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ABSTRACT

Geothermal turbine blades manufactured from low-medium chromium stainless steel (11.5-13.5% Cr) exhibit
unexpected intergranular corrosion (IGC) despite compliance with material specifications. This study
investigates the mechanisms of chromium depletion and sensitization in stainless steel blades operating under
geothermal conditions. Six failed blades and three operational blades from Ol-Karia II Geothermal Power Station
were analysed using scanning electron microscope (SEM) fitted with energy dispersive spectrometry (EDS), X-
ray diffraction (XRD), and Calculation of Phase Diagram (CALPHAD) thermodynamic modelling. Results
revealed localized chromium depletion zones adjacent to grain boundaries, carbide precipitation patterns, and
intergranular corrosion pathways. Thermodynamic phase diagrams predicted carbide formation temperatures
and chromium diffusion profiles. Electrochemical stability diagrams showed that geothermal steam conditions
(high chloride and sulphide concentrations) exceed the passivity boundaries of the tested material. This work
demonstrates that intergranular corrosion in spec-compliant stainless-steel results from sensitization during
manufacturing or service, exacerbated by aggressive geothermal fluid chemistry.
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INTRODUCTION

Geothermal energy production is increasingly recognised as a vital component of sustainable power generation,
yet its reliability depends heavily on the durability of turbine blades exposed to extreme operating conditions
[1,2]. These blades must withstand high temperatures in the range of 150-250°C, elevated pressures, and
corrosive steam chemistries rich in chlorides, sulphides, and non-condensable gases [3,4]. Low-medium
chromium stainless steels containing 11.5-13.5% Cr are often selected for their cost-effectiveness and
compliance with ASTM and ISO specifications [5]. However, field evidence from geothermal plants such as
Ol-Karia II in Kenya reveals that these alloys are vulnerable to intergranular corrosion (IGC), a degradation
mode that undermines efficiency, increases maintenance costs, and shortens service life [6,7].

Intergranular corrosion arises when chromium-depleted zones form along grain boundaries, typically due to
carbide precipitation during welding or thermal exposure [8,9]. In geothermal environments, sensitisation is
accelerated by aggressive fluid chemistries that destabilise the passive film [8,10—-12]. While sensitisation
mechanisms have been extensively studied in high-chromium austenitic stainless steels (>17% Cr) [13-16], the
behaviour of low-medium chromium alloys under geothermal conditions remains poorly understood. This gap
is significant because these alloys are widely deployed in African geothermal plants, yet their long-term
reliability is uncertain [17].

Previous research has established that chromium depletion adjacent to grain boundaries is the primary driver of
sensitisation and IGC [18-20]. Studies on austenitic stainless steels have shown that carbide precipitation during
thermal cycling reduces local chromium concentrations below the passivation threshold, thereby exposing grain
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boundaries to corrosive attack [21-24]. Thermodynamic modelling approaches, such as CALPHAD, have been
used to predict carbide formation temperatures and diffusion profiles, while metallographic techniques
(SEM/EDS, XRD) have validated microstructural changes [25-27]. Electrochemical stability diagrams have also
been applied to stainless steels in chloride environments, demonstrating how aggressive chemistries destabilise
passive films [28].

Despite these advances, the literature is dominated by investigations of high-chromium alloys[13,14]. Research
on geothermal turbine failures has tended to emphasise general corrosion, erosion, and scaling, with limited
attention to intergranular phenomena in low-medium chromium steels. Moreover, few studies have integrated
thermodynamic modelling with metallographic validation to provide a comprehensive picture of chromium
depletion in service-exposed blades [29-31]. Electrochemical stability diagrams have rarely been applied to
geothermal steam chemistries [32], leaving a gap in understanding how chloride and sulphide concentrations
interact with sensitised microstructures.

Three critical gaps emerge from the literature. First, the material scope is limited: most studies focus on
high-chromium stainless steels, leaving low-medium chromium alloys insufficiently characterised despite their
widespread use in geothermal turbines. Second, there is a lack of mechanistic clarity: the precise pathways of
chromium depletion and sensitisation in geothermal environments have not been systematically mapped,
particularly the interplay between carbide precipitation and aggressive fluid chemistry. Third, there is a
methodological gap: few studies combine thermodynamic modelling (CALPHAD, electrochemical diagrams)
with metallographic validation (SEM/EDS, XRD) to provide a holistic understanding of IGC in service-exposed
blades.

This study addresses these gaps by investigating failed and operational blades from Ol-Karia II Geothermal
Power Station using a mixed methodological approach. Six failed blades and three operational blades were
analysed through SEM/EDS, XRD, and CALPHAD thermodynamic modelling. The integration of experimental
and modelling techniques provides a robust framework for characterising chromium depletion zones, carbide
precipitation patterns, and intergranular corrosion pathways. Electrochemical stability diagrams were further
employed to assess the passivity boundaries of the tested material under geothermal steam conditions. The
novelty of this research lies in its focus on low-medium chromium stainless steels, a class of materials that has
been overlooked in geothermal corrosion studies. By demonstrating that intergranular corrosion can occur in
alloys that meet specification standards, the study challenges assumptions about material compliance and
reliability. The findings refine understanding of sensitisation mechanisms, showing how manufacturing
processes and service exposure interact with geothermal fluid chemistry to exacerbate corrosion.

The contribution is threefold. Scientifically, the study provides mechanistic clarity on chromium depletion and
sensitisation in low-medium chromium stainless steels, integrating thermodynamic predictions with
metallographic evidence. Methodologically, it demonstrates the value of combining CALPHAD modelling,
electrochemical stability diagrams, and microstructural analysis to capture both predictive and empirical
dimensions of corrosion. Practically, it offers actionable insights for geothermal plant operators, highlighting the
need to reconsider material selection, manufacturing practices, and maintenance protocols for turbine blades.

MATERIALS AND METHODS

The materials and methods employed in this study were designed to capture both the microstructural and
thermodynamic mechanisms underlying intergranular corrosion in low-medium chromium stainless steel turbine
blades. Six failed blades, designated FO1-F06, and three operational blades, designated G01-G03, were
randomly selected from Ol-Karia II Geothermal Power Station. Each blade was sectioned and prepared for
metallographic examination through sequential grinding with 220-600 grit papers, polishing with diamond
pastes ranging from 6 to 1 pm, and etching in a solution of 10% nitric acid in methanol. This preparation ensured
that grain boundaries, carbide precipitates, and corrosion features were clearly revealed for subsequent analysis.
Figure 1 illustrates the study framework.
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Figure 1: Framework for the study

Metallographic characterisation was conducted using SEM coupled with EDS. SEM imaging was performed at
magnifications between 500x and 5000% to capture both general microstructural features and fine details of grain
boundary attack. EDS elemental mapping was applied across grain boundaries and corrosion sites to quantify
chromium, iron, nickel, and molybdenum distributions. These profiles provided direct evidence of chromium
depletion zones adjacent to carbides and corrosion pathways. Complementary phase identification was achieved
through X-ray diffraction, which enabled the detection of corrosion products and carbide phases, as well as
lattice parameter analysis to assess subtle structural changes.

Thermodynamic modelling was undertaken using the CALPHAD approach to predict phase stability within the
geothermal operating range of 100-250°C. The alloy composition was defined as 11.5-13.5% chromium, 8—
10% nickel, with the balance iron. The modelling predicted the stability of austenite and ferrite phases, alongside
the formation of M23Cs and M-Cs carbides. Chromium diffusion behaviour was simulated using Fick’s second
law with temperature-dependent diffusion coefficients, allowing the kinetics of carbide precipitation and
chromium depletion to be assessed. Electrochemical stability diagrams (Pourbaix diagrams) were constructed to
reflect geothermal fluid conditions, incorporating chloride and sulphide concentrations measured from steam
analysis. These diagrams provided insight into the passivity boundaries of the alloy and the conditions under
which passive films break down.

To complement microstructural and modelling data, corrosion product analysis was performed. Corrosion
deposits were dissolved in dilute hydrochloric acid, and the resulting solutions were analysed using inductively
coupled plasma mass spectrometry. Inductively coupled plasma mass spectrometry (ICP-MS) quantified the
dissolution rates of iron, chromium, nickel, and molybdenum, thereby linking microstructural degradation to
elemental loss. This multi-method approach—combining metallography, thermodynamics, electrochemistry,
and chemical analysis—ensured that both the mechanisms and consequences of intergranular corrosion were
comprehensively characterised.
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RESULTS

The metallographic analysis revealed clear evidence of intergranular corrosion in the failed blades compared to
the operational samples. SEM/EDS imaging showed corrosion pathways penetrating 10—50 um along grain
boundaries in blades FO1-F06. Chromium concentrations at these boundaries were significantly depleted,
averaging 6—8%, compared to the bulk alloy composition of 11.5-13.5%. This depletion is consistent with
sensitisation caused by carbide precipitation. In contrast, operational blades G01-GO03 displayed uniform
chromium distribution across the matrix, with no evidence of depletion zones. Carbide phases identified at grain
boundaries included M2:;Cs and M»Cs, both of which are known to consume chromium during precipitation and
thereby destabilise passive films. Figure 2 illustrates SEM/EDS for damaged blades.

Figure 2: SEM/EDS images of damaged blade (a) SEM image showing cracks and grain-boundaries (b) EDS
confirming iron (¢) EDS confirming tungsten (d) EDS confirming molybdenum (e) EDS confirming chromium
and (f) EDS confirming vanadium.

XRD analysis further corroborated these findings. Failed blades exhibited a multiphase structure consisting of
austenite, face-centered cubic chromium carbide (M23Cs) phase, hexagonal chromium carbide phase (M-Cs)
phase, and iron oxides, indicating both sensitisation and secondary oxidation. Operational blades, however,
showed only austenitic phases, confirming the absence of carbide precipitation and corrosion products. These
results demonstrate that intergranular corrosion is strongly associated with chromium depletion and carbide
formation, processes absent in blades that remain in service. Figure 3 illustrates XRD results that capture the
contrast between failed and operational stainless-steel turbine blades. The upper red plot represents the failed
blades, showing multiple diffraction peaks corresponding to austenite (y), carbide phases (M23Cs and M-Cs), and
iron oxides (Fe:0s/Fe;04). These multiphase signatures confirm sensitisation and secondary oxidation,
consistent with chromium depletion and carbide precipitation at grain boundaries. The lower blue plot,
representing operational blades, displays only austenitic peaks, indicating a single-phase structure free from
carbides or oxides.
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Figure 3: Results of XRD analysis of failed and operational blades

Thermodynamic modelling provided predictive support for the experimental observations. CALPHAD phase
diagrams in Figure 4 indicated that carbide precipitation occurs at temperatures above 150°C for the tested
composition, aligning with geothermal operating conditions. Chromium diffusion modelling at 200°C yielded a
rate of approximately 107'* m?/s, predicting sensitisation depths of 5-20 um. These values closely matched the
SEM observations of 10-50 um corrosion pathways, validating the modelling approach.
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Figure 4: Thermocalc diagram for phase diagram
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The Pourbaix diagrams constructed for geothermal fluid conditions (pH 6—8, chloride concentrations of 500—
2000 ppm, and sulphide concentrations of 50-200 ppm) placed chromium in the corrosion region. This indicates
that the passive film stability is exceeded under geothermal steam chemistry, particularly in chromium-depleted
zones.

(a) Moderate Chlorides & Sulphides
[CF] = 500 ppm, [H,S] = 50 ppm

(b) High Chlorides & Sulphides
[CI'] = 2000 ppm, [H,S] = 200 ppm

Cr,03 Passive
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Figure 3: Pourbaix diagrams for chromium under geothermal conditions.

Figure 5: Pourbaix diagrams (a) Moderate chlorides and sulphides and (b) high chlorides and sulphides

In Figure 5, the left panel (a) represents moderate geothermal chemistry ([CI']= 500 ppm, [H2S]~= 50 ppm),
where the operating potential line intersects the boundary between the Cr.Os passive region and the Cr*
dissolution zone. This indicates marginal stability of the passive film under typical geothermal conditions. The
right panel (b) depicts high chloride and sulphide concentrations ([CI']= 2000 ppm, [H2S]~ 200 ppm), where
the operating line lies entirely within the corrosion region, confirming that aggressive steam chemistry
overwhelms the protective oxide layer.

Electrochemical analysis quantified the corrosion rates, revealing stark contrasts between bulk material and grain
boundary regions. The bulk alloy exhibited corrosion rates of 0.1-0.5 mm/year, consistent with acceptable
service performance. However, grain boundary regions showed accelerated rates of 2—5 mm/year, representing
a 10-50x increase. This acceleration explains the premature failure of blades despite compliance with
specifications. The localisation of corrosion at grain boundaries highlights the critical role of chromium depletion
in driving intergranular attack.

Table 1. Chromium Concentration and Corrosion Depth

Chromium at Grain

Corrosion Pathway

. o .
Blade Type Boundaries (%) Bulk Chromium (%) Depth (um) Phases Identified

. Austenite + M23Cs +
Failed (FO1-F06) | 6-8 11.5-13.5 10-50 MyCs + Fe oxides
Operational )
(GO1-G03) 11.5-13.5 11.5-13.5 None Austenite only
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DISCUSSIONS

The convergence of metallographic, thermodynamic, and electrochemical evidence demonstrates that
intergranular corrosion in low-medium chromium stainless steels is driven by sensitisation and exacerbated by
geothermal fluid chemistry. Chromium depletion was quantified both experimentally and through modelling.
The depletion of chromium at grain boundaries due to carbide precipitation reduces local concentrations below
the passivity threshold, exposing boundaries to corrosive attack. EDS profiles revealed chromium concentrations
of 6-8% at grain boundaries compared to 11.5-13.5% in the bulk alloy. CALPHAD predictions and diffusion
modelling confirmed that chromium concentrations fall below the minimum threshold required for passivity.
This depletion explains why grain boundaries lose their protective film even though the bulk alloy remains
compliant with specifications. This was consistent with the thermodynamic predictions reported in previous
research [25-27].

The Pourbaix diagrams constructed in the research also extend prior electrochemical studies [28,32]. Earlier
work demonstrated passive film destabilisation in chloride environments, but rarely under geothermal steam
chemistries. The diagrams reveal that chloride and sulphide concentrations typical of Ol-Karia II place chromium
in the corrosion region, confirming that geothermal fluids exceed passivity boundaries. This corroborates the
methodological gap noted in the Introduction, where electrochemical stability diagrams had not been applied to
geothermal steam. Electrochemical data quantify the dramatic acceleration of corrosion at grain boundaries,
explaining why blades fail prematurely despite specification compliance.

This study challenges the assumption that specification compliance guarantees reliability. While earlier
investigations emphasised high-chromium alloys [13-16]. Evidence from this study demonstrates that
low-medium chromium steels are equally vulnerable to sensitisation under geothermal conditions. For
geothermal operators, the results underscore the need to reconsider material selection, manufacturing practices,
and maintenance protocols. For researchers, the integration of SEM/EDS, XRD, CALPHAD modelling, and
electrochemical analysis provides a methodological template for studying corrosion in complex environments.\

CONCLUSIONS

This study demonstrates that intergranular corrosion in spec-compliant low-medium chromium stainless steel
turbine blades is driven by sensitization (carbide precipitation and chromium depletion) combined with
aggressive geothermal fluid chemistry. Thermodynamic modelling successfully predicts carbide formation and
chromium diffusion profiles, validating metallographic observations. The 10-50% acceleration of corrosion at
grain boundaries explains field failure rates. A layered strategy to strengthen turbine blade resilience is
recommended. Material upgrade should prioritise alloys with chromium content above 16 % or shift toward
nickel-based superalloys to resist sensitisation. Surface protection through ceramic or thermal-barrier coatings
can shield grain boundaries from corrosive geothermal fluids. Operational controls must focus on lowering
chloride and sulphide levels in steam via improved separation and treatment systems, thereby reducing
electrochemical attack. Finally, monitoring using eddy-current testing will enable early detection of sensitisation
and microcrack formation, ensuring blades are replaced before catastrophic failure.
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