11CrNiMo12 and
minor additions of ferrosilicon (20 g), ferrovanadium
(4g) and ferromanganese (50 g) were added to compen-
sate for the oxidation losses. The first charge (PK942)
was remelted without any additional alloys, the second
charge (PK942Ti) was de-oxidised with the addition of
ferrotitanium (70 % Ti), the third charge (PK942Zr) was
de-oxidised by adding zirconium (99.8 % Zr), and the
fourth charge (PK942TiZr) was de-oxidised by adding
both ferrotitanium and Zr. The melt was cast into 88 mm
× 88 mm moulds. The cast ingots were air cooled to
room temperature.

2.2 Forging and heat treatment

Then the ingots were annealed at 720 °C to prevent
stress cracking. The annealed ingots were then homoge-
nized at 1180 °C for 6 hours. When the homogenization
was complete the 88×88 mm ingots were hot forged into
30-mm diameter bars with a pneumatic forging hammer.
After hot forging the samples were annealed at 720 °C
for 1.5 h.

2.3 Sampling

The samples were then taken from the forged bars, in
the longitudinal direction, as described in Figure 1.

2.4 Chemical analysis

The chemical analysis of the steel samples was made
by time-of-flight mass spectrometers (TOFMS) LECO
CS600 (C and S) and LECO TC436 (N and O), by
Coupled Plasma-Optical Emission Spectrometers
(ICP-OES) Varian 730-ES (Ti and Zr), and by Optical

Emission Spectroscopy (OES) ARL 3460 (Si, Mn, Cr,
Ni, Mo, V and Al).

2.5 Metallography

The metallographic analysis and the determination of
the prior austenite grain size according to ASTM E11217

were made with an optical microscope (Olympus DP70).
The samples for optical microscopy were etched with
Vilella’s reagent, while the samples for electron
microscopy were only polished.

The electron microscopy and EDS analysis were
made in a SEM (Jeol-JSM6500F). The non-metallic
inclusion analysis was made with an INCA FEATURE in
a SEM Jeol-JSM6510. The total analysis area for each
sample was 9×106 μm2.

2.6 Thermodynamic

The calculation of the Gibbs free energy and its
dependence on the temperature were made with HTCS 8
software.

3 RESULTS AND DISCUSSION

The chemical analyses of the four different charges
PK942, PK942Ti, PK942Zr and PK942TiZr are given in
Table 1. The most important variations of the experi-
mental charges in comparison to PK942 are 0.018 % of
mass fractions of Ti in PK942Ti, 0.013% of mass frac-
tions of Zr in PK942Zr, and 0.016 % of mass fractions of
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Figure 1: Site of the sample extraction

Table 1: Chemical compositions of the experimental charges / wt.%

sample C Si Mn Cr Ni Mo V Al Ti Zr O N Fe
PK942 0.11 0.37 0.80 12.8 2.68 1.61 0.41 0.004 <0.001 <0.001 0.0126 0.038 Bal.

PK942Ti 0.12 0.39 0.80 12.6 2.67 1.60 0.40 0.006 0.018 <0.001 0.0119 0.045 Bal.
PK942Zr 0.10 0.26 0.58 12.4 2.69 1.62 0.37 0.005 <0.001 0.013 0.0148 0.038 Bal.

PK942TiZr 0.11 0.45 0.90 12.7 2.65 1.60 0.38 0.006 0.016 0.010 0.0105 0.038 Bal.

Figure 2: Microstructure of quenched and tempered sample a) PK942,
b) PK942Ti, c) PK942 Zr, d) PK942TiZr

Ti and 0.01 % of mass fractions of Zr in PK942TiZr, as
can be seen in Table 1.

The chemical analyses showed that the oxygen con-
tent in the charges varies from 0.0105 % to 0.0148 % of
mass fractions, while the nitrogen content is 0.038 % of
mass fractions, except for PK942Ti, where it is 0.045 %
of mass fractions. These values of the measurements can
be considered to be roughly the same for practical
purposes. Although the higher nitrogen content could be
attributed to the formation of titanium nitrides in the
liquid melt.

The microstructures are shown in Figure 2a to 2d.
All four types of steel contain martensite with small
�-ferrite islands in the segregation areas. The prior auste-
nite grain size of all the samples was 5 according to
ASTM E112.17 The occurrence of �-ferrite islands is less
frequent in the PK942Zr sample, which may be ex-
plained by the fact that ZrO2 is a heterogeneous nucle-
ation site during the solidification of austenite, therefore
inhibiting �-ferrite nucleation.18 This can be beneficial as
�-ferrite can be harmful to the final properties and the
hot working is reduced by annealing.19 Other than the
difference in �-ferrite, there are no significant differen-
ces in the microstructure.

3.1 INCA-feature

The automatic non-metallic inclusion analysis made
by the INCA Feature revealed significant differences in
the non-metallic inclusion content and chemistry bet-
ween the samples. The graph in Figure 3 shows the total
area of all the inclusions and the number of inclusions
found in the INCA-feature analysis. The total analysis
area for each sample was 9×106 μm2.

The results of the Inca feature analysis are given in
Figure 3. The non-metallic inclusion area drastically de-
creases with the Zr additions, but the number of inclu-
sions, however, sharply increases. This means that Zr
additions cause the formation of numerous small non-
metallic inclusions. The explanation for the smaller ZrO2

non-metallic inclusions, especially in comparison to the

alumina inclusions, is the lower interfacial energy and
better wettability. During solidification the ZrO2 particles
are engulfed by the solidification front, while the alu-
mina particles are pushed from the solidification front.20

The Ti additions have no significant effect on the
total surface and the number of inclusions. The com-
bined addition of Ti and Zr results in a decrease in the
total inclusion area and an increase in the number of
inclusions.

The distribution of inclusions in each sample accord-
ing to their diameter is shown in Figures 4–7. It can be
observed that while the PK942 and PK942Ti samples
(Figures 4–5) have a relatively uniform distribution of
inclusions of different sizes, the majority of the inclu-
sions in the PK942Zr and PK942TiZr samples (Fig-
ures 6–7) are smaller than 1 μm. This is in good agree-
ment with the research of A. V. Karasev and H. Suito,
where the majority of the Zr de-oxidation product
inclusions were less than 1 μm in diameter.
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Figure 5: Size distribution of non-metallic inclusions for sample
PK942Ti

Figure 3: Total inclusion area and number of inclusions for each
sample

Figure 4: Size distribution of non-metallic inclusions for sample
PK942
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Figure 5: Size distribution of non-metallic inclusions for sample
PK942Ti

Figure 3: Total inclusion area and number of inclusions for each
sample

Figure 4: Size distribution of non-metallic inclusions for sample
PK942



The non-metallic inclusions in PK942 are relatively
equally distributed among the sizes from 1 to 4 μm. The
inclusions are relatively small but compared to Figure 6
(PK942Zr and PK942TiZr) they are large. The PK942
sample has the highest surface area of non-metallic
inclusions, compared to the other samples in Figure 3.

For PK942Ti the inclusion size and distribution are
comparable to PK942, but most of the inclusions were
modified by the Ti, especially the larger inclusions. Only
a few smaller inclusions contain no titanium. The
analysis of the non-metallic inclusions is very similar to
PK942, both in the distribution of the non-metallic
inclusion size as well as in the non-metallic inclusion
surface area.

The addition of Zr drastically changed the inclusion
size distribution, as the majority of the inclusions (over
60 %) are smaller than 1 μm in diameter. The majority of
the inclusions also contain Zr. The highest percentage of
inclusions without Zr is smaller than 1 μm in diameter.
The share of non-modified inclusions is larger than in the

PK942Ti sample. The overall inclusion surface area is
the smallest, as can be seen in Figure 3, but the number
of inclusions is the highest.

The combination of Ti and Zr additions has a high
percentage of modified inclusions, similar to PK942Ti,
and the majority of the inclusions are smaller than 1 μm
in diameter, similar to PK942Zr. The overall surface area
of the non-metallic inclusions is higher than in PK942Zr,
but still much lower than in PK942 and PK942Ti
(Figure 3).

3.2 Thermodynamics

When adding elements like Ti and Zr the basic ther-
modynamic reactions must be considered. For steel-
making the reactions with oxygen must be considered
when estimating the alloy addition yield. Figure 8 shows
a diagram with the Gibbs free energy and its dependence
on the temperature in degrees Celsius. Titanium has a
high affinity for oxygen, higher than silicon, while zirco-
nium has higher affinity for oxygen, even higher than
aluminium, as can be seen in Figure 8. The high affinity
for oxygen is one of the reasons so much of both
titanium and zirconium are present in the non-metallic
inclusions. The exact thermodynamic values were taken
from the HTCS 8 software, and are given in Table 2 at
1600 °C.

Table 2: Reactions and associated values of �H, �S and �G at
1600 °C

Reaction �H (kJ) �S (J/K) �G (kJ)
4/3Al+O2(g)=2/3Al2O3 -1120.9 -215.7 -716.8
2Ca+O2(g)=2CaO -1288.9 -226.2 -910.5
4/3Cr+O2(g)=2/3Cr2O3 -751.9 -166.8 -439.5
2Mn+O2(g)=2MnO -812.1 -175.7 -482.9
Si+O2(g)=SiO2 -946.3 -197.9 -575.7
Ti+O2(g)=TiO2 -937.5 -175.8 -608.1
Zr+O2(g)=ZrO2 -1080.6 -175.8 -751.3

The reactions of the different alloying elements were
calculated to represent the reduction of 1 mole of O2(g).
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Figure 6: Size distribution of non-metallic inclusions for sample
PK942Zr

Figure 8: Gibbs free energy for the formation of different oxides
Figure 7: Size distribution of non-metallic inclusions for the sample
PK942TiZr

According to Figure 8, zirconium oxide is more stable
than aluminium oxide, which means that zirconium will
be a better de-oxidiser than aluminium. This explains
why a large amount of the non-metallic inclusions con-
tain zirconium. Zirconium reduced most of the inclu-
sions in the melt and formed new, smaller inclusions and
completely changed the size distribution and the amount
of the non-metallic inclusions (Figure 6). Titanium,
however, forms less-stable oxides than aluminium, but
since there were no aluminium additions to the melt, it
also acted as a strong de-oxidiser. Titanium only partially
reduced the pre-existing inclusions; therefore, it did not
have a profound effect on the number and size distribu-
tion of the non-metallic inclusions, but titanium was
present in the majority of the inclusions (Figure 5).

The combined addition of both titanium and zirco-
nium had a similar effect on the size and distribution of
the non-metallic inclusions to that of the zirconium

addition, but with a large majority of the inclusions mo-
dified by both Ti and Zr (Figure 7).

3.3 EDS

Typical samples of oxide inclusions are shown in
Figure 9a to 9d. The analysed non-metallic inclusions
are oxides as they represent the bulk of the inclusions.
The PK942 sample contains oxide non-metallic inclu-
sions that are mostly manganese silicates, as shown in
Figure 9a/Table 3. The de-oxidation with titanium re-
sults in the formation of titanium oxides as it has a
higher affinity for oxygen than Mn and Si (Figure 9b/
Table 3). Due to the strong de-oxidation nature of Zr,
ZrO2 inclusions are formed first and then provide
nucleation for many different phases,13,23,24 for example,
the Zr-Ti-O inclusion in Figure 9d/Table 3. PK942TiZr
has a MnS attached, ZrO2 provides the nucleation sites
for MnS as they have small misfit in the lattice para-
meters.16,23 This is why zirconium additions are known to
improve the impact toughness through sulphide modifi-
cation.10

The SEM EDS results show that the complexity of
the non-metallic inclusions is increased with Ti, Zr and
Ti+Zr de-oxidation. The SEM micrograph in Figure 9c
also shows that the larger zirconium oxides are mostly
agglomerated smaller ZrO2 spheres with the attachment
of other oxides.

4 CONCLUSIONS

No significant changes other than a decreased content
of �-ferrite in the zirconium de-oxidised sample were
observed in the microstructure when titanium or both
titanium and zirconium were added. However, there was
a significant impact on the non-metallic inclusions.

The addition of titanium did not have any significant
effect on the size distribution and the number of
non-metallic inclusions, but it did have a significant
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Figure 9: Typical oxide inclusions from samples a) PK942, b)
PK942Ti, c) PK942 Zr, d) PK942TiZr

Table 3: Chemical composition of the typical oxide inclusion in Figure 9

sample
wt. %*

O S Zr Ti Cr Mn V Si Al Fe
PK942-Spect1 40.1 / / / 4.3 25.4 / 20.4 / 9.8

PK942Ti-Spect1 14.52 / / 9.57 10.32 1.22 1.65 5.13 0.97 56.62
PK942Ti-Spect2 34.04 / / 41.18 6.63 5.03 6.28 / 0.75 6.09
PK942Ti-Spect3 / / / 12.34 12.90 1.19 2.64 / / 70.93
PK942Ti-Spect4 32.00 / / 32.54 7.50 4.53 4.66 1.29 0.93 16.55

PK942Zr-Spect1 27.57 / 67.57 / 0.78 / / 0.68 / 3.39
PK942Zr-Spect2 28.65 / 26.92 / 15.62 9.59 2.43 1.15 0.66 14.97
PK942Zr-Spect3 31.92 / 35.25 / 7.68 3.95 1.18 4.78 / 15.24

PK942TiZr-Spect1 24.9 / 50.7 7.0 4.2 1.6 0.8 / 0.5 10.3
PK942TiZr-Spect2 5.9 13.5 12.6 5.1 7.3 28.4 1.5 / 0.4 25.3
PK942TiZr-Spect3 / / / / 14.0 1.2 0.6 0.6 / 83.6

*The carbon content was omitted from the results as it cannot be properly measured by the SEM EDS method and would only potentially confuse
the reader into thinking there were carbides in the inclusions.
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comparable to PK942, but most of the inclusions were
modified by the Ti, especially the larger inclusions. Only
a few smaller inclusions contain no titanium. The
analysis of the non-metallic inclusions is very similar to
PK942, both in the distribution of the non-metallic
inclusion size as well as in the non-metallic inclusion
surface area.

The addition of Zr drastically changed the inclusion
size distribution, as the majority of the inclusions (over
60 %) are smaller than 1 μm in diameter. The majority of
the inclusions also contain Zr. The highest percentage of
inclusions without Zr is smaller than 1 μm in diameter.
The share of non-modified inclusions is larger than in the

PK942Ti sample. The overall inclusion surface area is
the smallest, as can be seen in Figure 3, but the number
of inclusions is the highest.

The combination of Ti and Zr additions has a high
percentage of modified inclusions, similar to PK942Ti,
and the majority of the inclusions are smaller than 1 μm
in diameter, similar to PK942Zr. The overall surface area
of the non-metallic inclusions is higher than in PK942Zr,
but still much lower than in PK942 and PK942Ti
(Figure 3).

3.2 Thermodynamics

When adding elements like Ti and Zr the basic ther-
modynamic reactions must be considered. For steel-
making the reactions with oxygen must be considered
when estimating the alloy addition yield. Figure 8 shows
a diagram with the Gibbs free energy and its dependence
on the temperature in degrees Celsius. Titanium has a
high affinity for oxygen, higher than silicon, while zirco-
nium has higher affinity for oxygen, even higher than
aluminium, as can be seen in Figure 8. The high affinity
for oxygen is one of the reasons so much of both
titanium and zirconium are present in the non-metallic
inclusions. The exact thermodynamic values were taken
from the HTCS 8 software, and are given in Table 2 at
1600 °C.

Table 2: Reactions and associated values of �H, �S and �G at
1600 °C

Reaction �H (kJ) �S (J/K) �G (kJ)
4/3Al+O2(g)=2/3Al2O3 -1120.9 -215.7 -716.8
2Ca+O2(g)=2CaO -1288.9 -226.2 -910.5
4/3Cr+O2(g)=2/3Cr2O3 -751.9 -166.8 -439.5
2Mn+O2(g)=2MnO -812.1 -175.7 -482.9
Si+O2(g)=SiO2 -946.3 -197.9 -575.7
Ti+O2(g)=TiO2 -937.5 -175.8 -608.1
Zr+O2(g)=ZrO2 -1080.6 -175.8 -751.3

The reactions of the different alloying elements were
calculated to represent the reduction of 1 mole of O2(g).
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Figure 6: Size distribution of non-metallic inclusions for sample
PK942Zr

Figure 8: Gibbs free energy for the formation of different oxides
Figure 7: Size distribution of non-metallic inclusions for the sample
PK942TiZr

According to Figure 8, zirconium oxide is more stable
than aluminium oxide, which means that zirconium will
be a better de-oxidiser than aluminium. This explains
why a large amount of the non-metallic inclusions con-
tain zirconium. Zirconium reduced most of the inclu-
sions in the melt and formed new, smaller inclusions and
completely changed the size distribution and the amount
of the non-metallic inclusions (Figure 6). Titanium,
however, forms less-stable oxides than aluminium, but
since there were no aluminium additions to the melt, it
also acted as a strong de-oxidiser. Titanium only partially
reduced the pre-existing inclusions; therefore, it did not
have a profound effect on the number and size distribu-
tion of the non-metallic inclusions, but titanium was
present in the majority of the inclusions (Figure 5).

The combined addition of both titanium and zirco-
nium had a similar effect on the size and distribution of
the non-metallic inclusions to that of the zirconium

addition, but with a large majority of the inclusions mo-
dified by both Ti and Zr (Figure 7).

3.3 EDS

Typical samples of oxide inclusions are shown in
Figure 9a to 9d. The analysed non-metallic inclusions
are oxides as they represent the bulk of the inclusions.
The PK942 sample contains oxide non-metallic inclu-
sions that are mostly manganese silicates, as shown in
Figure 9a/Table 3. The de-oxidation with titanium re-
sults in the formation of titanium oxides as it has a
higher affinity for oxygen than Mn and Si (Figure 9b/
Table 3). Due to the strong de-oxidation nature of Zr,
ZrO2 inclusions are formed first and then provide
nucleation for many different phases,13,23,24 for example,
the Zr-Ti-O inclusion in Figure 9d/Table 3. PK942TiZr
has a MnS attached, ZrO2 provides the nucleation sites
for MnS as they have small misfit in the lattice para-
meters.16,23 This is why zirconium additions are known to
improve the impact toughness through sulphide modifi-
cation.10

The SEM EDS results show that the complexity of
the non-metallic inclusions is increased with Ti, Zr and
Ti+Zr de-oxidation. The SEM micrograph in Figure 9c
also shows that the larger zirconium oxides are mostly
agglomerated smaller ZrO2 spheres with the attachment
of other oxides.

4 CONCLUSIONS

No significant changes other than a decreased content
of �-ferrite in the zirconium de-oxidised sample were
observed in the microstructure when titanium or both
titanium and zirconium were added. However, there was
a significant impact on the non-metallic inclusions.

The addition of titanium did not have any significant
effect on the size distribution and the number of
non-metallic inclusions, but it did have a significant

M. KOLE@NIK et al.: DE-OXIDATION OF PK942 STEEL WITH Ti AND Zr

Materiali in tehnologije / Materials and technology 51 (2017) 6, 1031–1036 1035

MATERIALI IN TEHNOLOGIJE/MATERIALS AND TECHNOLOGY (1967–2017) – 50 LET/50 YEARS

Figure 9: Typical oxide inclusions from samples a) PK942, b)
PK942Ti, c) PK942 Zr, d) PK942TiZr

Table 3: Chemical composition of the typical oxide inclusion in Figure 9

sample
wt. %*

O S Zr Ti Cr Mn V Si Al Fe
PK942-Spect1 40.1 / / / 4.3 25.4 / 20.4 / 9.8

PK942Ti-Spect1 14.52 / / 9.57 10.32 1.22 1.65 5.13 0.97 56.62
PK942Ti-Spect2 34.04 / / 41.18 6.63 5.03 6.28 / 0.75 6.09
PK942Ti-Spect3 / / / 12.34 12.90 1.19 2.64 / / 70.93
PK942Ti-Spect4 32.00 / / 32.54 7.50 4.53 4.66 1.29 0.93 16.55

PK942Zr-Spect1 27.57 / 67.57 / 0.78 / / 0.68 / 3.39
PK942Zr-Spect2 28.65 / 26.92 / 15.62 9.59 2.43 1.15 0.66 14.97
PK942Zr-Spect3 31.92 / 35.25 / 7.68 3.95 1.18 4.78 / 15.24

PK942TiZr-Spect1 24.9 / 50.7 7.0 4.2 1.6 0.8 / 0.5 10.3
PK942TiZr-Spect2 5.9 13.5 12.6 5.1 7.3 28.4 1.5 / 0.4 25.3
PK942TiZr-Spect3 / / / / 14.0 1.2 0.6 0.6 / 83.6

*The carbon content was omitted from the results as it cannot be properly measured by the SEM EDS method and would only potentially confuse
the reader into thinking there were carbides in the inclusions.



effect on the composition of the non-metallic inclusions,
as a majority of the inclusions contained Ti.

The addition of zirconium had a great effect on the
size distribution and the number of non-metallic
inclusions. The inclusions were significantly smaller and
the number was much higher (300 % compared to
PK942), the result was a large reduction in the total
non-metallic inclusion surface area (37 % reduction).
Most of the inclusions contained Zr. This means that the
de-oxidation with zirconium is potentially beneficial for
the production of clean steel.

The addition of both titanium and zirconium also
resulted in smaller (over 60 % of non-metallic inclusions
are smaller than 1 μm) but more numerous non-metallic
inclusions that had a reduced total non-metallic inclusion
surface area (28.5 %) in comparison to the PK942
sample. The vast majority of inclusions contain both Ti
and Zr.
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Fe-based biodegradable alloys such as Fe–Mn are interesting for biodegradable implants; however, their corrosion rate for such
applications is too low. Here, nanosecond-laser surface texturing is applied as a successful surface treatment for increasing the
degradation rate of an Fe–Mn alloy. Laser texturing increases the surface area by increasing the surface porosity and generating
a super-hydrophilic surface. Electrochemistry tests revealed that the laser-textured samples have a higher corrosion rate than a
polished sample, thus enhancing the biodegradability of the Fe–Mn alloy. EDS analyses revealed a significantly higher content
of Mn on the surface in the oxidized layer compared to the bulk Fe–Mn composition, which is one of the reasons for the
increased corrosion rate. This work demonstrates the potential of laser-treated surfaces of biodegradable metals for biomedical
applications.
Keywords: Fe–Mn alloy, laser texturing, corrosion, biodegradable, EDS analyses

Biolo{ko razgradljive zlitine, kot so na primer Fe–Mn zlitine, so zanimive za uporabo v obliki biolo{ko razgradljivih implanta-
ntov, vendar je njihova hitrost korozije za ciljne aplikacije {e vedno prenizka. Lasersko teksturiranje povr{ine predstavlja
uspe{no povr{insko obdelavo za pove~anje hitrosti razgradnje Fe–Mn zlitine. Obdelava povr{ine z laserjem pove~a dele`
izpostavljene povr{ine na ra~un ve~je poroznosti, obenem pa je novonastala povr{ina superhidrofilna. Elektrokemijski testi so
pokazali, da imajo vzorci, obdelani z laserjem, ve~jo stopnjo korozije v primerjavi s poliranimi vzorci, s ~imer se pove~a
biorazgradljivost zlitine Fe–Mn. EDS analiza je pokazala pove~ano vsebnost Mn na povr{ini v oksidirani plasti v primerjavi s
kemijsko sestavo osnovnega materiala Fe–Mn, kar predstavlja eno od razlag za pove~anje hitrosti korozije. Raziskava dokazuje
potencial laserske obdelave povr{ine biolo{ko razgradljivih kovin za biomedicinske aplikacije.
Klju~ne besede: zlitina Fe–Mn, lasersko teksturiranje, korozija, biorazgradljivost, EDS analiza

1 INTRODUCTION

In recent years, biodegradable metals, such as Fe and
Mg alloys, have emerged as a promising alternative in
bone surgery, orthopaedic and cardiovascular applica-
tions.1–4 The advantages of biodegradable metals are
temporary support during tissue healing, progressive
degradation, as well as reducing the long-term risks and
side effects.1,2,5,6 Despite the high potential of these
Fe-based materials, which possess similar mechanical
properties to stainless steel, they exhibit one main
weakness – the corrosion rate is too slow.6–8 However,
with the addition of Mn as an alloying element, a trace
element necessary in many enzymatic reactions, the
corrosion rate is enhanced.2,9 Although the degradation is
faster it is still too low, which represents a major prob-
lem for these recently developed Fe–Mn alloys. Another
way to influence the corrosion rate of an Fe–Mn alloy
without changing its chemical composition is to modify
the surface morphology via mechanical treatments,

including machining, sand blasting and laser surface mo-
dification.10–15 Increased surface areas, porous surfaces
and surfaces with increased wettability (super-hydro-
philic surfaces) have higher corrosion rates.11,16,17 How-
ever, not so many studies has been made on biode-
gradable Fe metals, and many of the existing treatments
are usually applied to biocompatible materials with
passivating surfaces such as AISI 316L stainless steel,
titanium alloys, cobalt-chromium alloys and other simi-
lar alloys to improve the corrosion properties.11,18,19

The aim of the present study was to investigate the
influence of a laser surface treatment on the corrosion
behaviour of the Fe–Mn alloy due to changes in the
surface properties. In contrast to other authors the con-
tent of Mn in our study was below 20 % of mass
fractions, with no additional changes in the chemical
composition. Like the majority of the previous studies to
simulate in-vivo conditions, the corrosion properties
were investigated using Hank’s solution.
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