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Abstract

Modified 9Cr-1Mo ferritic/martensitic steel was exposed at 32-57 °C to a mixed proton/neutron particle flux and
spectrum at the Los Alamos Neutron Science Center. The microstructure of unirradiated 9Cr—1Mo consists of laths,
dislocations and carbides. Examination of electron diffraction patterns obtained from extraction replicas of unirradi-
ated 9Cr-1Mo revealed that the precipitate microstructure was primarily dominated by M»;Cs carbides. The post-
irradiation microstructure contained black-spot damage in addition to precipitates and dislocations. Examination of
electron diffraction patterns revealed diffuse rings from MxCs carbides, indicating amorphization and/or nanocrys-
tallinity. Crystalline MC carbides were also found. No cavity formation was found although a significant amount of
helium and hydrogen generation had been generated. TEM-EDS examination of extraction replicas for carbides from
unirradiated and irradiated samples did not show any detectable changes in composition of either M;;Cs or MC
carbides. There was also no evident change in carbide size. Lattice images of M,;Cy carbides revealed an amorphous

microstructure following irradiation, but MC carbides were still crystalline.

© 2002 Published by Elsevier Science B.V.

1. Introduction

Ferritic and ferritic/martensitic steels may play a
significant role as structural components for various
proposed fusion and accelerator-driven fusion hybrid
reactors operating at high temperatures and high neu-
tron-induced damage rates. However, most of the data
on irradiated material for this class of steels were derived
only with neutron irradiation at relatively high temper-
atures and doses characteristic of first wall applications.
Accelerator-driven hybrids and various spallation neu-
tron devices will also use ferritic/martensitic steels in
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some regions operating at much lower temperatures. An
example of such an application is the beam window for
entry of the high-energy protons into the reactor system.
Research on structural materials operating at lower
temperatures has been conducted by the accelerator
production of tritium (APT) project [1].

In the APT, target and blanket components will be
exposed to the primary proton beam with an energy of
~1.2 GeV, while other parts of the target/blanket as-
sembly will be exposed primarily to protons, to a mixed
proton-neutron flux, or only to neutrons. The APT
target assembly is designed to operate at relatively low
temperatures (< 150 °C) and pressures. Only a limited
database on effects of proton irradiation on material
properties is available for applications in this environ-
ment. To investigate the effects of these conditions on
the microstructurural evolution, TEM discs of 9Cr—1Mo
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were exposed to a particle flux and spectrum at the Los
Alamos Neutron Science Center (LANSCE) that closely
match those expected in APT.

This paper describes the microstructure and espe-
cially phase stability of M»3Cs and MC carbides in
modified 9Cr-1Mo ferritic/martensitic steel at 0.5-9.6
dpa and temperatures of 32-57 °C.

2. Experimental procedure

The alloy 9Cr—1Mo is a ferritic/martensitic alloy with
a nominal composition of 0.002%Al, 0.089%C, 9.24%Cr,
0.08%Cu, Bal. Fe, 0.47%Mn, 0.96%Mo, 0.16%N:i,
0.021%P, 0.006%S, 0.28%Si, 0.002%Ti, 0.21%V,
0.054%Nb, 0.019%Co, 0.01%W, 0.035%N, 0.008%0, in
weight percent. Specimens examined in this study were
prepared by electrodischarge-machining standard 3 mm
diameter 0.25 pm thick transmission electronic micro-
scope TEM disks. These specimens were normalized at
1038 °C for 1 h and air-cooled, and then tempered at 760
°C for 1 h and air-cooled to room temperature.

The irradiation was conducted in the LANSCE facility
at Los Alamos National Laboratory. Details of the irra-
diation were published previously [1]. In this irradiation
series there was a Gaussian proton beam having a circular
intensity profile of 26 = 3 cm over the specimen ensemble.
There were also high-energy spallation neutrons existing
at lower flux [2]. Doses were determined through analysis
of the isotopes produced in activation foils placed
alongside the specimens. The irradiation temperatures
were determined from thermocouples placed in each
irradiation tube [3]. Three irradiated specimens at differ-
ent exposure levels were chosen for evaluation. The irra-
diation temperature varied somewhat with dose rate, such
that the temperature was 32 °C at the lowest dose (0.5
dpa), 46 °C at 1.1 dpa and 57 °C at 9.6 dpa.

Thin foil samples were prepared for TEM examina-
tion by conventional jet electropolishing methods, in 5%
perchloric acid, 95% methanol, at =20 °C and 50 V. TEM
examinations were conducted with a JEOL 1200EX (120
keV) for microstructural characterization and energy-
dispersive X-ray spectrometry (EDS), and a JEOL 2010F
(FEG-STEM, 200 keV) for high resolution.

3. Results
3.1. Microstructural evolution

The microstructure of unirradiated 9Cr—1Mo con-
tains a duplex structure of martensite and ferrite prior to
irradiation, as shown in Fig. 1(a), a prior austenitic
boundary was also decorated with carbides. Fig. 1(b)
shows the dislocation structure in the martensitic laths in

bright-field contrast. Carbides distributed at and around
subgrain boundaries are shown in bright-field (Fig. 2(a))
and dark-field contrast (Fig. 2(b)). All the carbides have
the same orientation relationship with the matrix.
Electron diffraction patterns obtained from extraction
replicas revealed that M,;C¢ dominated the precipitate
microstructure of the alloy. Resent study of matrix
carbides in F82H ferritic/martensitic steel showed co-
herent interface between carbide and the matrix [4].

The irradiation resulted in the formation of black-
spot damage, which was present in all specimens. Fig.
2(c) shows black-spot damage and dislocation structure
in dark-field contrast at 1.1 dpa. Subgrain boundaries
remained unchanged, as shown in Fig. 2(d). Radiation-
induced precipitation did not occur. The possibility of
cavity formation was investigated in Fresnel contrast.
This technique enables the detection of cavities as small
as 1 nm [5]. However, no cavity (bubble and/or void)
formation was found in the specimens examined be-
tween 0.5 and 9.6 dpa.

M;Cs carbides were found to lose their crystal-
line stability with high-energy irradiation. The M,;Cq

Fig. 1. Microstructure of 9Cr-1Mo alloy prior to proton irra-
diation. (a) The martensite reaction has taken place and car-
bides have formed during tempering. (b) Bright-field contrast
showing dislocation structure in the martensitic laths g = 200.
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Fig. 2. Carbide distribution around subgrains in unirradiated 9Cr—-1Mo, (a) in bright-field contrast and (b) in precipitate dark-field
contrast. TEM images of (a) and (b) are from the same region. All these carbides have the same orientation relationship. (c) Dark-field
contrast (g = 200) in irradiated 9Cr—1Mo, the black-spot damage and dislocations at 1.1 dpa. (d) Bright-field contrast showing

martensitic laths at 1.1 dpa.

carbides produced diffuse diffraction rings at doses as
low as 0.5 dpa, suggesting that the precipitates are
amorphous and/or nanocrystalline as shown in Fig. 3.
Fig. 3(a) and (b) show bright-field and dark-field images
of M»;Cs carbides. Fig. 3(b) is imaged with the diffuse
ring marked with arrow 1 in Fig. 3(d). However MC
carbides were still crystalline after irradiation, as shown
in Fig. 3(c) in bright-field, and from the extra spot from
MC carbide in diffraction pattern indicated with arrow 2

in Fig. 3(d). MC carbides remained crystalline at in-
creasing dose, as shown in Fig. 3 for 1.1 dpa. Fig. 3(e),
(f), and (g) show a bright-field image, the corresponding
electron diffraction pattern, and a precipitate dark-field
image of Nb-rich MC carbides respectively. MC carbide
size (an average size of ~50 nm) was unchanged by ir-
radiation. This is in agreement with literature [4]. The
M;C¢ carbide size (an average size of ~100 nm) also
appeared to be unchanged after irradiation as shown in

Fig. 3. My;C¢ carbides show diffuse diffraction rings at 0.5 dpa. The carbides are imaged (a) in bright-field and (b) in dark-field
contrast from the outer ring in (d) (arrow 1). An MC carbide can also be seen in (c) corresponding extra diffraction spot shown by
arrow 2 in (d). The diffraction pattern shown in (d) corresponds to (a), (b) and (c). An MC carbide showing crystallinity at 1.1 dpa, (e)
in bright-field, (f) showing the diffraction pattern, and (g) in precipitate dark-field with the reflection indicated by an arrow in (f). (e)
and (g) are from the same region. M,;C¢ carbides in bright- and dark-field contrast with increasing dose, (h) 0.5 dpa, (i) 1.1 dpa and (j)
9.6 dpa. Dark-field images were derived from the outer diffuse ring. The size of precipitates appears to be unchanged by irradiation.
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Fig. 4. Bright-field and dark-field images of M,;C¢ with dif-
fraction pattern inset. The dark-field image was taken with the
diffuse ring, which is indicated by an arrow. Very small struc-
tures appeared to be contained within in the M»;Cq carbides at
9.6 dpa.

Fig. 3(h), (i) and (j) for 0.5, 1.1 and 9.6 dpa respectively,
as shown in both bright-field and dark-field images.

TEM-EDS examination of carbides was performed
on extraction replicas of irradiated and unirradiated
9Cr-1Mo. The carbides were M,;Cs with an average
composition of (78-92)%Nb, (2-15)%Fe, (2-8)%Cr, (0-
4)%V, (0-2)%Mn. EDS analysis revealed no detectable
difference in the composition of carbides before and
after irradiation.

High-magnification, dark-field images of M»;Cs car-
bides (1.1 dpa) taken with the diffuse ring (marked by an
arrow seen in Fig. 4) appear to show very small micro-

crystallites within the M,;C¢ carbides. M,;Cq carbides
were therefore investigated by high-resolution electron
microscopy to assess this possibility. Lattice imaging
revealed that M,;C¢ carbides were indeed amorphous, as
shown in Fig. 5.

4. Discussion

Mixed proton and spallation neutron irradiation in
LANSCE produced a significant change in the micro-
structure of 9Cr—1Mo at these low temperatures. Black-
spot damage was the most common feature at all dpa
levels. Electron diffraction patterns did not reveal any
radiation-induced precipitation.

Helium and hydrogen gas measurements on 9Cr—
IMo from the same experiment have been reported [6].
9Cr-1Mo has retained ~135 appm helium and ~744
appm hydrogen at 1.1 dpa, and retained ~1750 appm
helium and ~4300 appm hydrogen at 9.6 dpa ~190
appm helium and ~420 appm hydrogen was retained for
per dpa in 9Cr—1Mo ferritic/martensitic steel. There was,
however, no indication of any void or bubble formation,
even at the highest gas levels. In the temperature range
32-57 °C, it appears that there is insufficient mobility of
helium atoms to allow nucleation and growth of bubbles
or voids. However, void swelling is well known to occur
in ferritic/martensitic steels at higher temperatures
(>400 °C) [7,8].

At such low temperatures (<60 °C), neutron and
proton irradiation data for 9Cr—1Mo for comparison
with our results are very limited. 9 Cr-1Mo and HT9
irradiated in HFIR at 55 °C to 10 dpa showed an in-
crease in tensile strength and microhardness [9]. TEM
examinations of these alloys at 10 dpa revealed
small defect clusters (black-spot damage) and disloca-
tions. However, these dislocations were not induced by

Fig. 5. Irradiated 9Cr-1Mo showing (a) the interface of a-matrix and M»;Cg carbide, and (b) lattice image of M,;Cs carbide at

1.1 dpa.
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irradiation. Furthermore, the pre-existing distributions
of M»;Cy carbides, as well as martensite lath structure
remained unchanged [10].

Investigation of DIN type martensitic steel after ir-
radiation with 800 MeV protons [11] revealed a crys-
talline-to-amorphous transformation of My;Cg carbides,
and also formation of small Frank loops at temperatures
less than 250 °C. No cavity formation was observed in
this study.

A recent publication [12] on F82H ferritic/martensitic
steel irradiated with 590 MeV protons, protons and
fission neutrons, and fission neutrons at temperatures
ranging from room temperature to 310 °C, also indi-
cated that amorphization of carbides occurred under
certain conditions. Carbides were amorphous after ir-
radiation with protons to a dose of 1.7 dpa at room
temperature, but, in all other cases (>250 °C), the car-
bides remained crystalline.

Many crystalline materials undergo a crystalline-to-
amorphous phase transition when subjected to energetic
particle irradiation at low temperatures. A number of
studies have been published on crystalline-to-amor-
phous transitions in oxides and metallic systems (or-
dered phases) [13—15]. When an oxide is ion-bombarded,
its tendency to amorphize or crystallize can be under-
stood in terms of either a temperature-ratio or a bond-
type criterion. A physical model involving thermal
spikes states that amorphization should occur whenever
the ratio T./T, (T.: crystallization temperature/T;,:
melting point) exceeds 0.30 [13]. The bond-type criterion
states that amorphization should occur whenever the
ionicity is equal to or smaller than 0.47 for oxides. For
metallic systems a generalized version of the Lindemann
melting criterion has been used as a conceptual basis for
a unified thermodynamic description of heat-induced
melting and disorder-induced amorphization [15].

In addition, examination of the influence of hydrogen
on the electron-irradiation-induced amorphization of
Zr,Ni and Zr;Al showed that hydrogen solutes can
significantly increase the upper temperature at which
electron-induced amorphization is possible [16]. When
irradiations are performed at temperatures close to the
upper temperature at which amorphization would be
possible in hydrogen-free material, the presence of hy-
drogen significantly reduces the dose required to pro-
duce complete amorphization. Amorphization of M;Cg
carbides from the current study, however, has only been
confirmed under the combined conditions of low tem-
perature and high gas concentration. Temperature is one
of the controlling parameters. Hydrogen, having some
limited mobility at such low temperatures, might also
play a significant role in amorphization of My Cq car-
bides by increasing the stability of the defective struc-
ture. Persistent crystallinity of MC carbides, on the
other hand, might be due to the lower crystallization
temperature and/or higher average shear modulus.

5. Conclusions

Mixed proton and spallation neutron irradiation <60
°C resulted in formation of small defect clusters. Radi-
ation-induced precipitation did not occur. No cavity
formation was observed in the samples examined be-
tween 0.5 and 9.6 dpa.

M,;C¢ carbides were amorphous after irradiation at
temperatures between 32 and 57 °C. The amorphization
of M,;C¢ carbides was complete by 0.5 dpa. In samples
with a dose of 1.1 dpa and higher, M»;Cs carbides re-
mained amorphous, while MC carbides remained crys-
talline. No detectable changes occurred in either carbide
composition or carbide size.
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