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Abstract: The M23C6 precipitate plays a major role in preventing the sliding of the grain boundary
and strengthens the matrix in the reduced-activation ferritic/martensic (RAFM) steel. However,
its stability might be reduced under irradiation. The microstructural instability of the M23C6

precipitates in the RAFM steels irradiated at 300 ◦C with Fe ions up to a peak dose of 40 dpa
was investigated by transmission electron microscopy. A “Core/Shell” morphology was found
for the pre-existing M23C6 and a large number of new small phases appeared in parallel near the
periphery of the precipitates after irradiation. The loss of crystallinity of the M23C6 periphery due to
the dissolution of carbon atoms into the interface (C-rich “Shell”) actually decreased the size of the
Cr-rich “Core”. The new phase that formed around the pre-existing precipitates was M6C (Fe3W3C),
which was formed through the carbide transformation of M23C6 to M6C.
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1. Introduction

Reduced-activation ferritic/martensic (RAFM) steels have excellent mechanical strength,
low thermal expansion coefficient, high thermal conductivity and good resistance to radiation-induced
swelling and helium embrittlement [1–4]. Thus, they have potential uses in new-generation fission
reactors and future fusion reactors [5]. It is well known that several typical RAFM steels can be used
for test blanket modules in the International Thermonuclear Experimental Reactor [6], which includes
Eurofer97, 9Cr2WVTa and China Low Activation Martensitic (CLAM) steels. These RAFM steels
undergo various transformation processes, including transformation of the ferritic steel structure
(body centered cubic) to a martensitic steel structure (body centered tetragonal) after quenching.
The M23C6 (Cr-rich carbide) precipitate preferentially forms at the martensitic lath and grain boundaries
after thermal treatment. The M23C6 phase is very stable at temperatures below 820 ◦C [7], which plays
a critical role in retaining the physical and mechanical properties of RAFM steels at elevated
temperatures [6]. This prevents the grain boundary sliding [8] and strengthens the matrix by exerting
a large Zener pinning force on the martensitic lath boundaries compared to the MX phase in RAFM
steels [7,9]. However, under thermal, stress and irradiation conditions, the precipitate stability may be
reduced [10–12]. Irradiation can increase the diffusion rates due to the production of point defects.
The interface between the second-phase particle and the matrix was shown to function as a sink that
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traps point defects. It is reported that the interface is an important factor in element segregation and
swelling behaviors due to the trapping of gas atoms and point defects [9,13,14]. The size of the M23C6

precipitates increases in the 9Cr-2WV steels during neutron irradiation [15] and CLAM steel after H and
D ion irradiation [16]. The irradiation-induced amorphous transformation of M23C6 precipitates was
observed in 800-MeV proton irradiated martensitic steels [17–19] and in 9Cr-1Mo ferritic/martensitic
steel irradiated with 0.5 dpa at low temperatures [20]. The changes in the specimen microstructure,
such as the secondary phases/precipitates induced by irradiation, will affect mechanical properties,
including fracture toughness [21]. Therefore, examining and understanding the mechanism of M23C6

phase instabilities under irradiation is essential in evaluating the response of M23C6 against irradiation,
which is also an essential part of developing radiation-resistant RAFM steels.

In this work, we investigate the microstructural instability of M23C6 precipitates in the RAFM
steels due to irradiation. The mechanism of dissolution and re-precipitation will be discussed.

2. Experimental

2.1. Material Preparation

The chemical compositions of the RAFM steel test materials are shown in Table 1. The bulk
specimens underwent heat treatment as follows: quenching at 1000 ◦C for 40 min and water cooled,
before being tempered at 740 ◦C for 2 h and air cooled. A disc-like specimen with a diameter of
3 mm was punched out from a ~0.1 mm thick sample cut from the bulk RAFM steel and thinned to its
final thickness. The standard TEM specimens were prepared by the conventional jet electropolishing
methods using 5% perchloric acid and 95% ethanol polishing solution at −30 ◦C.

Table 1. Chemical compositions of Reduced-activation ferritic/martensic (RAFM) steel in wt. %.

Fe C Cr W V Mn Si P S

Bal. 0.088 9.24 2.29 0.25 0.49 0.25 0.0059 0.001

2.2. Irradiation Experiments

The irradiation experiments were carried out in the Accelerator Laboratory of Wuhan University
and the samples were irradiated to a peak dose of 40 dpa with 100-keV Fe ion at 300 ◦C. The damage
profile calculated by the Stopping and Range of Ions in Materials (SRIM) code simulation is shown in
Figure 1, where the displacement energy was Ed = 40 eV. A uniform ion beam current (~1 µA) was created
for holding by scanning in both the horizontal and vertical directions. The sample temperature was
monitored with a thermocouple throughout the irradiation process, which touched the implantation
surface of the sample. The microstructure analysis and composition measurements were conducted with
a field-emission-gun analytical Tecnai G2 F30 microscope (Beijing, China), which had a nominal spot size
of 0.5 nm, equipped with an energy dispersive X-ray spectroscopy (EDX) system.
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Figure 1. Depth profiles of the displacement damage (dpa) for the RAFM steel irradiated to a peak 
dose of 40 dpa with 100-keV Fe ions. 

Figure 1. Depth profiles of the displacement damage (dpa) for the RAFM steel irradiated to a peak
dose of 40 dpa with 100-keV Fe ions.



Metals 2018, 8, 349 3 of 8

3. Results and Discussion

Figure 2 shows the unirradiated microstructure of a RAFM steel sample containing many
pre-existing carbides with sizes of approximately 100–300 nm along the long axis in the matrix.
A bright-field micrograph after 40 dpa of Fe ion irradiation at 300 ◦C is shown in Figure 3. A systematic
selected-area electron diffraction (SAED) pattern of the pre-existing precipitates obtained from the
unirradiated and irradiated specimens are shown in the upper right of the panels in Figures 2 and 3a,
respectively. The calculated d-spacing of the (111), (200), (331), (422) and (511) spots were 0.6145 nm,
0.532 nm, 0.244 nm, 0.217 nm and 0.205 nm, respectively, which is parallel with the Pcpdfwin file
(No. 781500) that originated from the M23C6 consisting mainly of Cr and Fe. It should be noted that
the

(
111

)
and (200) reflections make a [011] zone axis (Figure 2), which paralleled the

[
011

]
zone axis

by (422),
(
133

)
and

(
511

)
reflections in Figure 3a.
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Figure 2. Bright-field micrograph of the unirradiated RAFM steel, in which many precipitates ware
located at the martensitic lath and grain boundaries. The microstructure of pre-existing precipitates
was identified by the selected-area electron diffraction (SAED) patterns that are shown in the upper
right of panels. The diffraction patterns indicate that it is a M23C6 precipitate.
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Remarkable changes in the original pre-existing M23C6 precipitates were found in the 40 dpa
Fe ion irradiated specimen, which is shown in Figure 3a. The contrast at the periphery of the M23C6

precipitates was reduced or weakened. A large number of new small phases appeared in parallel near
the pre-existing M23C6 precipitate after the irradiation. The original pre-existing M23C6 precipitate
periphery (the matrix/carbide interface) seemed to grow, with the width of the extended region being
about 10–30 nm. In the right inset of Figure 3a, the SAED patterns show the amorphous diffraction
halos accompanied by diffraction spots. The patterns contain three parts: the M23C6 precipitate,
matrix/carbide interface and the matrix, which is marked by a white circle. The

(
511

)
,
(
133

)
and (422)

diffraction spots originate from the M23C6 precipitate as discussed above. The dark-field image of
the M23C6 precipitate shown in Figure 3b was from the

(
511

)
diffraction spot marked by the white

arrow. On the one hand, all the small phases were completely black in Figure 3b, which further
indicated that the structure of the small new phase is not parallel to M23C6. On the other hand,
Figure 3b shows that all M23C6 carbides were bright and the peripheral region was brighter than
the center of carbide. The electron transmittance in the periphery region was higher than that in the
M23C6 carbides. The appearance of diffraction halos indicated that the brighter periphery region
(i.e., the matrix/carbide interface) is amorphous. From Figure 3, one can conclude that the pre-existing
M23C6 precipitate periphery was unstable under Fe ion irradiation. The loss of crystallinity of the
M23C6 particles also appeared in our previous studies [22,23]. The seemingly extended region indicates
the dissolution of the pre-existing M23C6 precipitates, which is similar to the heavy ion-irradiated or
neutron-irradiated ferritic steels at 300–500 ◦C [24,25]. They also indicate that the pre-existing M23C6

precipitates were partially dissolved after irradiation, especially at elevated irradiation temperatures.
Kai et al. [24] also indicated that the modification of pre-existing M23C6 precipitates due to 14-MeV
Ni ion irradiation was very similar to the results of the thermal annealed ferritic steel. A vague
explanation was given that irradiation would accelerate the thermal diffusion and in turn, enhance the
thermal/aging effect, which is consistent with the mechanism of radiation-enhanced diffusion [26].
However, a more detailed reason for the dissolution of pre-existing M23C6 should also be investigated
from the view point of elemental segregation.

The compositions of the precipitate, peripheral amorphous region and matrix in the 40 dpa
irradiated RAFM steel at 300 ◦C were investigated with STEM/EDX microanalysis (Figure 4). Fe, Cr,
W and C were analyzed using EDX mapping, with no other elements having appeared in the spectra.
The EDX spectra and the elemental compositions (in wt. %) of the different regions marked by white
arrays (Figure 4a) are shown in Figure 4b–d. Compared to the chemical composition of the matrix
(Figure 4d), the precipitate includes a greater content of C and Cr elements (Figure 4a). This also
indicates that the precipitate is Cr-rich M23C6, which is consistent with the SAED result. The M mainly
represents the Cr element and also contains Fe, W and other elements [16,27,28]. The EDX spectra
collected from the interface between the precipitate and the matrix has a higher C amount. In addition,
an elemental map was constructed in the same region as that in Figure 4a, while Figure 4e shows the
High-Angle Annular Dark Field (HAADF) STEM images of the same precipitate. Figure 4f–i shows
the EDX-Kα mapping of Fe, Cr, W and C in the pre-existing precipitates after irradiation. The bright
contrast in EDX elemental map represents a high elemental concentration. Therefore, Cr is mainly
present in the precipitate. They also highlight the increased Fe and W contents in the pre-existing
precipitates. However, considering the uneven thickness between the precipitates and the matrix
(the precipitate region is thicker than that of the matrix in Figure 4), Fe and W elements should be
distributed homogeneously. It should be noted that a high C element concentration appears at the
interface between the precipitate and the matrix (i.e., the amorphous region). The reasons for this are
not clear but one possibility is that the M23C6 phases decompose during irradiation because of the
loss of carbon atoms into the interface through irradiation-enhanced diffusion. The STEM/EDX map
reveals a “Core/Shell” morphology for the M23C6 precipitates after irradiation with 40 dpa Fe ions
and a percolated structure of C-enrichment extending from the precipitate. It has a C-rich “Shell” and
a Cr-rich “Core”, with C atoms segregated in the peripheral amorphous region. As discussed above,
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the C-rich “Shell” region is brighter than the M23C6 carbides in the dark-field image. The electron
transmittance in the C-rich “Shell” region is higher than that in the precipitate and matrix. As presented
in the literature, the irradiation increases the diffusion rates and sustains the point defect flux from
the precipitate/matrix to the sinks (i.e., the interface between carbide and matrix). The defect
concentration gradient near the interface makes the undersize atoms (i.e., C atoms) segregate to
the sinks assisted by the formation of the solute–self-interstitial complexes [29]. The oversized Cr
atoms become depleted along the interface between the M23C6 precipitate and the matrix according
to the solute-drag self-interstitial driven mechanisms [28–30]. Thus, the ion irradiation enhances
the loss of crystallinity of the M23C6 phase and decreases the size of the Cr-rich “core” through the
irradiation-enhanced diffusion.
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Figure 4. (a) Micrograph of the M23C6 precipitates after Fe ion irradiation; (b–d) Chemical compositions
in the different regions marked by the white arrows are analyzed by EDX; (b) EDX energy spectrum of
the precipitate region; (c) EDX results at the matrix/carbide interface (amorphous region); (d) EDX
spectrum of the matrix; (e) HAADF–STEM image and (f–i) corresponding EDX elemental mappings of
Fe, Cr, W and C elements for the pre-existing M23C6 precipitate and the new phase, respectively.

A large number of small new precipitates gathered around the pre-existing M23C6 precipitate
in Figure 5, which are not M23C6 as indicated by Figure 3b. Thus, the EDX elemental maps were
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also measured for the new phase (see Figure 4f–i). The Fe and W elements were enriched in the new
small precipitates (see the red circles in Figure 4). Tanigawa et al. [31] predicted the possibility of
the formation of M6C in the F82H steel after irradiation at 300 ◦C, but no detailed microstructure
examination was performed. In order to clarify the structure of the new phase, a high-resolution
TEM (HRTEM) image of the small precipitate was obtained as shown in Figure 5b. The calculated
d-spacing of the (220) and (422) diffraction spots were 0.226 nm and 0.401 nm, respectively (Pcpdfwin
file No. 781990). This confirms that the small precipitate has the M6C (i.e., Fe3W3C) structure.
Irradiation can increase the diffusion rates through the production of point defects, which can be
trapped by the interface between M23C6 precipitates and matrices. In-situ observations revealed that
the small M23C6 fragment can separate from the pre-existing M23C6 precipitates in 2-MV electron
irradiated F82H steel [32]. The irradiation-induced phase transformations are possible because the
free energies of the different phases are changed by the excess energy introduced into the lattice.
The carbide transformations of M23C6 to M6C have been observed at 700 ◦C by Inoue et al. [33],
which was determined based on the following relationships of crystal orientations between M23C6 and
M6C:

(
110

)
M23C6//

(
110

)
M6C,

(
111

)
M23C6//

(
111

)
M6C, and (112) M23C6//(112) M6C. Therefore,

the formation of a new M6C phase near the pre-existing M23C6 precipitate may be transformed from
a small M23C6 fragment separated from the pre-existing precipitates, with irradiation at elevated
temperature promoting these processes. As discussed above, the M23C6 carbides can prevent sliding of
the grain boundary [8] and strengthen the mechanical properties of the RAFM steels [6]. The dissolution
of the pre-existing M23C6 carbides was detrimental to the mechanical properties, especially the
ductile-to-brittle transition temperature [34]. Simultaneously, the high energy precipitate–matrix
interfaces due to Cr and C segregation favored fracture paths [5]. The precipitation of M6C caused
a reduction in material toughness [35]. Thus, the phase transformation (M23C6→M6C) resulted in
degraded mechanical properties, especially the ductile-to-brittle transition temperature. The effect of
the M23C6 dissolution and re-precipitation of M6C on the fracture toughness requires further research.
Ghidelli et al. [21] suggested a possible approach to study the micro-scale fracture toughness by
obtaining pillar splitting measurements.
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Figure 5. (a) TEM micrograph of the small precipitates in the matrix of RAFM steel irradiated with
40 dpa Fe ion at 300 ◦C; (b) Corresponding HRTEM image of the small precipitate; and (c) Fast Fourier
transformation (FFT) pattern of the white square region in (b).

4. Conclusions

In the present work, we investigated the instability of M23C6 precipitates in ion-damaged RAFM
steel via STEM/EDX. A “Core/Shell” structure (C-rich “Shell” and Cr-rich “Core”) was formed in
the pre-existing M23C6 precipitates after the irradiation with 40 dpa Fe ion at 300 ◦C. The SAED
measurements combined with the bright/dark-field contrast images showed that the extended C-rich
“Shell” was amorphous with carbon atoms percolated into the interface. Ion irradiation actually
enhances the loss of crystallinity of the M23C6 phase and decreases the size of the Cr-rich “Core”
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through irradiation-enhanced diffusion. The small new phase gathering around the pre-existing
M23C6 precipitate has a M6C (Fe3W3C) structure, which was confirmed by SAED and EDX analyses.
The irradiation at elevated temperatures promoted the separation of small M23C6 fragments from the
pre-existing precipitates and transformation into a new M6C phase.
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