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Abstract

Ferritic steels contain carbides that have nanoscale sizes and a range of

microchemistries. Various studies on structure-property relationships have revealed that the size,

shape and area fraction of carbides play an important role in determining the mechanical

properties of the steels. Generally, Conventional Transmission Electron Microscopic (TEM)

imaging has been employed to visualize the carbides, using bright field and dark field imaging

modes. However, interpretation of such images can be complicated due to i) the presence of bend

contours or thickness fringes; ii) the orientation of the precipitate and iii) the possible coherent

nature of the precipitate. In order to overcome these problems, two advanced techniques - a)

Energy Filtered Transmission Electron Microscopy (EFTEM) and b) Electron Tomography may

be used to understand the carbides distinctly in terms of their chemistry and their 3-dimensional

shapes. Briefly, EFTEM involves imaging secondary phases using a filter to record images

selecting energies around ionization edges of elements of interest. On the other hand, the electron

Tomography uses ultra high tilt series acquired using incoherent signals from High angle annular

dark field imaging (HAADF) or EFTEM images to generate a three-dimensional image of the

region of interest.

Key words: Ferritic steels, carbides, Energy Filtered Transmission Electron Microscopy, Electron
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1. INTRODUCTION

The elevated temperature properties of ferritic steels depend predominantly on the presence of

dispersed carbides, which are of the order of several nanometers in size. It has been well

established that the microchemical evolution of the carbides occurs in ferritic steels during high

temperature exposure [1-3]. In order to quantify the microstructure and distribution of the

carbides, several fields of view are usually required. In the case of ferritic steels, the carbides co-

exist with each other and are sometimes morphologically similar to one another. Further, the use

of conventional bright field Transmission Electron imaging is limited by the presence of bend
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contours and thickness fringe contrast, which may mask the presence of nanoscale carbides.

Hence Energy Filtered Transmission Electron Microscopy (EFTEM) is as an alternative

approach that can be used as described briefly below [4]. Present study employs Energy Filtered

Transmission Electron Microscopy as a means to obtain unequivocal identification of the

carbides.

Further, the interaction of carbides and crack growth has been studied in ferritic steels to

understand microplasticity in the vicinity of cracks. In a conventional approach, the interparticle

spacing is correlated to the crack initiation toughness [5]. Since the particle-matrix region is the

nucleation site for voids that lead to a crack initiation, an understanding of the three-dimensional

morphologies of the particles would be useful. There are efforts to use X-ray Tomography to

visualize the microstructure in 3D and provide insight onto crack growth on a grain-to-grain

basis [6]. At high spatial resolution, Electron Tomography can be used to understand the 3-

dimensional morphologies of the individual of carbide particles. The application of electron

tomographic technique to visualize the carbide particle in a 9Cr-1Mo steel is demonstrated in the

present study.

2. EXPERIMENTAL

The compositions of the ferritic steels examined in this study are given in Table1.Thin foils

of 100nm size ferritic steel samples were prepared by twin-jet electrolytic polishing using an

electrolyte of perchloric acid-methanol mixture. Alternatively, carbon film replicas were also

prepared from well-polished and etched samples. Details of the preparation techniques were

described elsewhere [7]. The instrument employed for EFTEM was Philips CM20 attached with

Gatan Imaging Filter (GIF). The filtered images were acquired at 200KV using a 200 µm

condenser aperture for higher energy losses (1000eV) and a 40 µm aperture or lower losses. The

energy window width is chosen as 10eV for lower losses while 20eV for higher losses so that the

signal to noise ratio is better.

Filtered Images were obtained using elemental mapping or three-window method. It involves

background contribution to intensity be removed by acquiring two filtered images in front of the

edge as well as one at the ionization edge of the element of interest. An extrapolated background

image is calculated using the power law I=A E
–r

 where I is intensity and E is energy loss and r

and A are two fitting parameters. The background image was then subtracted from the ionization

edge image, thus giving a net image called elemental map. Alternatively, a jump ratio image

could be acquired by dividing the ionization–edge image by a pre-edge image.

In order to obtain a tomographic image, several images have to be acquired at a series of tilts.

This has to be reconstructed to get the 3D image. In TEM, each image is a 2-D projection and for

reconstruction from these sets of projections, they have to be a monotonically varying function.

Since conventional imaging in inorganic materials is mainly due to elastic scattering, it electron

tomography is conducted using incoherent signals generated through Z-contrast imaging or

filtered imaging.

In order to obtain an ultra tilt series of images, a special TEM specimen holder [Fig.1] with

±70 º is used which can produce images without the shadowing effect.
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3. RESULTS AND DISCUSSION

The initial microstructures of two different ferritic steels are shown in Fig.2. 2.25Cr-1Mo

steel in normalized (1323K for 1h) and aged (950K for 2 and 50h) condition exhibits extensive

precipitation of M2C and M23C6 (Fig.2a). On the other hand, 9Cr-1Mo steel exhibits M23C6

carbides (Fig.2b), whose precipitation sequence has been discussed in detail elsewhere [8].

Based on extensive studies, it is considered that the two important carbides, M2C and M23C6

would be a means of studying the ageing behaviour. Hence EFTEM of two aged 2.25Cr –1Mo

steel samples was carried out. Fig.3 depicts the filtered images of the steel for two different

carbides. It can be inferred that the images clearly brings out the carbides without any masking

effect thus enabling quantification unequivocally.  Based on several such images, the area

fraction was measured and is plotted as a function of ageing as a histogram (Fig.4). It can be

inferred from the figure that the area fraction of M2C and M23C6 increases with ageing time.

However, the increase in M23C6 is more pronounced than in M2C. This can be understood in

terms of Cr/Mo ratio, which  favours Cr-rich carbides on ageing [9].

HAADF tilt series imaging was carried out on a carbon replica of the 9Cr-1Mo steel. The

series was acquired over ±60º with a tilt increment of 2º. Representative images acquired at

different tilt angles are shown in Fig.5. All the images were spatially aligned using a cross-

correlation algorithm in order to take into account the variation in image width with tilt. A 3-D

reconstruction was accomplished using the set of tilt series using standard tomographic

reconstruction algorithms, details of which are discussed elsewhere [10]. The resulting 3D image

is shown in Fig.6.

In a similar way, a tilt series using energy-filtered images using Cr L2,3 energy edge was

also acquired. The resulting reconstruction is shown in Fig.7.

Based on the angles between different faces of the carbides the corresponding different

crystallographic faces bounding the crystal can be identified. Fig.8 depicts the typical faces

present on an  M23C6 particle.

4. SUMMARY

• Carbides in two different ferritic steels have been characterized using advanced

techniques namely EFTEM and Electron Tomography.

• Using EFTEM, the unequivocal identification of M2C and M23C6 carbides in

2.25Cr-1Mo steel was demonstrated. Further, the area fraction of the carbides was

quantified and correlated with the ageing behaviour of the steel.

• The ability to visualize the three-dimensional nature of the individual carbides in

9Cr-1Mo steel using electron tomography was demonstrated.
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Table1.

Composition of ferritic steels examined in the present study

Steel Cr Mo Si Mn P C Fe

2.25Cr-1Mo

steel

2.25 0.9 0.31 0.40 0.025 0.11 Balance

9Cr-1Mo steel 8.39 0.97 0.49 0.46 0.085 0.10 Balance

Figure captions:

 Fig.1 (a) Standard Philips single tilt holder (b) Tip of the holder is modified to increase the

maximum attainable tilt angle. The width of the holder has been reduced from 6mm to 4mm.

Fig.2(a) 2.25Cr-1mo steel exhibits fine needles-like M2C and bulky M23C6 carbides (arrow).

Fig.2(b). 9Cr-1Mo steel exhibits tempered martensite structure with fine carbides along the lath

boundaries; well-grown carbide on grain boundary (arrow);

Fig.3. EFTEM images of 2.25Cr-1Mo steel showing presence of different carbides

Fig.4..Histogram showing the  fraction as a function of ageing at 923K for 2.25Cr-1Mo steel.

Fig.5. Typical HAADF images of M23C6 carbide in 9Cr-1Mo steel gathered at two different tilts

(a) 55º (b) 90º.

Fig.6. 3D nature revealed by Electron Tomographic image of carbides generated through a tilt

series acquired using HAADF imaging.

Fig.7. 3d image generated using a tilt series by EFTEM acquisition of Cr images.

Fig.8. Identification of the various crystallographic faces of the carbide in 9Cr-1Mo steel
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Fig.1 (a) Standard Philips single tilt holder (b) Tip of the holder is

modified to increase the maximum attainable tilt angle. The width of the

holder has been reduced from 6mm to 4mm.
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Fig.2(a) 2.25Cr-1Mo steel exhibiting ferrite laths (!),

 fine needle-like M2C and bulky M23C6 carbides

 (arrow). Inset shows a diffraction pattern of

M23C 6 and ferrite.

 0.5 µm

Fig.2(b) 9Cr-1Mo steel exhibiting

tempered martensite structure  with fine

carbides along the lath boundaries and a

well-grown carbide on a grain boundary

(arrow);

Fig.3. (a) BF Zero Loss image of 2.25Cr-1Mo steel aged 923K for 2h (b) Mo elemental map

depicting the Mo rich nature of fine needles.

a) b)
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Fig.3(b) EFTEM images of steel

aged for 50h at 923K. i) BF ZL

image (ii) Fe jump ratio image

(iii) Cr elemental map; Note the

bulky nature of Cr rich M23C6 in

the Cr image; (iv) Mo image; Mo

rich M2C is fine needle-like in

morphology

Fig.4..Histogram showing the  area fraction of carbides inferrred from EFTEM images as a

function of ageing at 923K for 2.25Cr-1Mo steel

ZL Fe

Cr Mo

i) ii)

iii) iv)
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Fig.5. Representative HAADF images of M23C6 carbide in 9Cr-1Mo steel acquired at two

different angles  (a) 55º (b) 0º.

a) b)
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   100nm

Fig.6. 3D nature revealed by Electron

Tomographic reconstruction of carbides

generated from a tilt series of HAADF

images

Fig.7.ElectronTomographicReconstruction of two

carbides in a 9Cr-1Mo steel acquired from a tilt

series acquired using Cr elemental images

 110nm
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Fig.8. Identification of the various

crystallographic faces on a carbide

in  a 9Cr-1Mo steel

  100nm

(100)

(111)

(010)


