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CMnAl TRIP Steel Surface Modification During CGL Processing
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The mechanisms of selective oxidation of intercritically annealed CMnAl TRIP steels in a Continuous 
Galvanizing Line (GCL) were studied by cross-sectional observation of the surface and sub-surface regions
by means of High Resolution Transmission Electron Microscopy (HR-TEM). The selective oxidation and 
nitriding of an intercritically annealed CMnAl TRIP steel in a controlled dew point 10%H2+N2 atmosphere
resulted in the formation of c-xMnO.MnO2 (1≤x<3) and c-xMnO.Al2O3 (x≥1) particles on the steel surface.
Single crystal c-xMnO.SiO2 (2≤x≤4) oxide particles were also observed on the surface. A thin film of
crystalline c-xMnO.SiO2 (2≤x<3) and c-xMnO.Al2O3 (x≥1) was present between these particles. In the
sub-surface region, internal oxidation, nitriding and intermetallic compound formation were observed. In
the first region, large crystalline c-xMnO.SiO2 (1≤x≤2) and c-xMnO.Al2O3 (x≥1) oxides particles were
present. In the second region, c-AlN particles were observed, and in a third region, small MnAlx (x>1)
intermetallic compound particles were observed.
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1. Introduction

  Multi-phase TRIP steel is ideally suited for structural 
parts of car bodies which are specifically related to the 
passive passenger safety during frontal collisions. This is 
due to the high strain rate energy absorption potential of 
TRIP steel. Automotive TRIP steels are usually galvanized 
to ensure an adequate perforation corrosion resistance. A 
high Si content is a key feature of standard TRIP steel 
compositions, as Si is effective in suppressing the carbide 
formation during the bainite transformation. It is well 
known that standard TRIP steels alloyed with high Si con-
tents cannot be processed in conventional continuous gal-
vanizing lines (CGL) due to the formation of surface de-
fects related to the selective oxidation of Si. This has led 
to the development of low Si and Si-free, Al-alloyed TRIP 
steel compositions which are compatible with CGL pro-
cessing. The fundamental reason for the improved galva-
nizing performance of the Al-alloyed TRIP steels is still 
not understood as the selective oxidation of Al is also 
expected. The gas atmosphere of the industrial annealing 
furnace in continuous hot dip galvanizing lines (HDG) 
leads to the reduction of the iron oxides formed during 

cold rolling. It also results in the selective oxidation of 
the key alloying additions of Si, Mn and Al. The presence 
of film-forming surface oxides is believed to deteriorate 
the wettability of the steel by molten Zn and prevent the 
formation of the Fe2Al5-xZnx inhibition layer.1),2) Research 
on improving the galvanizability of Si-bearing TRIP steel 
by replacing Si with Al has been studied for several 
years.2)-6) The external oxides on the surface and the in-
ternal oxides in the sub-surface have been studied pre-
viously by Scanning Electron Microscopy (SEM), X-ray 
Photo-electron Spectroscopy (XPS), Secondary Ion Mass 
Spectroscopy (SIMS), Energy Dispersive Spectrometry 
(EDS) and Glow Discharge Optical Emission Spectroscopy 
(GDOES).3),4),7),8),13) The direct observation of the morphol-
ogy, size, distribution and composition of internal and ex-
ternal oxides on intercritically annealed CMnAl TRIP steel 
has not yet been reported. High Resolution Transmission 
Electron Microscopy (HR-TEM) of Focused Ion Beam 
(FIB) cross-sectional samples was therefore used to carry 
out an in-depth analysis of the composition and mi-
cro-structure of the external and internal oxidation of 
CMnAl TRIP steel during intercritical annealing. 
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Fig. 1. Overview TEM cross-sectional micrograph of the surface and sub-surface for CMnAl TRIP steel annealed at an intercritical 
temperature of 827 ℃ in a 10%H2+N2 gas atmosphere with a dew point of -25 ℃. The black layer on the surface oxides 
is a protective Au coating. Oxides particles (zone A) and a thin oxide film (zone B) are observed on the original steel surface. 
In the sub-surface, internal oxides, nitrides and intermetallic compounds form three distinct regions. 

2. Experimental 

  The starting material used in the present work was full 
hard cold rolled CMnAl TRIP steel. The composition was 
0.158 mass% C, 1.99 mass% Mn, 1.01 mass% Al and 
0.31 mass% Si. The sample surface was mirror-polished 
with a diamond suspension prior to annealing in order to 
avoid all effects related to the roughness of the strip 
surface. The thermal cycle was carried out in a furnace 
with a controlled 10%H2+N2 atmosphere with a dew point 
of -25 ℃. The intercritical annealing temperature was 827 
℃ and the soaking time was 120 seconds. The heating 
rate was +5 ℃/min. The sample was quenched from the 
intercritical temperature to room temperature by high pu-
rity He in a quenching chamber. The annealed samples 
were investigated in a JEOL JEM-2100F TEM equipped 
with a field-effect electron source. The cross-sectional 
samples prepared by FIB allowed for the analysis of com-
position, crystal structure, morphology, size, spatial dis-
tribution and interfacial structure of the oxides on the steel 
surface and in the sub-surface region. The determination 
of the oxide composition was done by means of Energy 
Dispersive Spectroscopy (EDS).

3. Results 

  A typical cross-sectional view of the surface and sub-sur-

face regions for an intercritically annealed sample is shown 
in Fig. 1. Oxides were present at the surface as either 
larger particles (zone A) or as thin films (zone B). The 
surface areas covered with the larger oxide particles are 
clearly separated from the areas where the oxide is present 
as a thin film. The black layer on the surface oxides is 
a protective Au coating layer deposited on the sample sur-
face prior to the FIB sample preparation. Three distinct 
zones were observed in the sub-surface. The first zone 
was ~730 nm below the surface. Oxide networks and sepa-
rate inter-granular oxides particles with a diameter of 
50-170 nm were observed in this zone. 
  The second zone was in the range of 0.73-1.63 μm be-
low the surface. Small nitrides were observed in this sec-
ond zone. In the range of 1.63-4.0 μm below surface, inter-
metallic compound particles were observed. No martensite 
was found after quenching in the sub-surface region in 
the range of 0-4 μm below the surface. Fig. 2 shows a 
cross sectional view of the surface oxides. The larger oxide 
particles are about 47 nm in diameter. Fig. 2b is a detail 
of the xMnO.SiO2 (1≤x<3), xMnO.Al2O3 (x≥1) and 
xMnO.SiO2 (2≤x≤4) particles in area A on the surface. 
The lattice image for the xMnO.SiO2 (2≤x≤4) oxide is 
shown in Fig. 2c.  
  Fig. 2d shows the large crystalline c-xMnO.SiO2 (1≤
x<3) and c-xMnO.Al2O3 (x≥1) oxide particles. The inter-
face between the oxides and matrix is indicated in the 
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Fig. 2. Cross-sectional TEM micrographs for the CMnAl TRIP steel with surface covered with xMnOSiO2 (2≤x≤4) and xMnO.Al2O3 
(x=1) oxide particles and a xMnO.SiO2(2≤x<3) and xMnO.Al2O3(x=1) oxide film. (a) Overview of the surface area covered 
with large xMnO.SiO2 and xMnO.Al2O3 oxides particles and thin oxides film. (b) Detailed micrographs corresponding to zone 
A in a, showing the large oxides particles. (c) Micrograph of c-xMnO.SiO2 with 2≤x≤4 (arrow a1 in b). (d) Interface (dotted 
white line) between the c-MnO.SiO2 (x=2) and c-xMnO.Al2O3 (x=1) oxides particles and the matrix (arrow a2 in b). (e) Micrographs 
corresponding to zone B in a, showing the thin oxides film. (f) Interface (dotted white line) of the thin film of c-xMnO.SiO2 
(2≤x<3) and c-xMnO.Al2O3 (x=1) oxides and the matrix (zone a3 in e). 
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Fig. 3. Cross-sectional TEM micrographs for the three sub-surface zones. Zone I contains larger c-xMnO.SiO2 (1x≤2) and 
c-xMnO.Al2O3 (x=1) particles, Zone II contains small AlN particles and Zone III has MnAlx (x>1) intermetallic particles. (a) 
Overview of the three zones. (b) Detailed micrograph of zone A in (a). (c) Micrograph of c-xMnO.SiO2 (1≤x2) and c-xMnO.Al2O3 
(x=1) oxides particle in (b). The white dotted line indicates the position of the interface between the matrix and the oxides. 
(d) Detailed micrograph of zone B in (a). (e) Lattice image of AlN in (d). The dotted white line indicates the position of 
the interface between the matrix and the nitride. 
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lattice image by means of the dotted white line. The ob-
servations are in agreement with those reported by Mahieu 
et al.2) and Bellhouse et al.6). Fig. 2e shows the thin crys-
talline oxide film on the surface, visible on the right hand 
side of the micrograph in Fig. 1. A detailed micrograph 
of this surface film is shown in Fig. 2f, which also in-
dicates the position of the interface between the crystalline 
oxide film and the steel matrix in zone a3 of Fig. 2e. EDS 
analysis revealed that this film-type oxide consisted of the 
crystalline oxides c-xMnO.SiO2 (2≤x<3) and c-xMnO.Al2O3 
(x~1). 
  There are three distinct zones in the sub-surface, as 
shown in Fig. 3a. The first zone is the internal oxidation 
zone in the range of approximately 730 nm below the 
surface. Large inter-granular crystalline oxide particles 
with a diameter in the range of 50-170 nm were observed 
in this zone. The detailed structure of the oxide particles 
in this zone is shown in the micrograph of Fig. 3b. These 
particles were identified as the crystalline oxides c- 
xMnO.SiO2 (1≤x≤2) and c-xMnO.Al2O3(x=1). 
  Fig. 3c shows the interface between these oxides and 
the matrix. Fig. 3d shows the structure of the second in-
ternal zone 0.73-1.63 μm below the surface. Mainly AlN 
particles with a width of 6-30 nm and a length of 150-700 
nm were present in this zone. Using high resolution TEM 
micrographs (Fig. 3e), the nitrides were identified as crys-
talline c-AlN. The AlN particles were formed inter- 
granularly. Their presence is a clear indication of nitrogen 
diffusion during annealing. Fig. 4a shows the third sub-sur-
face zone in the range of 1.63-4.0 μm below the surface. 
It consists of MnAlx (x>1) intermetallic compound par-
ticles. It is noteworthy to mention that the type and dis-
tribution of the internal oxides, and the presence of nitrides 
and intermetallic compounds observed in the case of 
CMnAl TRIP steel, are different from the observations 
reported in a previous study on selective oxidation of 
CMnSi TRIP steels by the present authors.9),10) 

4. Discussion  

  Huin et al.11) have proposed a general extension of 
Wagner's model12) for the internal oxidation of steels 
which takes into account an arbitrary number of elements 
and oxides, and the possible formation of mixed oxides. 
Huin predicted that only MnO, SiO2, Mn2SiO4, Al2O3 and 
MnO.Al2O3 can form during the selective oxidation of 
Al-containing CMnSi TRIP steel. His model clearly fails 
to predict the formation of the two distinct internal lay-
er-type oxides and nitrides which were observed in the 
course of the present work. In the first zone, crystalline 
oxides (c-xMnO.SiO2 (1≤x≤2) and c-xMnO.Al2O3 

(x=1)) were present, and, deeper below the surface, AlN 
particles were observed.  
  The oxidation occurring during intercritical annealing 
is controlled by the diffusion of oxygen into the steel 
sub-surface. In a -24 ℃ dew point atmosphere, the oxygen 
diffusion is slower than the diffusion of Mn, Al and Si 
towards the surface and external oxidation is dominant. 
The selective oxidation of Mn, Al and Si then proceeds 
in the following three stages:  
  Stage 1. Mn and Si are oxidized at the surface and form 
the very stable mixed oxides c-xMnO.SiO2 (1x≤2) and 
c-xMnO.Al2O3 (x=1), as the compound oxides of Mn, Al 
and Si have a lower Gibbs energy of formation than Al2O3, 
MnO or SiO2. At the same time, the carbon diffuses to 
the surface and the decarburization takes place. Some ini-
tially formed austenite may be transformed to new ferrite 
due to the surface decarburization. 
  Stage 2. The present observations, which have revealed 
the internal oxidation of Mn, Al and Si to c-xMnO.SiO2 
(1x2) and c-xMnO.Al2O3 (x=1), suggest that oxygen dif-
fuses through the surface oxides into the sub-surface and 
forms these compounds oxides.  
  Stage 3. The formation of the compound oxides c- 
xMnO.SiO2 (1≤x 2) and c-xMnO.Al2O3 (x=1) oxides re-
sults in a reduced oxygen content allowing for solute nitro-
gen and Al to form AlN particles.  

5. Conclusions 

  The selective oxidation of Mn, Al and Si on the surface 
of a CMnAl TRIP steel intercritically annealed in gas at-
mosphere conditions likely to result in external oxidation 
(10%H2+N2 gas atmosphere, -24 ℃ dew point) resulted 
in the formation of larger crystalline c-xMnO.SiO2 (1≤
x<3) and c-xMnO.Al2O3 (x≥1) oxides, small crystalline 
c-xMnO.SiO2 (2x4) particles and a thin oxide film of crys-
talline c-xMnO.SiO2 (2x<3) and c-xMnO.Al2O3 (x≥1) at 
the steel surface.  
  The amorphous a-xMnO.SiO2 (x≤0.9) and a-SiO2 ox-
ides, which are typically formed on the surface of CMnSi 
TRIP steels during intercritical annealing in a low dew 
point atmosphere, were not observed on CMnAl TRIP 
steel. The amorphous a-xMnO.SiO2 (x≤0.9) and a-SiO2 
oxides are known to have a negative effect on the wett-
ability of the steel by liquid Zn. In addition, the formation 
of three separate zones of internal oxides, nitrides and in-
termetallic compounds was observed in the sub-surface. 
Although the annealing atmosphere is believed to yield 
conditions for external oxidation, large oxides particles 
consisting of 2MnO.SiO2, MnO.SiO2 and MnO.Al2O3 
were formed in the sub-surface. 
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  The low dew point atmosphere of -24 ℃ also leads to 
the decarburization of TRIP steel sheet surface. This de-
carburization and the reduction of the Mn solid solution 
content due to the formation of compound oxides, is be-
lieved to result in the transformation of the initial inter-
critical austenite to ferrite in a narrow surface region. The 
selective oxidation during intercritical annealing will there-
fore also affect the phase formation at the surface of TRIP 
steels.  
  The selective oxidation of CMnAl TRIP steel is unlikely 
to affect its galvanizability negatively due to the absence 
of amorphous a-xMnO.SiO2 (x≤0.9) and a-SiO2 oxides 
at the surface. In an earlier study of external oxidation, 
two oxides layers consisting of c-xMnO.SiO2 (1 x≤2) and 
a-SiO2 were formed on the surface of CMnSi TRIP steel 
after intercritical annealing.9) In the present case, no amor-
phous a-xMnO.SiO2 (x≤0.9) or a-SiO2 oxides were 
formed at the surface. The type of thin oxide films formed 
on CMnAl TRIP steel does apparently not prevent the for-
mation of the inhibition layer when the TRIP steel sheet 
is immersed in the liquid Zn metal. Al-added TRIP steels, 
in which Si is replaced by Al, can therefore lead a good 
galvanizability even in external oxidation conditions. 
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