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Abstract

The study aimed to reveal the influence of hatnium addition on the characteristics of Fe-10Cr alloy. Fe-10Cr alloys con-
taining varying hafnium additions (0-3 wt%) were fabricated by plasma arc melting to investigate the effect of hafnium on
microstructural evolution, mechanical properties, wear behavior, and corrosion performance. Microstructural characterization
was conducted using SEM, EDS, EBSD, and XRD techniques. The results indicated that low hafnium additions (0.5-1 wt%)
led to grain coarsening due to insufficient heterogeneous nucleation, whereas higher hafnium contents (> 2 wt%) promoted
significant grain refinement through the formation of Hf-rich intermetallic phases, including Fe,Hf, FeHf,, and CroHf. These
intermetallic phases acted as effective heterogeneous nucleation sites and inhibited grain growth. The addition of hafnium
resulted in reduced hardness and wear resistance, primarily attributed to the diminished solid-solution strengthening and
increased microstructural heterogeneity caused by grain boundary segregation. In contrast, corrosion resistance improved
markedly with increasing hafnium content, as demonstrated by a noble shift in corrosion potential, reduced corrosion cur-
rent density, enhanced passivation behavior, and increased impedance response. The enhanced corrosion performance was
attributed to the formation of stable and protective Hf-containing passive films, particularly in alloys containing 2 and 3
wt.% hafnium. Overall, the findings reveal a clear trade-off between hardness, wear performance, and corrosion resistance in
Fe—Cr—Hf alloys, providing insights for tailoring alloy compositions for specific industrial applications.

Keywords Fe—Cr—Hf alloy - Plasma arc melting - Electrochemical corrosion - Dry sliding wear

1 Introduction

Iron-chromium alloys are widely used in high-temperature
processes, aggressive corrosion environments and applica-
tions need higher mechanical strength and wear resistance,
such as heat exchangers, power generation, nuclear appli-
cations, energy conversion, and marine industry [1-5]. The
improved corrosion and oxidation behavior of the iron-
chromium alloys arises via a passivated surface formed by a
stable chromium oxide film [6]. On the other hand, combined
mechanical and corrosive effects can cause a degradation for
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the properties of the alloy and reduction in the service life [7,
8]. Moreover, improvements in the corrosion properties of
iron-chromium alloys are one of the key factors that enhance
the efficiency and reliability of the alloy in its area of appli-
cation [9].

Properties of the iron-chromium alloys can be improved
via formation of the iron-chromium based ternary alloy by
using the refractory alloying elements like zirconium, nio-
bium, yttrium, tantalum, and hafnium [5, 10-14]. Laves
phase is the common phase that emerged in the microstruc-
ture of iron-based ternary alloys. The Laves phase is an
intermetallic with an A;B-type structure. Although the for-
mation of the Laves phase influences the overall properties of
the alloy, factors such as its morphology, size, and distribu-
tion within the matrix are the key parameters determining its
effect on those properties [15-19]. Hafnium is one of the pri-
mary elements that promote the formation of the Laves phase
in the iron—chromium system. Kobayashi and Hibaru [20]
reported that Fe,Hf type Laves phase can precipitate in Fe-
9Cr alloy via interphase precipitation or accompanying the
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delta ferrite—austenite transformation. Moreover, Fe—-Nb-Hf
and Fe-Ta—Hf systems are remarkable examples of hafnium
containing Laves phases [21, 22].

The hafnium addition not only provides a pronounced
effect on the microstructural characteristics but also leads
to significant changes in the mechanical, physical, and oxi-
dation properties of iron-based alloys. Auger et al. [23]
produced Fe-14Cr-0.22Hf alloy with spark plasma sinter-
ing. The existence of hafnium caused the precipitation of
hafnium and oxide rich phases, and the dispersion strength-
ening mechanism increased the hardness of the alloy. Also,
Xu et al. [24] studied hafnium addition in Fe-14Cr system,
and it was revealed that hafnium improved the thermal sta-
bility of the alloy. Moreover, Geanta et al. [25] observed
that oxidation resistance of the Fe—Cr alloy could be devel-
oped with the combined addition of aluminum and hafnium.
On the other hand, Wulin et al. [26] reported the ben-
eficial effect of hafnium on the crack susceptibility. The
Fe—Cr-based clad layer was produced with hafnium addi-
tion, and the 0.9% hafnium addition prevented the cracking
of the structure. Despite these potential advantages, system-
atic studies on iron, chromium, and hafnium alloys remain
limited, particularly regarding the relationship between pro-
cessing parameters, microstructural evolution, and combined
corrosion-wear performance.

Accordingly, the study aims to produce Fe—Cr—Hf alloys
and evaluate their microstructure, corrosion and wear behav-
iors. Moreover, it has been sought to elucidate the role of
hafnium in properties of the iron, chromium, and hafnium
ternary alloys. For this purpose, the microstructural char-
acteristics were determined, and the corrosion and wear
behaviors were investigated using electrochemical tech-
niques and dry sliding wear tests, respectively.

2 Materials and Method

The compositions of the five designed ferrous alloys with
varying hafnium additions used in this study are presented in
Table 1. High-purity raw mate-
rials (> 99%), including Fe, Cr, and Hf metals (Nanografi),
were used for alloy fabrication. The alloys were produced
using a plasma arc melting furnace under a high-purity argon
atmosphere. Each 25 g button-shaped alloy with a 26-mm
diameter was obtained after flipping and remelted three times
to ensure chemical homogeneity. The target composition was
Fe—10Cr with hafnium additions varying between 0.5 and 3
wt%. The actual chemical compositions (Table 1) were deter-
mined by averaging measurements taken from five different
general regions. The as-cast alloys were used for corro-
sion and dry sliding wear tests. Prior to testing, all samples
were ground using SiC papers down to 2500 grit, followed
by final polishing with colloidal silica to obtain a surface

@ Springer

suitable for microstructural characterization, corrosion, and
wear tests. General microstructural observations, chemical
composition analyses, and electron backscatter diffraction
(EBSD) measurements were carried out using a scanning
electron microscope (SEM) equipped with the relevant detec-
tors and attachments. Moreover, energy-dispersive X-ray
spectroscopy (EDS) spot analyses were performed to reveal
the composition of the phases. Analyses were carried out by
Jeol JSM IT-800 with APEX EDS and EBSD detectors. X-
ray diffraction (XRD) analysis was performed using an X-ray
diffractometer over a 26 range of 40—120°, with a scan rate of
1°/min, to identify the phase constituents of the alloys. PAN-
alytical Empyrean equipment was used for XRD analysis.
Vickers hardness tests were performed with 2.5 kg test
load, according to ASTM E92—17. Moreover, dry sliding
wear tests were performed using the 6-mm-diameter Al,O3
counterface at room temperature by a ball-on disk tribometer.
The tests were carried out with 90 m sliding distance, 25 mm/s
sliding velocity, and 30 N test loads. Volume loss values were
measured with 3D profile analyses, and Eq. 1 was used to
calculate the specific wear rate (ASTM G99—17):

WR:V/LP (1)

P was the applied load, and L was the sliding distance.
In addition, the average coefficient of friction (CoF) was
determined, and 3D profile analysis were performed on worn
surfaces.

Potentiodynamic polarization (PDP) and electrochemical
impedance spectroscopy (EIS) tests were performed on pro-
duced alloys at room temperature. The tests were applied in
3.5% NaCl solution, and a triple electrode assembly was con-
stituted including test sample as working electrode, platinum
plate as counter electrode, and Ag/AgCl solution as refer-
ence electrode. Prior to tests, open-circuit potential (OCP)
was measured for 30 min. The PDP tests were performed
between 0.15 to 0.5 V against the OCP. The EIS tests were
applied by 10 mA AC current at the OCP over a frequency
range of 0.1 Hz to 100,000 Hz.

3 Results and Discussion

Figure 1 shows the SEM micrographs of the alloys.
The microstructures of the hafnium-free FeCrHf-0 and 0.5
wt% hafnium containing FeCrHf-0.5 samples were nearly
identical (Fig. 1a and b). It was observed that both sam-
ples consisted of single-phase structure. The solubility of
chromium in iron is relatively high, and the existence of
chromium promotes the formation of iron-chromium solid-
solution structure [27]. Moreover, hafnium containing phases
could not be determined in FeCrHf-0.5 sample due to addi-
tion of hafnium at lower ratio. The FeCrHf-1, FeCrHf-2,
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Table 1 Composition of the

produced alloys Sample Nominal composition (wt%) Actual composition (wt%)
Fe Cr Hf Fe Cr Hf
FeCrHf-0 90.0 10.0 - 90.3+£0.3 9.7+0.3 -
FeCrHf-0.5 89.5 10.0 0.5 89.3+04 9.8+0.3 0.9+ 0.1
FeCrHf-1 89.0 10.0 1.0 89.0+ 0.2 9.9+0.2 1.1 £0.2
FeCrHf-2 88.0 10.0 2.0 88.2+0.3 9.7+0.3 2.14+0.2
FeCrHf-3 87.0 10.0 3.0 87.0£0.3 9.7+£0.3 33+£03

b)

Fig. 1 SEM micrographs of the alloys produced with varied hatnium content: a FeCrHf-0, b FeCrHf-0.5, ¢ FeCrHf-1, d FeCrHf-2, and e FeCrHf-3

and FeCrHf-3 samples consisted of 1 wt%, 2 wt%, and 3
wt% hafnium, respectively. For these samples, it was clearly
observed that microstructural changes induced by hafnium
addition, as indicated with yellow arrows (Fig. lc-e). In
particular, grain boundary segregations became markedly
pronounced in the FeCrHf-2 and FeCrHf-3 with increasing
hafnium content. Hafnium, as a transition metal, has low sol-
ubility in iron due to its larger atomic radius, strong chemical
affinity for compound formation and crystallographic struc-
ture difference [28]. Consequently, the increase in hafnium
content led to enhanced grain boundary segregation.

XRD analyses of the produced alloys are given in Fig. 2.
All produced alloys included the (110), (200), (211), (220),
and (310) peaks of the ferrite phase. It can be inferred that
higher solubility of the chromium in iron improved the sta-
bility of ferrite phase as a matrix structure. Moreover, it was
evident that ferrite peaks shifted to lower angles with increas-
ing hafnium content. Despite the low solubility of hafnium in
iron, even a small amount of dissolved hafnium caused lattice

expansion in the ferritic solid-solution matrix due to its large
atomic radius. Accordingly, the ferrite solid-solution diffrac-
tion peaks systematically shifted toward lower 26 angles
from FeCrHf-0 to FeCrHf-3 [29]. The XRD analysis of the
FeCrHf-0 revealed that the sample only consisted of ferrite
phase, compatible with SEM analysis. Similarly, 0.5 wt%
and 1 wt% hafnium containing FeCrHf-0.5 and FeCrHf-
1 samples exhibited XRD patterns comparable to that of
the FeCrHf-0. Despite the hafnium addition, no hafnium
containing phases were identified in these samples. This phe-
nomenon can be attributed to hafnium concentrations below
the detection limit of XRD, in accordance with literature
[30]. The XRD analysis of the FeCrHf-2 consisted of (044),
(088), (048), and (177) peaks of the FeHf,, and (044) and
(135) peaks of the FeoHf phases, besides ferrite. On the other
hand, the FeCrHf-3 sample comprised of (044), (135), and
(026) peaks of the Fe,Hf phase, (113), (133), and (335) peaks
of the CroHf phase, and (012) peak of the hafnium, alongside
the ferrite phase.
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Fig.2 XRD analysis of the alloys
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The FeHf, and Fe,Hf intermetallic phases were detected
in the XRD analysis of the 2 wt% hafnium containing
FeCrHf-2 sample. The formation of both intermetallics has
been reported in the Fe-Hf system by various researchers
[31-33]. While FeHf, is a hafnium-rich phase, the Fe, Hf
phase has a relatively lower hafnium content [34]. Especially,
it was reported that hafnium-rich segregations promoted the
formation of local FeHf, intermetallic [35]. As revealed by
SEM analysis, significant hafnium segregation was observed
along the grain boundaries. Accordingly, hafnium-rich FeHf>
intermetallic composed in FeCrHf-2. However, the FeHf;
tended to transform into the more stable FeoHf phase [36].
In the FeCrHf-3 sample, the low-stability FeHf, phase
was not detected, and it was observed that the dominant
iron and hafnium-based phase was Fe,Hf. The usage of
hafnium in increasing amounts promoted the formation of
the more stable Fe,Hf phase. In addition, the presence
of CrpHf and metallic hafnium was also detected. It was
assumed that the strong mutual affinity between iron and
chromium results in extensive solid-solution formation, and it
restricted the chromium and hafnium interaction in FeCrHf-
2. Nevertheless, the increased hafnium content enhanced
the chromium-hafnium interaction, leading to the forma-
tion of the CroHf intermetallic phase. Additionally, metallic
hafnium was detected with the 3 wt% hafnium addition due

@ Springer
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to both the limited solid-solution dissolution of hafnium and
the insufficient interaction of iron, chromium, and hafnium
required for extensive formation of intermetallics.

EDS spots and the result of the EDS analysis can be seen
inFig. 3andTable 2,respec-
tively. EDS spot analyses were performed on the FeCrHf-1,
FeCrHf-2, and FeCrHf-3 samples, in which the presence of
hafnium was clearly observed in the general SEM analy-
ses and different phase interactions were also identified by
XRD analyses. In general, hafnium containing structures
were observed to form a continuous morphology along the
grain boundaries and to appear as particulates in regions near
to the grain boundaries. The Al, B1, and CI1 spots corre-
sponded to the matrix structure of the samples. These regions
were found to be rich in iron, containing chromium in the
range of 9-10 wt%. The analysis of the matrix was consis-
tent with the ferrite having a BCC crystal structure, as also
identified in the XRD analyses. The A2, B2, and C2 spots rep-
resented analyses taken from particulate structures located
near the grain boundaries. These regions were observed to
consist of hafnium-rich structures containing more than 90
wt% hafnium. Nevertheless, the XRD analyses indicated that
an interaction occurs between the hafnium-rich regions and
the matrix structure, as observed in the SEM images. No
phase formation was detected in the XRD analyses due to the
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Fig.3 SEM-EDS spots of the
alloys: a FeCrHf-1, b FeCrHf-2,
and ¢ FeCrHf-3

Table 2 EDS spot analysis of

Fig. 3 (Wt%) Samples Spots Fe Cr Hf
FeCrHf-1 Al 90.9 9.1 -
A2 7.9 0.8 91.3
A3 473 5.8 46.9
A4 50.3 53 44.4
FeCrHf-2 Bl 91.1 8.9 -
B2 6.4 0.8 92.8
B3 55.4 5.1 39.5
B4 61.1 59 33.0
B5 24.8 29 72.3
FeCrHf-3 C1 91.9 8.1 -
C2 6.3 0.7 93.0
(6%) 61.9 6.3 31.8
C4 65.1 3.6 31.3
Cs5 20.9 37.8 41.3

low hafnium addition, for the FeCrHf-1. However, A3 and A4
analyses revealed the presence of an interaction between iron
and hafnium, indicating the formation of iron and hafnium
containing phases at grain boundaries and matrix-particulate
interface. For the FeCrHf-2 and FeCrHf-3 samples, EDS spot
analysis results consistent with the XRD data. In the FeCrHf-
2 sample, grain boundary (B3) and interfacial analyses (B4)
indicating the formation of Fe,Hf, as well as analyses (B5)
corresponding to the formation of FeHf,, were identified.
Similar results were also obtained from the EDS analyses of

the FeCrHf-3 sample. Analyses taken from the grain bound-
ary (C3) and the interface (C4) regions indicated the presence
of the FepHf. In addition, the formation of chromium-rich
interfacial phases (C5) between the hafnium-rich structure
and the matrix was observed. Overall, it was clearly deter-
mined that an interaction between iron and hafnium occurs
even at low hafnium contents. However, iron-hafnium inter-
face indicated the FeoHf and FeHf, phases in the FeCrHf-2
and FeCrHf-3 samples. On the other hand, it was observed

@ Springer
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that the Fe, Hf phase was a much more dominant phase com-
pared to FeHf, and formed distinctly at the grain boundary
due to the presence of a fine-grained hafnium-rich phase.

EBSD analysis of the alloys, including inverse pole figure
(IPF) maps, grain size distribution graphs, and image quality
maps, can be seen in Fig. 4. The microstructure of the
FeCrHf-0 sample was fragmented with many small grains
and strong orientation variability, compatible with literature
[37]. The grain structure was dominated by small grains with
a diameter below 50 wm. On the other hand, it was clearly
determined that hafnium addition caused a grain coarsening
compared to FeCrHf-0. The grain structure of the FeCrHf-0.5
was dominated by a very large grain diameter, approximately
at 300 wm. As mentioned earlier, hafnium had a strong ten-
dency to segregate at grain boundaries. However, 0.5 wt%
hafnium addition could not form effective, well-dispersed
nuclei-forming particles. Similarly, 1 wt% hafnium still
could not provide widespread effective nucleation to refine
grains, in spite of introducing grain boundary heterogene-
ity. Grain structure became much more equiaxed and finer,
with a broad distribution centered roughly at 50—150 pm for
FeCrHf-2. As indicated in XRD analysis, hafnium-rich inter-
metallics were formed at 2 wt% hafnium, and these phases
acted as heterogeneous nucleation substrates and retarded
grain growth by limiting the grain boundary segregation of
the Fe—Cr ferrite structure. Furthermore, the IPF and image
quality maps of FeCrHf-3 revealed a more clearly observable
grain refinement effect, attributed to the limited solubility
of Hf and the formation of various Hf-bearing precipitates
during solidification. FeCrHf-3 exhibited a finer and more
refined microstructure compared to FeCrHf-0.5 and FeCrHf-
1. Thus, lower hafnium additions led to grain coarsening,
consistent with reduced effective nucleation density dur-
ing solidification. At higher hafnium ratios, grain size was
decreased due to the formation of the hafnium-based inter-
metallics that enhance heterogeneous nucleation and restrict
grain growth. Moreover, it could be emphasized that the grain
boundary phases promote the formation of misfit interfaces
and associated dislocations, which induce internal stresses
within the microstructure [38, 39]. Additionally, the presence
of these grain boundary phases suppressed grain coarsening.
Consequently, increasing the hafnium content contributed to
grain refinement in the alloy system.

Figure 5 depicts the hardness and wear test results
of the alloys. Hardness of the FeCrHf-0 sample was deter-
mined as 182.79 HV. It has been observed that the addition
of hafnium resulted in a significant decrease in hardness
values, as shown in Fig. 5a. The hardness value was mea-
sured as 115.56 HV in the FeCrHf-0.5 sample. The hardness
showed a slight but gradual increase with the increase
in hafnium ratio, reaching 129.44 HV in the FeCrHf-3.
The iron-chromium-hafnium ternary alloys exhibited signif-
icantly lower hardness compared to the iron-chromium alloy

Springer

containing 10 wt% Cr. As stated in the microstructural anal-
yses, the grain size of the FeCrHf-0 was significantly smaller
than in the iron-chromium-hafnium ternary alloys. Addition-
ally, the formation of a solid solution was emphasized owing
to chromium. Accordingly, the highest hardness values of the
FeCrHf-0 could be attributed to solid-solution strengthening
mechanism and Hall-Petch relationship due to the presence
of finer grains [40, 41].

Specific wear rate and average CoF values can be seen
in Fig. 5b. FeCrHf-0 sample exhibited a specific wear rate
of 12.99 x 107 mm3/Nm and a CoF of 0.58. This sam-
ple demonstrated the highest wear resistance compared to
hafnium containing samples, as evidenced by the lowest
specific wear rate. The fine-grained microstructure of the
Fe-10Cr alloy, as revealed by EBSD analyses and microstruc-
tural investigations, was one of the most important factors
contributing to the improved wear resistance. Also, the low-
est CoF and highest hardness values further support the
phenomenon. For the FeCrHf-0.5, the CoF value remained
comparable to that of FeCrHf-0, whereas a pronounced
increase in the specific wear rate was observed. Moreover, a
significant deterioration in wear resistance was observed with
increasing hafnium ratio. The specific wear rate and CoF val-
ues were measured as 59.17 x 107% mm?3/Nm and 0.76 in
FeCrHf-3, respectively. The wear test results were consistent
with the hardness results. The addition of hafnium led to a
pronounced degradation in the wear behavior. As stated ear-
lier, the solid-solution strengthening mechanism diminished,
and microstructural heterogeneity arising from hafnium grain
boundary segregation became prominent with hafnium addi-
tion. Also, a coarser-grained microstructure was observed in
the hafnium containing samples compared to the Fe-10Cr
alloy. These aspects led to a detrimental effect on the wear
properties. In addition, oxidation of the worn surface dur-
ing dry sliding wear tests has been emphasized by various
researchers as a common phenomenon. The oxides formed
on the worn surface can increase wear resistance and reduce
surface damage by acting as a lubricating layer [42—45]. It has
been reported that the addition of hafnium to iron-chromium
alloys enhances oxidation resistance [46—48]. Consequently,
it was assumed that oxidation of the worn surface was sup-
pressed in hafnium containing samples during the wear test,
limiting the formation of oxides that could otherwise pro-
vide a lubricating effect. That mechanism contributed to the
high wear resistance and lowest CoF value observed in the
FeCrHf-0.

Figure 6 shows the 3D profile analysis of worn sur-
faces. It was revealed that 3D analyses of the worn surface
were compatible with the average CoF and specific wear
rate values. The lowest surface damage was observed for
the FeCrHf-0 sample, which exhibited the best wear per-
formance. Moreover, the maximum wear track depth was
measured to be approximately 60 pm. A similar wear track



Arabian Journal for Science and Engineering

Grain Size (diameter)

Area Fraction

v 2 » © ®» ®© n ® w©
Grain Diameter [microns]

Grain Size (diameter)

Grain Diameter [microns]

Grain Size (diameter)

Area Fraction
R

00
o
- |
0 20

Grain Diameter [microns]

Grain Size (diameter)

Area Fraction
BRBEEBESE2ZEEREER

2 @ © ® W W W W W W W W W

Grain Diameter [microns]

Grain Size (diameter)

Area Fraction
8 ERBEBBREEEE S

0D WO W O MWW W0 W N W0 W
Grain Diameter [microns]

Fig. 4 EBSD analysis of the alloys: a FeCrHf-0, b FeCrHf-0.5, ¢ FeCrHf-1, d FeCrHf-2, and e FeCrHf-3
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Fig. 6 3D profile analysis of the worn surfaces

profile was also obtained for FeCrHf-0.5, which showed the
closest wear behavior to FeCrHf-0. As a result, the wear track
depth increased with the addition of hafnium, and a wear
track depth reached up to 100 pm in the FeCrHf-3 sample.
Potentiodynamic polarization curves and test results are
given in Fig. 7 and Table 3,

respectively. FeCrHf-0 exhibited the lowest corrosion poten-
tial and the highest current density values. This behavior
indicated that FeCrHf-0 showed a higher thermodynamic ten-
dency toward corrosion. Corrosion potential shifted toward
more noble potentials with increasing hafnium ratio, suggest-
ing that hafnium improves corrosion resistance. Moreover,
the enhanced corrosion potential values of FeCrHf-2 and

R
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Table 3 Potentiodynamic . N .
polarization test results of the Sample Ecorr (Vagiagel)  icorr (WA/cm™)  Ba Be Corrosion rate
alloys (Vagiagai/dec)  (Vagagci/dec)  (mm/year)
FeCrHf-0 —0.5480 8.967 0.160 0.171 0.1013
FeCrHf-0.5 —0.4189 4.161 0.166 0.144 0.0470
FeCrHf-1 —0.3268 3.047 0.083 0.110 0.0344
FeCrHf-2 —0.3125 2.754 0.150 0.101 0.0311
FeCrHf-3 —0.3332 1.977 0.087 0.084 0.0223

FeCrHf-3 pointed to improved surface stability of the sam-
ples [49]. On the other hand, it was clearly observed that
FeCrHf-2 and FeCrHf-3 samples showed evidence of passi-
vation. It could be attributed to the fact that hafnium promotes
the formation of more protective and stable oxide layers,
reducing the driving force for anodic dissolution. In addition
to promoting passivation behavior in the alloy, the increase
in hafnium content was also observed to raise the pitting
potential when comparing 2 wt% and 3 wt% hafnium con-
centrations.

The highest corrosion current density (ico--) implies the
highest corrosion rate, while the lowest corrosion poten-
tial (Ecorr) refers to the earliest initiation of the corrosion.
The Ecorr and icop values of the FeCrHf-O were deter-
mined as — 0.5480 V and 8.967 pwA/cm? in Table 3,
respectively. FeCrHf-0.5 and FeCrHf-1 samples demon-
strated an increase in corrosion potential, while the i.,.
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values were determined to decrease to 4.161 wA/cm? for
FeCrHf-0.5 and 3.047 pA/cm? for FeCrHf-1. It could be
emphasized that a systematic decrease in i.,, Was notable
even at lower hafnium ratios. Decreased i, provided slower
electrochemical kinetics and improved corrosion protec-
tion [50]. Additionally, the increase in corrosion resistance
became much more pronounced at higher hafnium con-
tents. The corrosion rate, which was 0.1013 mm/year for
the FeCrHf-0 sample, decreased to 0.0311 mm/year and
0.0223 mm/year for the 2 wt% and 3 wt% hafnium con-
taining samples. Pasebani et al. [51] that oxidation of the
hafnium is thermodynamically possible via internal oxida-
tion in iron-chromium-hafnium system. Moreover, Conrath
and Berthod [14] revealed the formation of HfO; together
with CrpO3 in hafnium containing iron-chromium alloys. It
was stated that initial phase formed by hafnium is HfO; at
higher hafnium concentrations. Also, HfO, was observed at 2
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wt% and 4 wt% hafnium containing Fe-14 wt% Cr alloy [24].
The polarization results clearly demonstrate that hafnium
addition significantly improved the corrosion resistance of
produced alloys. The improvement was evidenced by a noble
shift in corrosion potential, a marked reduction in corrosion
current density, and observation of passivation. Based on the
potentiodynamic polarization test results and literature, the
enhanced corrosion performance of FeCrHf-2 and FeCrHf-3
alloys could be attributed to the formation of stable and pro-
tective hafnium containing passive films, which effectively
suppressed active dissolution and promoted passivation.

Bode and Nyquist plots are given in Fig. 8. Bode phase
angle plot indicated that produced corrosion response was
dominated by one main time constant owing to single broad
phase angle maximum of all samples (Fig. 8a). The highest
phase angle value was obtained for the FeCrHf-3 sample. As
mentioned earlier, FeCrHf-2 exhibited a pronounced passi-
vation tendency together with FeCrHf-3, and it also showed
a higher peak phase angle compared to the other samples.
The finding was consistent with the lower corrosion rate
values of both samples. However, the peak phase angle of
FeCrHf-3 was observed to shift toward lower angle values
much more rapidly than in FeCrHf-2. It has been mentioned
that intermetallic phase formation occurred to a greater extent
with the development of phases of different compositions.
Although hafnium promotes the stability of the surface, the
faster shift of the high peak phase angle toward lower val-
ues was attributed to the dissolution-enhancing effect of the
intermetallic phases [52]. In addition, FeCrHf-O shows the
lowest phase angle over the whole frequency range, reflect-
ing a less protective surface layer and faster electrochemical
kinetics. On the other hand, Nyquist plots (Fig. 8b) of the
samples displayed depressed semicircles related with non-
ideal capacitive behavior and surface heterogeneity [53]. It
can be stated that increasing semicircle diameter represents
enhanced corrosion behavior [54]. FeCrHf-0 exhibited the
smallest semicircle diameter referring to the lower charge
transfer resistance and the poorest corrosion resistance. Pro-
gressive hafnium addition led to a systematic increase in
semicircle size. It can be inferred that FeCrHf-0.5 had mod-
erate improvement. Moreover, FeCrHf-3 provided the largest
impedance response, corresponding to the largest semicircle
diameter. According to Nyquist plots analysis, increasing
impedance magnitude confirmed that hafnium effectively
suppressed electrochemical dissolution in iron-chromium
alloys.

Table 4 shows the EIS test results
of the alloys. In the electrical equivalent model, the oxide
film is considered to have a porous structure and to show
non-ideal capacitive behavior. R1, R2, and R3 are testing
solution resistance, the electrolyte resistance inside the pores,
and the charge transfer resistance, respectively. Also, Q1 and
Q2 are associated with the oxide film and electrical double

layer [55]. The R1 values were close to each other owing to
implementation of the tests in solutions with the same compo-
sition for all samples. R2 increased strongly up to 1—2 wt%
hafnium addition indicating the occurrence of more resis-
tive surface layer. The drop at 3 wt% hafnium suggested that
the outer layer may not be the main contributor anymore,
while the inner barrier dominates (R3). Moreover, it can be
emphasized that an increase in R3 with hafnium could induce
slower dissolution kinetics and improved passivation. On the
other hand, Q values reflect effective capacitance of the sam-
ples. The very high Q2 values for FeCrHf-1 and FeCrHf-2
demonstrated a more heterogeneous interface compared to
low hafnium containing samples. FeCrHf-3 exhibited a lower
Q2 than FeCrHf-1 and FeCrHf-2 samples, together with the
highest R3, which was typically interpreted as a more com-
pact, more protective inner layer. As a result, it was stated
that hafnium systematically enhanced corrosion resistance,
mainly by increasing the barrier/charge transfer resistance
(R3). The corrosion protection mechanism was dominated
by a highly resistive inner passive layer with reduced inter-
facial activity.

4 Conclusion

FelOCr and FelOCrHf ternary alloys with hafnium addi-
tions ranging from 0.5 to 3 wt% were successfully produced,
and the effects of hafnium on microstructure, hardness, wear
behavior, and corrosion performance were investigated thor-
oughly. The main conclusions can be summarized as follows:

-Hafnium addition significantly altered the microstruc-
tural characteristics of Fe—Cr alloys. While low hafnium
contents (0.5—-1 wt%) caused grain coarsening due to limited
effective nucleation, higher additions (2-3 wt%) promoted
grain refinement through the formation of Hf-rich intermetal-
lic phases.

-Hardness and wear resistance decreased with 0.5—1 wt%
hafnium addition, primarily due to the reduction in the effi-
ciency of solid-solution strengthening of FelOCr alloy and
followed by a slight increase in hardness with 2—3 wt% Hf
addition.

-Corrosion resistance improved markedly with increasing
hafnium content. The enhanced corrosion performance was
attributed to the formation of stable and protective haftnium
containing oxide layers, which suppressed active dissolution
and promoted passivation.

In conclusion, hafnium addition provides a significant
improvement in the corrosion resistance of Fe—Cr alloys at
the expense of hardness and wear performance compared to
FelO0Cr binary system. These findings offer valuable insights
into the role of hafnium in Fe—Cr-based alloys and provide

@ Springer
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Fig. 8 a Phase angle Bode plots
and b Nyquist plots of the alloys
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Table 4 EIS test results of the

produced alloys Samples R1 Ryolution R2 Rsubstrate R3 Qcoating Qcoating Q1) Qcoating (Q2)
Q) R1) (R) (Q) s"/Q s"/Q
FeCrHf-0 75.92 321.1 831 0.715.10~4 1.063-10~*
FeCrHf-0.5 78.83 389.8 1311 0.494.1074 1.359-1074
FeCrHf-1 74.63 805.3 2229 1.283-1074 3.856-10~%
FeCrHf-2 74.65 858.2 2087 1.371-1074 2.951-10~*
FeCrHf-3 73.24 625.7 4450 1.717-10~* 1.913-10~*

better understanding for tailoring alloy compositions depend-
ing on the targeted balance between corrosion resistance and
mechanical performance.
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