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ABSTRACT
Liquid lead (Pb) is an attractive heat transfer fluid for advanced thermal energy storage (TES) systems. In the search for 
adequate structural materials that withstand the corrosive nature of liquid Pb at high temperature, Al‐containing materials 
might offer excellent corrosion resistance due to their ability to form protective alumina scales. This study investigates the 
corrosion behavior of two commercial ferritic FeCrAl alloys, Kanthal APM and Kanthal APMT, and two titanium aluminides, 
TNM‐B1 and GE 48‐2‐2, in liquid Pb under conditions relevant for TES systems. Exposure tests are performed in liquid Pb with 
2E‐7 wt.% dissolved oxygen at 600°C and 700°C for up to 5000 h. Examination of the specimens after exposure shows the 
formation of stable and protective oxide scales at 600°C on all materials, while exposure at 700°C leads to various failure 
mechanisms, ranging from internal oxidation for APM to severe Pb penetration for TNM‐B1 and GE 48‐2‐2.

1 | Introduction 

Heavy liquid metals such as liquid lead (Pb) are attractive heat 
transfer media for advanced thermal energy storage (TES) sys
tems due to their excellent heat conductivity and wide tem
perature stability range [1–3]. In contrast to light metals such as 
Na, liquid Pb is chemically inert and offers high safety. The 
main drawback of heavy liquid metals is their high aggres
siveness towards structural materials due to the high solubility 
of steel alloying elements (Fe, Cr, Ni) in the liquid metals at 
high temperature. Here, liquid Pb offers some advantages over 
liquid Sn, for instance, due to the lower solubility. Additionally, 
Pb does not form intermetallic phases with the alloying ele
ments, which could further accelerate the corrosion process. A 
typical strategy to mitigate dissolution corrosion in liquid Pb is 
the active control of oxygen dissolved in the liquid metal to 
enable the formation of a continuous and protective oxide scale 

[4, 5]. Hereby, the properties of the formed oxide scale and its 
protectiveness and self‐healing capabilities depend on the ex
posure temperature, the dissolved oxygen concentration, and on 
the composition and microstructure of the structural material. At 
rather low temperature, i.e., up to about 550°C, the growth rate 
of oxide scales is quite low even at high oxygen concentration. 
For Fe‐based alloys (steels), this typically results in a duplex 
oxide scale with outward‐growing magnetite and inward‐ 
growing Fe‐Cr‐spinel [5–8]. Although magnetite might become 
porous and spall off for prolonged exposure, the underlying 
spinel remains dense and protective. As temperature increases, 
the oxidation rate is enhanced and Fe‐Cr‐spinel‐based oxide 
scales become less dense and lose their protective properties for 
temperatures around 600°C and above. This can result in inward 
growing oxidation, selective dissolution, and penetration of Pb 
[9–12]. Therefore, for high temperature applications, stronger 
oxide formers such as Al need to be added to the material in 
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sufficient amounts or in the form of an Al‐containing coating. 
Selective oxidation of Al then enables the formation of a slowly‐ 
growing dense alumina scale that remains protective even for 
prolonged exposure at high temperature [13–20].

The present study focuses on commercially available 
Al‐containing bulk materials. One example of commercial alumina‐ 
forming materials is the family of ferritic FeCrAl alloys. The alloys 
Kanthal AF, Kanthal APM, and Kanthal APMT have been specif
ically designed for high‐temperature applications, offering excellent 
mechanical strength and oxidation resistance. All three alloys 
contain the same nominal amount of Cr (20.5–23.5 wt.%) and minor 
additions of C, Si, and Mn. The Al content varies slightly (AF: 
5.3 wt.%, APM: 5.8 wt.%, APMT: 5.0 wt.%), while Mo (3.0 wt.%) is 
added to APMT only. In the past decades, the corrosion behavior of 
these alloys has been studied widely in lead‐bismuth eutectic (LBE) 
to investigate their potential use in advanced GEN IV lead‐cooled 
fast reactors [21–24]. At 500°C to 600°C, except for some local 
deviations (oxides other than alumina on APM at 500°C, local Pb 
penetration on AF at 550°C), a thin protective alumina scale had 
formed on AF and APM after 1000 h exposure to LBE with dis
solved oxygen concentrations ranging from 1E‐8 to 1E‐6 wt.% 
[21, 22]. At 700°C and 750°C, APM and APMT (700°C) and AF and 
APM (750°C) also showed the growth of a thin protective alumina 
scale after 1000 h for oxygen contents of at least 1E‐6 wt.%, while an 
oxygen content of 1E‐8 wt.% was not sufficient to protect AF and 
APM from dissolution corrosion in LBE at 750°C [22, 24]. At 800°C, 
dissolution corrosion of APM and APMT was observed for both low 
oxygen concentration (2E‐7 wt.%) and higher oxygen contents (1E‐6 
to 1E‐4 wt.%), in the latter case in combination with the formation 
of thick oxides, spallation, and internal oxidation [23, 24].

Corrosion studies on APM and APMT in pure liquid Pb are avail
able for high temperatures only, i.e., for 750°C to 900°C [14, 19]. At 
800°C and with an oxygen content of 1E‐5 wt.%, the growth of a 
thin alumina scale and locally some internal oxidation was found 
on APM, while APMT showed a continuous corrosion attack with 
internal oxidation and Pb penetration after 1760 h [14]. Both ma
terials showed continuous corrosion at 900°C [14]. At 750°C, dis
solved oxygen concentrations of both 4E‐7 wt.% and 2E‐6 wt.% were 
found to result in the formation of a thin alumina scale on APMT, 
with some local thicker oxide nodules and Pb penetration found 
after 2000 h of exposure to Pb with 2E‐6 wt.% oxygen [19]. In the 
present study, the two ferritic FeCrAl alloys Kanthal APM and 
Kanthal APMT were selected, and their corrosion behavior in liquid 
Pb at 600°C and 700°C was investigated for up to 5000 h. For 
the corrosion tests, a concentration of 2E‐7 wt.% dissolved oxygen 
was used, which corresponds to the value envisaged for TES 
applications.

The second group of commercial Al‐containing bulk materials 
investigated in the present study are titanium aluminides. TiAl al
loys are typically used in the aerospace industry due to their 
lightweight. The mechanical properties are largely determined by 
their microstructure, which strongly depends on both the compo
sition and the manufacturing route [25]. In high‐temperature gas
eous atmospheres, γ‐TiAl alloys typically form multi‐layered oxide 
scales consisting of TiO2 and Al2O3 [26]. Hereby, TiO2 is less dense 
and thus less favorable, while Al2O3 has the potential to form a 
dense protective scale. To promote the formation of Al2O3 over that 
of TiO2, small amounts of Nb, Cr, or Mo are typically added to the 

TiAl alloys. Although a wide knowledge exists on the high‐ 
temperature oxidation behavior of titanium aluminides in 
gas atmospheres, only one study is available on the corrosion 
behavior of this material family in heavy liquid metals [27]. 
Ti48.5Al46Cr3Nb0.5Mo2 alloy with and without pre‐oxidation was 
tested in LBE for 500 and 1000 h at 550°C in a closed quartz tube 
without gas control. The microstructure of the material consisted of 
a γ‐TiAl matrix and CrMo‐rich precipitations (σ phase) formed at 
high temperature. Samples without pre‐oxidation showed severe 
corrosion attack. Hereby, the LBE penetrated preferentially via the 
CrMo‐rich phase, which was identified as the weak point of the 
alloy regarding its corrosion resistance. For the present study, two 
commercial representatives of the family of γ‐TiAl alloys were 
selected, TNM‐B1 and GE 48‐2‐2. These materials contain either Cr 
(GE 48‐2‐2) or Mo (TNM‐B1) but not both alloying elements at 
the same time. As the FeCrAl alloys, specimens from the 
γ‐TiAl alloys were exposed to liquid Pb containing 2E‐7 wt.% dis
solved oxygen for up to 5000 h at 600°C and 700°C to study the 
corrosion behavior and material compatibility under conditions 
relevant for TES applications with liquid Pb as heat transfer fluid.

2 | Materials and Methods 

The nominal composition of the dispersion‐strengthened 
ferritic FeCrAl alloys Kanthal APM and Kanthal APMT is 
given in Table 1. The main differences in composition are the 
slightly higher Al content of APM and the addition of Mo to 
APMT. Regarding the microstructure, APMT contains an 
increased amount of finely dispersed stable inclusions (mainly 
oxides, but also carbides and nitrides), which improve the 
high‐temperature strength and creep properties [28].

From the family of γ‐TiAl alloys, the materials TNM‐B1 and 
Ti‐48Al‐2Cr‐2Nb (patented by General Electric; short name: GE 
48‐2‐2) were selected, see Table 2 for nominal compositions. 
Generally, the main phase constituents of titanium aluminides 
are γ‐TiAl, α2‐Ti3Al, and β0 (Cr‐, Mo‐rich phase promoted by 
the presence of Nb). Typical microstructures consist of α2/γ 
lamellar colonies and pure‐phase grains in various ratios. 
According to GfE Metalle und Materialien GmbH, the micro
structure of TNM‐B1 consists of α2/γ lamellar colonies, globular 

TABLE 1 | Nominal composition of FeCrAl alloys Kanthal APM 
and Kanthal APMT (in wt.%). Both FeCrAl alloys additionally contain 
reactive elements such as Y, Ti, Hf, and Zr.

C Si Mn Mo Cr Al Fe

APM ≤ 0.08 ≤ 0.7 ≤ 0.4 — 20.5–23.5 5.8 Bal.
APMT ≤ 0.08 ≤ 0.7 ≤ 0.4 3.0 20.5–23.5 5.0 Bal.

TABLE 2 | Nominal composition of γ‐TiAl alloys TNM‐B1 and GE 
48‐2‐2 (in at%). Both γ‐TiAl alloys may contain impurities from H, N, 
O, C, Fe, Ni.

Ti Al Cr Nb Mo B

TNM‐B1 Bal. 43.5 — 4 1 0.1
GE 48‐2‐2 Bal. 48 2 2 — —
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β/B2 grains, globular γ‐TiAl grains, and globular α2‐Ti3Al 
grains, while the microstructure of GE 48‐2‐2 consists of ex
tended α2/γ lamellar colonies and small amounts of γ‐grains, α2‐ 
grains, and β0‐grains.

Lead (Pb, purity 99.995%) was obtained from HMW Hauner GmbH 
Co. KG in the shape of bars. The Pb was melted and poured into 
alumina crucibles for the exposure tests. The materials to be 
tested were cut into rectangular specimens (FeCrAl alloys: 
28 × 10 × 3 mm, γ‐TiAl alloys: 20 × 10 × 1.5 mm). Prior to exposure, 
the specimen surfaces were ground with #1200 SiC paper and 
cleaned with ethanol. The static exposure tests in molten Pb with a 
controlled content of 2E‐7 wt.% dissolved oxygen were performed in 
the COSTA facility [7] at two different temperatures, 600°C and 
700°C, for up to 5000 h, see Table 3 for the specific exposure times. 
Each exposure duration was realized in an individual experiment to 
avoid oxygen ingress during sample extraction. To achieve and 
control the target amount of dissolved oxygen, a continuous flow of 
a gas mixture with specific H2/H2O ratio was used. The actual 
oxygen content was between 1E‐7 and 2E‐7 wt.% during the tests 
performed at 600°C and between 1E‐7 and 5E‐7 wt.% during the 
700°C tests. Each specimen was exposed in an individual Pb‐filled 
crucible. The ratio of the exposed specimen surface to the liquid Pb 
volume was below 270 cm2/L for all samples.

After extracting from the COSTA facility, the samples were allowed 
to cool to ambient temperature in controlled atmosphere. Each 
specimen was subsequently cut into two parts. One part was allo
cated for cross‐sectional analysis and embedded in resin without 
prior surface cleaning. Metallographic preparation was carried out 
by grinding with SiC paper up to 2400 grit, followed by polishing 
with a diamond suspension to a final particle size of 1 µm. The 
prepared cross‐sections were examined using Scanning Electron 
Microscopy (SEM, Zeiss LEO 1530 VP) to investigate the corrosion 
behavior. Energy Dispersive X‐ray Spectroscopy (EDS) was used to 
determine the elemental distribution and composition. The second 
part of the TNM‐B1 samples was cleaned from adherent lead and 
analyzed by X‐ray Diffraction (XRD, Seifert 3003 PTS) to identify 
the crystalline phases of the corrosion products.

3 | Results and Discussion 

3.1 | FeCrAl Alloys 

3.1.1 | APM 

APM develops an ultra‐thin, Al‐rich oxide scale after 1000 and 
2000 h of exposure to liquid lead with 2E‐7 wt.% dissolved 
oxygen at 600°C (Figure 1a). The sample shows no evidence of 

TABLE 3 | Materials and exposure times of corrosion tests in liquid Pb containing 2E‐7 wt.% dissolved oxygen.

Material
600°C 700°C

1000 h 2000 h 5000 h 1000 h 2000 h 5000 h

APM ✓ ✓ ✓ ✓ ✓ ✓
APMT ✓ ✓ ✓ ✓
TNM‐B1 ✓ ✓ ✓ ✓
GE 48‐2‐2 ✓ ✓ ✓ ✓

FIGURE 1 | APM after 2000 h (a, c) and 5000 h (b, d) exposure to liquid Pb at 600°C (a, b) and 700°C (c, d), respectively. (e) EDS elemental 
mapping of the selected area marked in (d). The SiC particles in these and all further images stem from the SiC paper used for grinding. [Color figure 
can be viewed at wileyonlinelibrary.com] 
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localized liquid lead penetration or inward‐growing oxide, 
indicating that the aluminum‐rich scale serves as an effective 
diffusion barrier. After prolonged exposure for 5000 h, excellent 
corrosion resistance is retained, with oxide growth reaching a 
scale thickness of 580–700 nm (Figure 1b). Some cavities are 
occasionally observed beneath the oxide scale, but they remain 
localized and do not compromise the continuity of the protec
tive layer throughout the 5000‐h exposure.

Exposure of APM to Pb at 700°C for 2000 h (Figure 1c) results in 
the formation of an Al‐rich oxide layer approximately 
420–500 nm thick, significantly thicker than that formed at 
600°C, which shows accelerated oxidation kinetics at the higher 
temperature. Significant changes in corrosion behavior develop 
after 5000 h of exposure. As shown in Figure 1d, the oxide layer 
thickened considerably (values in the range 2.0–3.0 µm are 
found), and internal oxidation is observed. The EDS mapping in 
Figure 1e confirms formation of intergranular Al‐oxide. These 
results show that the oxide scale is not protective any more after 
5000 h, likely due to the excessive thickness compromising its 
stability and resulting in defects such as porosity, microcracks, 
and localized spallation, which facilitates inward oxygen dif
fusion and, potentially, lead penetration. Intergranular oxides 
extend to depths of approximately 100 µm. No evidence of lead 
penetration is detected.

3.1.2 | APMT 

Figure 2a shows the cross‐section of APMT after exposure to 
liquid Pb at 600°C for 2000 h. The alloy developed an extremely 
thin, continuous Al‐rich oxide layer. No evidence of localized 
corrosion attack or internal oxidation is detected, indicating 
that the scale is protective—at least in the first 2000 h of ex
posure. At the higher temperature of 700°C, the oxide thickness 
increased substantially, reaching values up to 680 nm after 
2000 h (Figure 2b). The oxide scale is protective for 2000 h also 
at higher temperature.

3.2 | Discussion of FeCrAl Alloys 

Both commercial FeCrAl alloys APM and APMT form a thin and 
protective Al‐rich oxide scale in molten Pb with 2E‐7 wt.% dissolved 
oxygen for exposures up to 2000 h at 600°C and 700°C. These 
results are in agreement with the literature on the oxidation/cor
rosion behavior of these alloys in LBE in the same temperature 
range. After 1000 h of exposure to LBE at 600°C, a thin protective 

alumina scale was found on APM (1E‐8 to 1E‐6 wt.% dissolved 
oxygen) [22], and at 700°C, an Al‐rich oxide was observed on both 
APM and APMT (1E‐6 wt.% oxygen, 1000 h) [24]. Furthermore, the 
present results are in agreement with reported exposure tests of 
APMT in liquid Pb at a slightly higher temperature of 750°C, where 
an oxygen content of 4E‐7 wt.% resulted in the formation of a 
protective alumina scale after 650 h [19]. At a higher oxygen content 
of 2E‐6 wt.%, some thicker oxide nodules and Pb penetration were 
observed locally after 2000 h [19].

In the present study, the alloy APMT developed a slightly 
thicker scale within the timescale of 2000 h (up to 680 nm at 
700°C) than the alloy APM (420–500 nm at 700°C), which 
shows a slightly accelerated oxidation kinetics on APMT. This 
might be related to the presence of Mo or the deviating 
microstructure. An accelerated oxidation kinetics might lead to 
an earlier failure of the scale as reported for corrosion tests in 
Pb with 1E‐5 wt.% dissolved oxygen at 800°C. Here, a clear 
corrosion attack was observed for APMT after 1760 h, while 
APM showed better corrosion resistance with Al‐oxide scale 
formation and merely local internal oxidation [14].

The present results obtained for APM for the exposures to liquid Pb 
exceeding 2000 h show a crucial difference between the two ex
posure temperatures tested in this study. At 600°C, the growth of 
the thin oxide scale continues and the scale remains protective for at 
least 5000 h. At 700°C, however, the corrosion behavior starts to 
deviate from the described behavior. Upon further growth to a 
thickness of around 2–3 µm after 5000 h, the oxide scale became 
unstable and internal oxidation occurred. The even faster scale 
growth on APMT in the first 2000 h suggests the same fate for 
prolonged exposure of APMT to Pb at 700°C. Also here, the oxide 
scale might lose its protective properties after 5000 h, leading to 
local spallation and internal oxidation.

Since previously reported studies did not exceed an exposure time of 
2000 h, these new findings are of great relevance for the assessment 
of the long‐term corrosion resistance of FeCrAl alloys to liquid Pb. 
Excellent corrosion protection is obtained at 600°C, while the cor
rosion resistance deteriorates after 5000 h at 700°C.

3.3 | TiAl Alloys 

3.3.1 | TNM‐B1 

As shown in Figure 3, the γ‐TiAl alloy TNM‐B1 developed a 
continuous oxide layer after exposure to liquid lead at 600°C. 

FIGURE 2 | APMT after 2000 h exposure to liquid Pb (a) at 600°C, (b) at 700°C. [Color figure can be viewed at wileyonlinelibrary.com] 

4 Materials and Corrosion, 2026

 15214176, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

aco.70198 by K
arlsruher Institut Fur T

echnologie, W
iley O

nline L
ibrary on [07/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com


The scale has a total thickness of about 3–3.5 µm after 2000 h 
(Figure 3a) and grows to ca. 4–5 µm after 5000 h (Figure 3b). It 
exhibits a multilayered structure, consisting of both an outward‐ 
and an inward‐growing scale. The EDS elemental mapping 
(Figure 3c) and the line scan (Figure 3d,e) reveal that the 
outward‐growing oxide is rich in Ti at the interface to the molten 
Pb. XRD analysis confirms the presence of TiO2 in both rutile (α‐ 
TiO2, hcp) and anatase (β‐TiO2, bcc) phases. Beneath this, a very 
thin Al‐rich oxide layer is observed, identified as alumina Al2O3 

by XRD. The inward‐growing part of the oxide scale is rich in Ti 
next to the original surface, followed by a region with inter
spersed TiO2/Al2O3. The presence of Ti‐ and Al‐oxides in this 
zone indicates oxygen inward diffusion and oxidation of both Ti 
and Al. Note that Nb is also present in the inward‐growing oxide 
region, see line scan and mapping. Below the multilayer oxide 
scale, oxygen diffusion into the bulk material (oxygen diffusion 
zone—ODZ) is observed in the line scan (Figure 3e) and Pb 

penetration is evident from both the mapping (Figure 3c) and the 
BSE image taken at higher magnification (Figure 3d). This 
demonstrates that the oxide scale, though being an efficient 
diffusion barrier, is not completely protective after 5000 h. 
Finally, voids are detected beneath the oxide scale, which most 
likely result from an imbalance between the inward diffusion 
fluxes of O and Pb on the one hand and the outward diffusion 
fluxes of Ti and Al on the other hand.

Figure 4 presents the corrosion behavior of the γ‐TiAl alloy 
TNM‐B1 in liquid Pb at 700°C. Although an oxide scale has 
grown on the sample surface, the scale is not entirely stable, Pb 
penetrates locally into the material, and a corrosion attack with 
a depth of up to 160 µm is observed after 5000 h. Dissolution 
and Pb penetration proceed first along the β0 and α2 phases, 
while the entire TiAl alloy is affected for prolonged corrosion 
attack (Figure 4b). As shown in Figure 4a, the non‐protective 

FIGURE 3 | TNM‐B1 after exposure to liquid Pb at 600°C (a) for 2000 h, (b–d) for 5000 h. (a, b) BSE images, (c) EDS elemental mapping, (d) BSE 
image at higher magnification, (e) result of EDS elemental line scan along arrow in (d). [Color figure can be viewed at wileyonlinelibrary.com] 

FIGURE 4 | TNM‐B1 after 5000 h exposure to liquid Pb at 700°C: (a) SE image (inset: bulk microstructure), (b) EDS elemental mapping. [Color 
figure can be viewed at wileyonlinelibrary.com] 
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oxide scale deteriorates in locations with corrosion attack. 
The elemental mapping in Figure 4b shows a region where the 
oxide scale is still present. Similar to the scale at 600°C, the 
multilayer oxide scale formed at 700°C consists of outward‐ 
growing Ti‐oxide, a very thin Al‐oxide layer at the location of 
the original sample surface, and an inward‐growing mixture 
of Ti‐oxide and Al‐oxide. In contrast to 600°C, a thin Al‐oxide 
layer covers the outward‐growing Ti‐oxide after exposure at 
700°C and also the inward‐growing oxide is enriched in Al at 
the interface to the bulk material.

3.3.2 | GE 48‐2‐2 

Figure 5 provides representative images of the corrosion 
behavior exhibited by GE 48‐2‐2 at 600°C. After 1000 h, the TiAl 
alloy is covered and protected by a very thin oxide scale with 
some slightly thicker oxide nodules dispersed on the surface, 
see Figure 5a. After 2000 h of exposure to liquid lead at 600°C, 
the majority of the sample is covered by a thin Al‐rich oxide 
layer, while localized areas exhibit significantly thicker oxida
tion zones with thicknesses reaching up to ~8 µm (Figure 5b). 
Small voids are found below the thin oxide scale, which most 
likely result from Al outward diffusion due to oxide scale for
mation. Figure 5c,d present more details on the thick oxide 

zones after 2000 h exposure. These regions consist of outward‐ 
growing Ti‐oxide (TiO2), an inward‐growing oxide with inter
spersed TiO2/Al2O3 and a slight Cr enrichment in the upper 
part, and an inner oxygen diffusion zone (ODZ). The sample 
exhibits no detectable penetration of Pb after 2000 h.

More severe corrosion is observed for the same material ex
posed to liquid Pb at 700°C. After 1000 h (Figure 6a), a rather 
thick oxide scale (up to 24 µm thick) covers the entire surface of 
GE 48‐2‐2. As demonstrated by the EDS elemental mapping in 
Figure 6b, the oxide scale exhibits outward‐growing Ti‐oxide 
and an inward‐growing mixture of Al‐oxide and Ti‐oxide. In 
contrast to the exposure at 600°C, the oxidation front is not 
diffuse but clearly pronounced and shows an enrichment in Al. 
Below the oxide scale, the TiAl alloy is depleted in Al and small 
voids are formed. Pb penetration is not observed after 1000 h, 
indicating that the oxide scale is still protective.

As shown in Figure 6c,d, exposure of GE 48‐2‐2 at 700°C leads 
to severe corrosion after 2000 h. The formerly formed oxide 
scale is deteriorated (remnants can be found in some places) 
and Pb penetrates the TiAl alloy up to a depth of 230 µm, see 
Figure 6c. At the corrosion front, Pb attacks the Cr‐rich β0 

phase first and then the corrosion attack proceeds via the 

FIGURE 5 | GE 48‐2‐2 after exposure to Pb at 600°C (a) for 1000 h, (b, c) for 2000 h. (a) SE image, (b) BSE image, (c) SE image at higher 
magnification, (d) result of EDS elemental line scan along arrow in (c). [Color figure can be viewed at wileyonlinelibrary.com] 

FIGURE 6 | GE 48‐2‐2 after exposure to Pb at 700°C (a, b) for 1000 h, (c–e) for 2000 h. (a) SE image, (b) EDS elemental mapping, (c–d) BSE 
images, (e) bulk microstructure. [Color figure can be viewed at wileyonlinelibrary.com] 
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Ti‐rich α2 lamellae. An image of the bulk microstructure is 
depicted in Figure 6e. In the regions closer to the sample sur
face that have experienced direct contact with Pb for a longer 
time, the remains of the TiAl alloy are depleted in Ti and en
riched in Nb (Figure 6d), indicating selective dissolution of Ti.

3.4 | Discussion of TiAl Alloys 

The multilayer oxide scale structure of GE 48‐2‐2 shares notable 
similarities with that observed on TNM‐B1, consisting of an 
outward‐growing Ti‐rich oxide layer and an underlying mixed 
TiO2/Al2O3 zone. For both alloys, an ODZ is observed below the 
inward‐growing oxide zone at 600°C, while at 700°C the oxygen 
concentration shows a rather sharp drop at the interface 
between oxide and bulk and the oxide zone is enriched in Al at 
the oxidation front.

Despite the similarities between the γ‐TiAl alloys regarding the 
oxide scale structure, there are also crucial differences. On 
TNM‐B1, a continuous scale with rather homogeneous thick
ness grows at both temperatures. However, the scale is pene
trable for Pb. At 600°C, small amounts of Pb are found directly 
below the scale, which still appears otherwise intact even after 
5000 h. At 700°C, Pb penetration is much more severe. Pb 
corrosion and dissolution start along the β0 and α2 phase and 
extend to a depth of 160 µm after 5000 h. The formerly formed 
scale is destroyed. The more severe corrosion attack at 700°C 
compared with 600°C is caused by the higher solubility and 
faster diffusion at elevated temperature.

In contrast to the rather homogeneous oxide scale thickness on 
TNM‐B1, an oxide scale with heterogeneous thickness develops 
on the alloy GE 48‐2‐2. At 600°C, extended regions with a very thin 
scale alternate with local thick oxide nodules. The presence of Cr in 
GE 48‐2‐2 might be responsible for the formation of the very thin 
scale, as Cr is known to promote the formation of Al2O3. In contrast 
to the Pb‐penetrable scale on TNM‐B1, both the thin scale and the 
oxide nodules formed on GE 48‐2‐2 at 600°C seem protective; Pb 
does not penetrate within 2000 h of exposure.

At 700°C, the oxide scale grown on GE 48‐2‐2 also varies strongly 
in thickness (though a very thin scale does not form) and becomes 
up to 24 µm thick already after 1000 h. After 2000 h, strong cor
rosion with an up to 230 µm deep penetration of Pb is found. 
Similar to TNM‐B1, Pb attacks the β0 phase first, then proceeds via 
the α2 phase and finally corrodes the entire material. The obviously 
faster growth of the oxide scale on GE 48‐2‐2 at 700°C compared 
with TNM‐B1 leads to its earlier failure. An oxidation study in air 
also reports a faster oxidation rate of GE 48‐2‐2 compared with 
TNM‐B1 when exposed at 700°C [29]. In this publication, it is 
argued that Cr (present in GE 48‐2‐2 only) has a detrimental effect 
on the oxidation rate, while Nb (present in higher amounts in 
TNM‐B1) is advantageous. According to the authors, Cr causes a 
higher number of defects in TiO2 and thus a higher oxidation rate, 
while Nb reduces the number of defects in TiO2 and leads to a 
lower oxidation rate. Although direct comparison of oxidation in 
air with corrosion in liquid Pb is not possible due to the different 
oxygen activities and corrosion mechanisms (interaction with Pb), 
the effect of Cr and Nb on the quality of TiO2 formed at 700°C in 
the present study might be similar.

4 | Conclusion 

In order to assess the material compatibility under conditions 
relevant for TES applications with liquid Pb as heat 
transfer fluid, the corrosion behavior of commercial Al‐ 
containing alloys in liquid Pb with 2E‐7 wt.% dissolved oxygen 
was investigated for up to 5000 h at 600°C and 700°C. From two 
alloy families, two representatives were selected each, namely 
the ferritic FeCrAl alloys Kanthal APM and Kanthal APMT and 
the titanium aluminides TNM‐B1 and GE 48‐2‐2. The following 
conclusions can be drawn from the results of the exposure tests: 

• APM and APMT form a thin and protective Al‐rich oxide scale 
at both temperatures, 600°C and 700°C. After 2000 h, the oxide 
scale on APMT is slightly thicker than the scale on APM.

• The oxide scale on APM remains intact and protective after 
5000 h of exposure at 600°C. However, it becomes unstable 
at 700°C and internal oxidation is observed after 5000 h.

• A multilayer oxide scale composed of TiO2 and Al2O3 forms 
on TNM‐B1 at both 600°C and 700°C. At 600°C, the scale 
remains intact for at least 5000 h despite some Pb pene
trating to the interface between scale and bulk material. At 
700°C, oxide scale failure and severe Pb corrosion occur 
(160 µm deep after 5000 h).

• GE 48‐2‐2 shows a very thin oxide scale alternating with 
much thicker oxide nodules after exposure at 600°C. The 
scale is protective for at least 2000 h. At 700°C, a much 
thicker scale develops. For exposures exceeding 1000 h, the 
scale loses its protective properties and Pb penetration 
reaches a depth of 230 µm after 2000 h.

• For both titanium aluminides, the γ phase is the most 
corrosion‐resistant phase, while β0 and α2 phases are attacked 
first.

Although excellent corrosion resistance is obtained for all ma
terials at 600°C under the given conditions (2E‐7 wt.% dissolved 
oxygen, stagnant Pb), longer exposure tests and tests under 
further conditions are recommended to confirm the applica
bility of the tested materials in liquid Pb at 600°C. The use of 
the γ‐TiAl alloys in liquid Pb at 700°C is not recommended.
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