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a b s t r a c t 

To clarify the influence of manganese on the oxidation behavior of Ni–Cr alloys, high resolution transmis- 

sion electron microscopy was used to examine the microstructure and chemistry of oxide scales forming 

at 1050 °C on Ni–25Cr–xMn ( x = 0.5, 1 and 1.5% wt) in 200 Pa O 2 . The scales consisted of two layers 

of chromia and one layer of spinel Mn 1 + x Cr 2-x O 4 . The internal layer exhibited an equiaxed grain struc- 

ture, whereas columnar grains developed in the outer layer. The results demonstrated that the spinel 

composition at the chromia-spinel interface was similar regardless of the manganese concentration. 

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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Chromia-forming nickel-based alloys are commonly used for

components that encounter oxidizing and reducing environments

at high temperatures because of their thermodynamic stability and

the low rate of chromia growth [1 , 2] . The minor alloying elements,

Al, Mn, Si, Ti, and Y [1 , 3 , 4] , have large effects on the chromia

growth rate by modifying the transport properties of the scale

[5 , 6] . Focusing the present study on the Mn effect, it was shown

[4] that Mn addition increases the oxidation kinetics by a factor

of 1.5 for a long time in isothermal conditions. It is also known

[3 , 4 , 7] that a small amount of manganese (lower to 1% wt) in Ni–

Cr alloys allows the formation of a spinel layer at the oxide/gas

interface with a composition reported to fall in the range from

MnCr 2 O 4 to Mn 3 O 4 [8] . Although the presence of this oxide is fre-

quently noticed [3 , 4 , 9 , 10–12] , the latter is rarely considered when

debating the oxidation mechanism of nickel-based alloys. However,

manganese addition increases the overall oxidation rate as well

as the chromia growth rate [3 , 4] and decreases the oxide scale

adhesion [3 , 4 , 11] . Ledoux et al., using photoelectrochemistry, has

also proposed, based on the observation of a systematic change of

chromia semiconductivity when the spinel formed, that the man-

ganese chromium spinel might control the boundary conditions at

the chromia/spinel interface [9] . These authors showed in this way
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 change in the ratio of point defect concentrations. In addition,

olcomb’s calculation [13] showed that the presence of MnCr 2 O 4 

n top of a chromia scale should contribute to a decrease in the

xidation of chromia in volatile CrO 3 at high temperatures. 

Consequently, there is a strong interest to accurately character-

ze the structure and composition of the oxide scale forming on

odel Ni–25Cr–xMn ( x = 0.5, 1 and 1.5% wt) alloys; notably, to

ccurately define the local equilibrium at the chromia/spinel inter-

ace. This is carried out in the present study using HR-TEM and

TEM techniques for alloys oxidized for 1 h in 200 Pa O 2 . 

Three model alloys were prepared by high-frequency melting

nder argon gas (details can be found elsewhere [4] ) according

o three compositions of Ni–25Cr–xMn with x = 0.5, 1 and 1.5

n weight percent. The ingots were then heat-treated for 12 h at

0 0 0 °C under argon for homogenization and avoid segregation.

he samples were oxidized in an environmental scanning electron

icroscope (FEI Quanta 200 FEG ESEM) equipped with a 1400 °C
ot stage under an atmosphere of pure O 2 (O 2 ≥ 99.995%) at

00 Pa. The hot stage was heated to the experimental temperature

f 1050 °C under 200 Pa O 2 at the rate of 50 °C min 

−1 . The

urnace was equipped with a specific thermocouple that allowed a

recise measure of the sample temperature [14] . When the target

emperature was reached, the samples were heated isothermally

nd observed in situ for 1 h [4] . After exposure, cross sections of

he oxide layers were obtained by extracting from the oxidized

amples thin lamellas by a dual focused ion beam (FIB) scanning
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Fig. 1. Observations of the Ni–25Cr–1.5Mn oxidized for 1 h in 200 Pa O 2 after the thin foil extractions (marked 1 and 2): (a) surface at low magnification (SEM-SE); (b) 

surface at high magnification (SEM-SE); (c) cross section relative to location 1 (STEM dark field mode) showing equiaxed chromia grains at the metal/oxide interface, a thick 

layer of columnar chromia grains and a top continuous spinel layer. 
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lectron microscope (Helios Nanolab 600i) system using the in situ

ift-out technique. Two lamellas of approximately 50 nm thickness

ere prepared for each sample, one on top of a metal grain

oundary and the other on top of a metal grain. A high resolution

ransmission electron microscope (JEOL ACCEL ARM 200F-Cold

EG) with a (C s ) spherical aberration probe corrector was used to

erform the microstructure characterization. The point resolution

as in TEM mode 0.12 nm and in STEM mode 0.083 nm. The TEM

as operated at an acceleration voltage of 200 kV. The chemical

nalyses were realized with an energy dispersive X-ray (EDX)

pectrometer (JEOL Centurio EDS 1 sr) and an electron energy loss

pectrometer EELS (GIF QUANTUM ER) coupled to the electron

icroscope. Oxygen was quantified by stoichiometry. 

Surface observations of the sample Ni–25Cr–1.5Mn after 1 h

f oxidation at 1050 °C in 200 Pa of dioxygen are presented in

ig. 1 a. The footprint of the initial microstructure (coarse grains

f approximately 150–200 μm) remains visible, reflecting the dif-

erent chromia growth rate on the grain and at the grain bound-

ry (GB). The location where the FIB thin slices were extracted

an be seen in Fig. 1 a. The surface observations for Ni–25Cr–0.5Mn

nd Ni–25Cr–1Mn are very similar to the one presented in Fig. 1 b

or Ni–25Cr–1.5Mn. Crystallites of manganese chromium spinel en-

irely covered the sample surface regardless of the initial Mn con-

entration. Cross sections of the Ni–25Cr–1Mn sample were ob-

erved in STEM mode. The STEM micrograph ( Fig. 1 c) clearly shows

he multi-layered structure. The scale consists of a thin layer of
quiaxed chromia grain at the metal/oxide interface, a thick layer

f columnar chromia grain and finally a thin spinel layer on top.

atu-Romain et al. [15] and Lech et al. [16] also noticed that

he chromia layers formed on pure chromium and on polycrys-

alline Ni-based superalloys can be divided into two parts based

n their equiaxed and columnar microstructures. Small voids were

bserved in the equiaxed layer. It can be suggested that their loca-

ions correspond to the initial metal-atmosphere interface and rep-

esent the separation between the inward and the outward growth

17] of this equiaxed layer. The peculiar morphology of the latter

an result of the oxide nucleation mechanism as proposed by Zhou

18] . The spinel layer was only one grain thick in all observations

ade. Fewer and larger voids are also locally present at the chro-

ia/spinel interface of all Ni–25Cr–xMn alloys. 

Fig. 2 displays the scale of the Ni–25Cr–1Mn both on top of

 metal grain and on top of a metal grain boundary in bright

eld mode. A triplex oxide scale composed of the continuous

pinel layer at the oxide/gas interface with a thicker duplex colum-

ar/equiaxed chromia layer underneath was observed in both

ases. On top of the metal grain, the thickness of the oxide scale

s approximately 980 nm whereas it reaches 1620 nm on top of

he metal GB. The thickness measurements of each subscale were

ade on the six FIB lamellas ( Fig. 2 c). Each data point corresponds

o the average of 10 measurements. The triplex oxide scale formed

n GB is systematically thicker than the scale that develops on top

f grains. However, the oxidation rate on top of the metal grain is
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Fig. 2. Cross section TEM bright field micrographs of the oxide scale on Ni–25Cr–1Mn formed after 1 h at 1050 °C in 200 Pa O 2 : (a) on top of a metal grain; (b) on top of 

a metal grain boundary (GB). (c) Thickness measurement results of the three identified layers according to the Mn addition to Ni–25Cr and to the location of the extracted 

FIB lamellas. 
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more or less the same whatever the Mn concentration in the bulk.

The thickness of the equiaxed chromia layer slightly increases with

manganese addition whereas the effect of manganese on the thick-

ness of the columnar chromia layer is less clear. It should be added

that due to the level of stresses of chromia grown on Mn free

Ni–25Cr it was not possible to extract FIB lamella in the Ni–25Cr

alloy that was taken as the reference because all of the lamella

broke during extraction. Nevertheless, as reported by Simon et al.,

the microstructure in these conditions should be only equiaxed at

200 Pa of oxygen [19 , 20] . Overall, an increase in Mn results in a

slight increase of the size of spinel crystallites. This influence is

peculiarly highlighted at the GB location. Due to experimental dif-

ficulties with the FIB, It was not possible to measure the size of the

spinel crystallites at GB for Ni–25Cr–1.5Mn. Nevertheless, the lat-

ter was determined from surface observation in [4] , which demon-

strated the crystallites’ size increased with Mn content. 

Energy dispersion spectrometry (EDS) and electron energy loss

spectrometry (EELS) were carried out to obtain quantitative and

qualitative information on the spinel chemistry. The changes of

the chromium and manganese atomic percentages in the cation

sub-lattice across the spinel/chromia interface are reported for Ni–

25Cr–1Mn in Fig. 3 . On top of the metal grain ( Fig. 3 c), the man-

ganese signal continuously decreased through the spinel grain up

to approximately 33 ± 2% at the chromia-spinel interface, similar
o what was obtained for Ni–25Cr–0.5Mn and Ni–25Cr–1.5Mn on

op of metal grains. This shows the composition of MnCr 2 O 4 is in

quilibrium with the chromia scale as expected from the thermo-

ynamic assessment of Jung [21] . At GB ( Fig. 3 d) and because of

he STEM technique that required the surface to be perpendicular

o the electron beam, the chromia and spinel crystals overlap and

he compositions profile is less accurate, hindering any conclusion

bout the existence of a thermodynamic equilibrium at these loca-

ions. The very low amount of manganese in the chromia scale did

ot’ permit its quantification. Thus, for the spinel formed on top

f the grains, the maximum atomic ratio Mn/Cr is 0.724 vs 0.5 for

 composition that corresponds to MnCr 2 O 4 . This ratio increases

o 2.125 for spinel located on top of the metal GB, revealing the

igher manganese flow at this location. The EELS results (not il-

ustrated here) qualitatively showed the contribution of Mn 

III was

igher in the spinel grains located on top of the metal GB; i.e., that

anganese substitutes more for chromium on the octahedral site

f the MnCr 2 O 4 structure at GB. 

Selected area electron diffraction (SAED) ( Fig. 4 b) allowed for

he determination of the spinel crystalline structure. Spinel crys-

allized in the cubic spinel structure (Fd-3 m with a = 0.846 nm).

he literature [22] indicates that for manganese chromium spinel

t room temperature, the expected crystal structure would be

etragonal (I41/amd) or cubic (Fd-3m) according to the cations
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Fig. 3. Cross sections of the oxide scale formed on Ni–25Cr–1Mn oxidized 1 h in 200 Pa O 2 (a) on top of a metal grain and (b) on top of a metal GB and respective 

composition profiles (EDS): (c) and (d). 

Fig. 4. (a) TEM bright field micrograph showing the selected area; (b) Selected area electron diffraction (SAED) pattern of the spinel crystallite; (c) and (d) High resolution 

STEM Filtered Annular Bright Field (ABF) micrographs and (e) Spinel structure (Fd-3m) along the [110] direction from Gautier et al. [25] showing the observed pattern (blue 

circled). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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tomic ratio. The spinel would be cubic from the composition

nCr 2 O 4 to Mn 1.76 Cr 1.24 O 4 (%Mn/%Cr = 1.41), and tetragonal from

n 1.76 Cr 1.24 O 4 up to Mn 3 O 4 [22 , 23] . This transition was reported

o be due to the Jahn-Teller effect of the Mn(III) on the spinel oc-

ahedral sites [22–25] . At a higher temperature, this transition is

hifted towards a higher manganese concentration [21] . At the ox-
dation temperature used in the present study (1050 °C), a phase

ransformation should occur for Mn 2.7 Cr 0.3 O 4 . The cubic structure

etermined in the present study confirms these previous results

nd demonstrates that a continuous solid solution exists between

nCr 2 O 4 and at least Mn 2.04 Cr 0.96 O 4 at 1050 °C. 
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Finally, Annular Bright Field (ABF) and High Angle Annular

Dark Field (HAADF) micrographs were collected on a well oriented

spinel grain. This grain was oriented along the [110] direction. The

ABF and HAADF micrographs were filtered to observe the atomic

positions. On the presented ABF micrographs ( Fig. 4 c and c), each

bright point should be associated with an atom column of light

elements, i.e., to oxygen here, because the electrons’ beam devia-

tion is high for heavy elements. A repetitive pattern consisting of

a very dark point in the centre of a hexagon formed of 10 dark

points can be seen on the filtered ABF micrograph. These results

can be directly compared to the atomic positions of MnCr 2 O 4 as

described by Gaultier et al. [25] ( Fig. 4 e). The pattern is circled in

Fig. 4 d and e for better illustration. 

In summary, extensive HRTEM characterizations have been

conducted to study the microstructure and the chemical compo-

sition of the oxide scale that develops on Ni–25Cr–xMn ( x = 0.5,

1 and 1.5% wt) alloys in a 200 Pa O 2 environment at 1050 °C. It

has been shown that the oxide scale is triplex. The oxide scale

consists of two layers of chromia and one layer of a continu-

ous spinel Mn 1 + x Cr 2-x O 4 , with x varying from 0 to 1.04. The

spinel grains crystallize according to the cubic spinel structure

(Fd-3m) under the conditions of the present work. On top of

the metal grains, composition measurements made in the spinel

near the chromia/spinel interface indicate a composition similar

to MnCr 2 O 4 regardless of the Mn concentration in the alloy. This

finding demonstrates that equilibrium conditions are fulfilled at

this interface. The equilibrium at the chromia/spinel interface can

be written as follows (): 

M n ( C r 2 O 3 ) + C r 2 O 3 + 

1 / 2 

O 2 = MnC r 2 O 4 (1)

This can explain the changes in the semiconductive properties

of Mn containing alloys [9] . In these conditions and according to

Wagner Theory [26] , the chromia growth is controlled by the oxy-

gen activity gradient that establishes between the metal/oxide and

chromia/spinel interfaces. The internal chromia layer exhibits an

equiaxed grain structure, whereas the columnar chromia grains de-

velop in the outer layer. Columnar microstructures were also re-

cently observed in low oxygen environments [19 , 20] , similar to

the morphology obtained with Mn-containing alloys in the present

work. This finding also supports the existence of the local equilib-

rium at the chromia/spinel interface. 
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