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Abstract

Up to 2 wt % Ni was added to 9Cr-lMoVNb and 12Cr-IMoVW ferritic steels

to increase helium production by transmutation during HFIR irradiation.

The various steels were irradiated to ~39 dpa. Voids were found in all the

undoped and nickel-doped steels irradiated at 400°C, most of them at 500°C,

but not in any of them at 300 or 600°C. Bubble formation, however, was

increased at all temperatures in the nickel-doped steels. Maximum void

formation was found at 400°C, but swelling remained less than 0.5% even

with up to 440 appm He. Irradiation at 300 to 500°C caused dissolution of

as-tempered M23C6 precipitates and coarsening of the lath/subgrain struc-

ture in the 9-Cr steels, whereas the microstructure generally remained

stable in the 12-Cr steels. Irradiation in this temperature range also

caused compositional changes in the as-tempered MC phase in all the steels,

and produced combinations of fine H(P, G, and M2X precipitates in various

steels. The subgrain boundaries appear to be strong sinks that enhance

resistance to void formation. Higher helium production during irradiation

appears to shorten the incubation period for void formation. The effects

of helium on steady state void swelling behavior, however, remain unknown.
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1.0 Introduction

In 1971, Harkness et al. [1] observed that the void swelling resis-

tance of bcc ferrite was better than fee austenite in a duplex steel.

Based on this and several later investigations of void formation in ferri-

tic steels [2]—[5] , various national fast breeder reactor (FBR) alloy

development programs [6] began studying ferritic steels for fuel cladding

in 1976. The U.S. magnetic fusion reactor (MFR) materials program included

these steels as structural candidates in 1979 [7]. Void swelling resis-

tance has been demonstrated more recently for various ferritic steels irra-

diated in FBRs to doses as high as 120 to 150 dpa [8]—[12]. However,

helium generation in ferritic steels is very low (~0.1 appm He/dpa) in FBRs

such as EBR-II, as seen in Fig. 1. The effect of higher helium generation

on void swelling resistance is therefore a major question when considering

ferritic steels for use in an MFR environment [13]—[15] , where helium

generation rates will be 8 to 13 appra He/dpa.

Recent work by Vitek and Klueh [16],[17] and by Gelles [18] has

demonstrated that, when helium generation was increased, void formation

also increased in 9- and 12-Cr ferritic steels at 400°C after ~39 dpa.

The higher helium generation was obtained by irradiating 9Cr-lMoVNb and

12Cr-lMoVW steels in HFIR instead of EBR-II (Fig. 1). HFIR has more ther-

mal neutrons that produce helium from a two-step transmutation reaction

with nickel. Neutron irradiation studies of austenitic stainless steels

have demonstrated that large amounts of helium can either increase or

decrease void formation [19],[20], Horton and Bentley [21] have shown that

helium co-injected during heavy-ion irradiation of high-purity Fe—lOCr

increased both the concentration of cavities and the size distribution



spreads into a bimodal indicative of subcritical cavities converting into

bias-driven cavities or voids. Moreover, single and dual-beam heavy-ion

irradiation studies in 12Cr-lMoVW by Ayrault [22] have shown that the

presence of helium was necessary for void formation.

The purpose of this work is to further examine the effects of

increased helium generation on void formation and microstructural evolution

in the 9- and 12-Cr ferritic steels during neutron irradiation. Greater

helium generation during HFIR irradiation was achieved by doping the steels

with up to 2 wt % Ni [23], as shown for 9Cr-lMoVNb-2Ni in Fig. 1.

2.0 Experimental

The compositions of the nickel-doped and undoped heats of 9Cr-lMoVNb

and 12Cr-lMoVW steels are given in Table 1. The various normalization and

tempering heat treatment conditions are listed in Table 2* The 2% Ni-doped

steels were tempered longer [23] at lower temperatures than the undoped

alloys because previous studies showed that nickel lowered the AQ. (lowest

critical austenite-forming) temperature. However, the 12Cr-lMoVW-lNi had

the same tempering treatment as the undoped 12—Cr steel.

Alloys were irradiated side by side in HFIR CTR-30 in the form of

standard 3-mm-diam transmission electron microscopy (TEM) disks punched

from 0.254-mm-thick sheet stock. Irradiation temperatures ranged from 300

to 600°C and have been verified by analysis of temperature monitors [24],

Displacement damage (including dpa due to nickel recoils) and helium

generation levels were calculated by L. R. Greenwood based on dosiiaetry

performed for this experiment [25] . HFIR neutron fluences produced 36 to

39 dpa and helium levels of -33 appm in 9Cr-lMoVNb, -410 appn in

9Cr-lMoVNb-2Ni, -87 appra in 12Cr-lMoVW, -217 appm in 12Cr-lKoVW-lNi, and



~440 appm in 12Cr-lMoVW-2Ni. A specimen of 9Cr-IMoVNb-2Ni irradiated in

FFTF at 407°C to a fluence producing 47 dpa and -5 appm He was included in

this work to separate the effects of nickel doping from those of helium on

microstructural evolution under irradiation.

TEM disks were examined on a JEM 100C TEM equipped with a special

objective lens polepiece designed to lower the magnetic field at the speci-

men. Carbon film extraction replicas were produced from as—tempered

material and from selected irradiated specimens prepared in a special,

shielded, hands-on facility because of the highly radioactive HFIR speci-

mens [20]. Precipitates were studied by means of analytical electron

microscopy (AEM), using either a Philips EM400 microscope equipped with a

field emission gun (FEG) for very high electron intensity at small probe

sizes or a JEM 2000FX microscope with an LaBg filament.

3.0 Results

3.1 Cavity Microstructure

A. 9Cr-lMoVNb and 9Cr-lMoVNb-2Ni steels, HFIR and FFTF

A few fine (2—5 nm in diameter) bubbles were found at 400°C in the

matrix, and at 600°C along subgrain boundaries in 9Cr-lMoVNb irradiated in

HFIR to ~38 dpa and ~32 appm He. Larger matrix voids (9—18 nm in diameter)

were found only at 400°C [Fig. 2(a,b)]. Bubbles are cavities smaller than

their critical size whose growth is gas-driven. Conversely, voids are

cavities larger than their critical size whose growth is bias-driven. Some

experimental guidelines for determining whether cavities are bubbles or

voids have been suggested [20]. Voids formed in patches that were several

microns in size, while similar adjacent patches were void-free. Cavity



swelling was about 0.2%. No bubbles were observed at either 300 or

500°C.

By contrast, HFIR irradiation of 9Cr-lMoVNb-2Ni to ~38 dpa and

~410 appm He produced significantly more fine bubbles at 300 to 600°C

relative to 9Cr-lMoVNb, and also produced voids at both 400 and 500°C [see

Figs. 2(c,d) and 3]. At 400°C, void formation was spatially more uniform

throughout the matrix and up to several times greater in 9Cr-lMoVNb-2Ni

than In the 9Cr-lMoVNb, but void sizes were similar. Void swelling appeared

to be 0.3 to 0.4% in the 9Cr-lMoVNb-2Ni. At 500°C, large (20-70 nm diam)

voids in 9Cr-lMoVNb-2Ni were found only inside very coarse, irradiation-

produced precipitate particles [see Fig. 2(d)] tentatively identified as x

phasa. Swelling appeared to be 0.1 to 0.3% in 9Cr-lMoVNb-2Ni at 500°C,

whereas no void swelling was found in 9Cr-lMoVNb.

There is an obvious difference in precipitation behavior of the

nickel-doped 9-Cr steel as compared to the undoped steel after HFIR irra-

diation at 400°C [cf Fig. 2(a) and (c)]. It raises the question of whether

or not increased helium generation alone causes increased void formation.

However, irradiation of the same 9Cr-lMoVNb-2Ni alloy in FFTF at 407°C to

47 dpa and ~5 appm He produced nearly the same precipitation as found

during HFIR irradiation but with no matrix bubbles or voids [cf Fig. 2(c)

and Fig. 4]. This comparison suggests that the increased helium generation

in HFIR is primarily responsible for the increased bubble and void for-

mation, independent of the precipitation produced in 9Cr-lMoVNb-2Ni by

irradiation at about 400°C.



B. 12Cr-lMoVW, 12Cr-lMoVW-lNi and 12CrlMoVW-2Nl steels, HFIR

Some fine (2—5 nm in diameter) bubbles were found in the grain boun-

daries of 12Cr-lMoVW irradiated in HFIR at 400 to 600°C to ~37 dpa and

~87 appia He. Larger matrix voids were found at both 400 and 500°C

(10—25 nm and 20—40 nm in diameter, respectively). Void formation was

spatially nonuniform at both 400 and 500°C and usually occurred in the

coarsest regions of the subgrain structure (Figs. 5 and 6). Many more

voids were found at 400°C than at 500°C. Void swelling was about 0.1% at

400°C and less than 0,i% at 500°C. No voids or bubbles were observed at

300oC.

As with the 9-Cr steels, abundant fine bubble formation was greater at

all temperatures in the nickel-doped 12-Cr steals, but voids still formed

only at 400 and 500°C. At 500°C, large voids (20-60 ma in diameter) within

the coarse x phase particles of the 12Cr-lMoVW-lNi instead of in the matrix

(the 12Cr-lMoVW-2Ni has not yet been examined). At 400°C, matrix void for-

mation was more uniform in the nickel-doped 12-Cr steels, but swelling

appeared to be similar or less than in the undoped steel (Fig. 5). The

matrix void size was refined in 12Cr-lMoVW-iNi (7—19 nm in diameter) rela-

tive to 12Cr-lMoVW, but void size and distribution in 12Cr-lMoVW-2Ni were

similar to the undoped steel. The as-tempered subgrain structure of the

12Cr-lMoVW-2Ni was finer than the other 12-Cr steels and at 400°C the

smallest subgrains had fewer and smaller voids than the largest subgrains.

The general correlation of void formation with subgrain size ior all the

12-Cr steels suggests that subgrain boundaries may be strong sinks which

hinder void formation.



3.2 Subgrain Structure and Precipitate Microstructuire, 9- and 12-Cr Steels

A. As tempered

The 9Cr-lMoVNb steel contained polygonized, fairly dislocation-free

ferrite subgrains after normalizing and then tempering for 1 h at 760°C.

Coarse M23C6 particles were distributed along prior austenite grain boun-

daries and along some of the subgrain boundaries. Finer MC particles were

found along subgrain boundaries and within subgrains. AEM analysis of

relative phase fractions revealed -65% M23C6 and 15% MC. The 9Cr-lMoVNb-

2Ni showed less recovery after tempering for 5 h at 700°C, with lenticular

subgrains and more dislocations. There were no differences in precipita-

tion relative to 9Cr-lMoVNb.

The 12Cr-lMoVW steel tempered for 2.5 h at 780°C had dislocation-free

subgrain structure similar to the 9Cr-lMoVNb although the subgrains were

finer. Because the 12Cr-lMoVW steel had more carbon than the 9Cr-lMoVNb

steel, it contained more carbide precipitation (3.5 as compared to 1.4 wt Z

[16],[17]), which was analyzed to be 9n% M23C6 and 1% MC. This same tem-

pering treatment produced s. similar structure in the 12Cr-lMoVW-lNi.

However, in the 12Cr-lMoVW-2Ni steel, a 5-h temper at 700°C produced a

finer subgrain structure with more dislocations and some refinement of the

M23C6 precipitation. Again, nickel-doping did not affect the precipitate

phases produced in the 12-Cr steels during tempering.

B. HFIR irradiated

HFIR irradiation of 9Cr-lMoVNb and -2Ni at 300 to 500°C produced a

dense dislocation structure, considerable coarsening of the subgrain struc-

ture, and apparently some dissolution of the as-tempered precipitate structure.
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These effects were more pronounced at the lower temperature (see Fig. 3).

By contrast, at 600°C, both doped and undoped 9-Cr steels had subgrain and

precipitate structures that were similar to or finer than the as-tempered

structure (Fig. 3). Most of the smallest as-tempered MC particles appeared

to dissolve at 300 to 500°C, while many coarser ones were found after irra-

diation in both doped and undoped 9Cr steels (see Fig. 7). Irradiation

produced additional precipitation in the 9Cr-lMoVNb-2Ni steel at 400 and

500°C but not in the 9Cr-lMoVNb steel. Irradiation of 9Cr-lMoVNb-2Ni at

400°C produced copious amounts of coarse M23Cg [Fig. 2(c)] and fine M6C (n)

particles [Fig. 8(a)] , some fine M2X rods, and a few coarse /particles

(with internal voids).. Irradiation at 500°C produced many more coarse

* phase particles with internal voids [Fig. 2(d)], together with abundant,

fine M15C and a few fine M2X rods.

By contrast, the as-tempered M23C6 carbide and subgrain structures of

the doped and undoped 12-Cr steels remained stable during irradiation at

various temperatures, with the exception of 12Cr-lMoVW at 500°C. Irradia-

tio-i produced dislocation loops and/or networks at 300 to 500°C in all

steels. But at 500°C, there was considerable coarsening of the subgrain

and precipitate structure of the 12Cr-lMoVW during irradiation, as well as

replacement of the coarse, as-tempered M23C6 with irradiation-produced MgC.

Fine MC evolved and coarsened during irradiation at 300 to 500°C for all of

the 12-Cr steels, and copious amounts of fine M$C was produced at 400 and

500°C. Similar to the 9-Cr steels, nickel doping caused additional forma-

tion of a few coarse x phase particles (with internal voids) at 400°C, but

many more at 500°C. Fine M2X rods and occasional, fine G-phase particles

have thus far been found only in 12Cr IMoVNb irradiated at 500°C (see Fig. 8),



3.3 Precipitate Compositional Analysis

A. As-tempered

The as-tempered M23C6 phase was mainly rich in Cr, with smaller con-

centrations, of Fe, V, and Mo (see Fig. 9). The composition of the

M23C6 did not vary from 9- to 12-Cr steels or change with nickel doping.

The as-tempered MC phase consisted mostly of coarse and fine vanadium-

rich MC (VC) particles, with a lesser amount of coarse, mixed V/Nb-rich

MC particles [see Fig. 7(a)]. The VC phase was very rich in V (~75 at. Z) ,

with smaller amounts of Nb and Cr. The (Nb,V)C had, on average, >50 at. 2

Nb, a little less V, and small amounts of Cr and Si. The VC carbide was

present in all the 9- and 12-Cr steels, but the niobium-rich MC was found

only in the 9-Cr steels. Neither phase was affected by nickel doping.

B. HFIR irradiated

The M23C6 phase showed no change in composition during irradiation at

300 to 500°C in any of the steels, except for 9Cr-lMoVNb-2Ni irradiated at

400°C. Samples irradiated at 600°C have not yet been examined. In this

case, the copius additional M23C6 produced during irradiation contained

less Cr and Mo, and slightly more Fe, Nb, Ni, V, and Si than the as-

tempered carbide (see Fig. 9).

Both the V- and Nb-rich MC phases showed compositional changes during

HFIR irradiation at 300 to 500°C which were similar in all the 9- and 12-Cr

steels, nickel-doped and undoped. The V-rich MC was dominant after irra-

diation and contained much less V and slightly less Nb while having much

more Cr and traces of Si, Ni, Fe, and Mo relative to the as-tempered phase

(see Fig. 7). The mixed V/Nb-rich MC phase, which was more abundant after
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irradiation, also was much richer in Cr and poorer in V while picking up

traces of Mo, Fe, and Si, relative to the as-tempered phase.

During irradiation at 400 and 500°G, the MgC (n) was the dominant fine

precipitate phase produced. Although identification by diffraction analy-

sis is incomplete, the composition of this phase was similar to that found

in precipitates in type 316 stainless steel irradiated in HFIR at 425 to

450°C which were positively identified as n phase [20] . The n phase was

primarily rich in Cr, Ni, and Si, as shown in Fig. 8, while containing some

Fe and traces of Mo, P, and V. The phase composition was identical in

nickel-doped 9- and 12-Cr steels, but apparently was enriched only in Si

and Cr in the 12Cr-lMoVW steel irradiated at 400°C. Only very coarse n was

found in 12Cr-lMoVW steel irradiated at 500°C, but it had the same com-

position as the fine Cr/Ni/Si-rich n phase shown in Fig. 8.

Traces of fine G-phase were found in 12Cr-lMoVW irradiated at 500°C.

This phase was enriched in Si, Ni, and Mn (see Fig. 8). The fine M2X rods

found in 9Cr-lMoVNb-2Ni at 400 and 500°C and 12Cr-.lMoVW at 500°C contained

mainly Cr and some V, with traces of Mo, Si, and Fe (see Fig. 8).

The large, void-containing x phase particles observed in the thin foils

of the nickel-doped 9- and 12-Cr steels were not found on the extraction

replicas for analysis.

4.0 Discussion

Increased void and bubble nucleation in the irradiated nickel-doped

steels appears to be a direct consequence of the increased helium genera-

tion rather than an artifact caused by the addition of nickel to the

alloys. Although nickel doping had no detectable effect on the phase
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nature and composition in the as-tempered condition, it does seem to

influence the phase evolution in the 9Cr-lMoVNb steel during irradiation at

400 and 500°C. In particular at 400°C in HFIR, the 9Cr-lMoVNb-2Ni steel

had abundant irradiation-produced M23C6 and MgC precipitation whereas the

9Cr-lMoVNb steel did not. However, the comparison of HFIR- and FFTF-

irradiated 9Cr-lMoVNb-2Ni steels showed no difference in radiation-produced

M23C6 and M6G precipitation, suggesting that the difference in void evolu-

tion clearly correlates with the increased helium generation in HFIR. The

fact that nickel-doping does not affect precipitation significantly in the

12-Cr steels with a stable as-tempered structure suggests that the instabil-

ity of the as-tempered structure in the 9-Cr steel plays some role in sub-

sequent phase evolution during irradiation.

Our data suggest that helium bubble (gas-driven cavities) formation is

a crucial, but not sufficient> step in nucleating voids (bias-driven cavi-

ties), consistent with a critical-cavity-size theoretical approach to void

formation [26]. Further, our data suggest a balance of dislocation and

cavity sink strength for matrix void formation only at 400°C. Ideas to

explain void resistance of the ferritics based on solute trapping [2] or

dislocation loop induced [27,28] reductions in vacancy supersaturation do

not seem to explain helium-enhanced void formation. Our data does not

appear to answer the questions of intrinsically low steady-state void

swelling rates and low biases claimed for the ferritic steels [26,30],

because it appears that void nucleation is still occurring. Finally, we

see abundant voids together with copious fine precipitation, which seem

contrary to the idea that such fine precipitates may contribute to void

resistance [11] .
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Our data are consistent with the idea suggested by Ayrault [30] for

ion-irradiated 9Cr-lMoVNb — that subgrain boundaries are strong point-defect

sinks in the ferritic steels and that they contribute to void formation

resistance when subgrains are small and stable. However, our reactor data

at low damage rates and long times indicate far more subgrain instability

than he observed during ion irradiation. This may signal the need for

caution when looking at ion data to predict void-swelling resistance during

neutron irradiation.

Finally, our data indicate that irradiation has strong effects on

phase formation and stability coincident with void formation and/or

subgrain instability and coarsening. The data further suggest that

niobium, silicon, nickel, and especially chromium, are segregating toward

precipitates. By contrast, chromium primarily diffuses away from precipi-

tates in irradiated austenitic stainless steels [20] . Our observation of

^6^, X» and M2.X rods produced during irradiation are consistent with the

findings of others [2,31], However, our observation of MeC as the primary

fine precipitate with only traces of G-phase found at 400 to 500°C differs

with Gelles and Thomas [11], who found primarily G-phase and no M6C Our

observations of irradiation-induced composition modification of M23C6 and

MC phases as well as the formation of a silicon/chroiaium-rich n phase

appear to be new findings.

For fusion applications, our results suggest that helium could shorten

the incubation period for void formation from projected doses of 150 dpa

based on FBR data [14] to perhaps only 50 dpa. With higher helium levels,

it is possible that even more voids may.form during the incubation period.
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The effects of helium on the steady-state void swelling behavior are not

known from these experiments, which are still in the low-swelling transient

regime, and must be assessed by higher fluence irradiations.

5.0 Conclus ions

1. Increased helium (up to 450 appm) enhanced bubble (gas-driven

cavity) formation at 300 to 600°C in nickel-doped 9- and 12-Cr steels irra-

diated in HFIR to ~38 dpa, but voids (bias-driven cavities) formed only at

400 and 500°C.

2. Void formation was maximum at 400°C and greater in 9Cr-IMoVNb-2Ni

than the other 9- and 12-Cr steels. However, void swelling was still below

0.5% at -38 dpa.

3. The absence of bubbles or voids in 9Cr-lMoVNb-2Ni irradiated in

FFTF at 407°C to ~47 dpa and ~5 appn He indicates that the void formation

of the same steel with a similar microstructure in HFIR at 400°C was due to

increased helium generation. •

4. As-tempered M23C6 dissolved and the subgrain'structures coarsened

in the 9-Cr steels irradiated at 300 to 500°C, whereas the microstructure

generally remained stable in the 12-Cr steels.

5. Irradiation produced a compositional evolution of the IK phase at

300 to 500°C and produced fine precipitation of primarily MgC with traces

of M2X and G-phases at 400 and 500°C in the 9- and 12-Cr steels.
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Table 1.

Alloy
designation

Compositions

Heat
number

of 9Cr-lMoVNb

Cr Mo

and

Nl

12Cr-lMoVW

Mn

heats of steel

Concentration3

C Si

with and

(wt %)

V

without

Nb

nickel

Ti

doping

W N

9Cr-lMoVNb (XA 3590) 8.6 1.0 0.1 0.36 0.09 0.0S 0.21 0.063 0.002 0.01 0.05

9Cr-lMoVNb-2Ni (XA 3591) 8.6 1.0 2.2 0.36 0.064 0.08 0.22 0.066 0.002 0.01 0.05

12Cr-lMoVW (XAA 3587) 12.0 0.9 0.4 0.5 0.2 0.18 0.27 0.018 0.003 0.54 0.02

12Cr-lMoVW-lNi (XAA 3588) 12.0 1.0 1.1 0.5 0.2 0.13 0.31 0.015 0.003 0.53 0.02

12Cr-lMoVW-2Ni (XAA 3589) 11.7 1.0 2.3 0.5 0.2 0.14 0.31 0.015 0.003 0.54 0.02

aBalance iron.



Table 2. Normalizing and.tempering
conditions for various steels

designation Normalization Tempering

9Cr-lMoVNb 0.5 h @ 1040°C 1 h @ 760°C

9Cr-lMoVNb-2Ni 0.5 h @ 1040°C 5 h @ 700°C

12Cr-lMoVW 0.5 h @ 1050°C 2.5 h @ 780°C

12Cr-lMoVW-lNi 0.5 h @ 1050°C 2.5 h @ 780°C

12Cr-lMoVW-2Ni 0.5 h @ 1050°G 5 h @ 700°C
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Fig. 1. Helium generation plotted versus displacement damage level
for undoped and 2 wt X Ni-doped 9Cr-lMoVNb irradiated in FFTF, HFIR, and a
fusion first wall.

Fig. 2. Microstructures of (a),(b) 9Cr-lMoVMb (-32 appm He) and
(c),(d) 9Cr-lMoVNb-2Ni (410 appm He) irradiated in HFIR at 400 and 500"C to
-37 to 39 dpa. High magnification insets show bubbles in (c) and (d)t hut "

r-nrc. <••• * )

Fig. 3. Microstructural comparison of the subgrain structure of
9Cr-lKoVNb-2Ni (a) as-tempered and after HFIR irradiation to -37 to 39 appm
and 410 appm He at (b) 300°C, and (c) 6P0*C. High magnification insets
show bubbles in (b) and (c).

Fig. 4. Microstructures of 9Cr-lMoVNb-2Ni irradiated in (a) FFTF at
407°C to 47 dpa and 5 appm He and (b) HFIR at 400°C to -37 dpa and
410 appm He. Precipitate and dislocation microstructures about the same
for both samples, but void formation increases with helium content.

Fig. 5. Microstructures of (a) 12Cr-lMaVW (87 appm He),
(b) 12Cr-lMoVW-lNi (217 appm He), and (c) 12Cr-lMoVW-2Ni (440 appm He)
irradiated in HFIR at 407°C to 36 to 39 dpa.

Fig. 6. Microstructures of the subgrain structure of 12Cr-lMoVW
(a) as-tempered and after HFIR irradiation at (b) 300°C, and (c) 500°C
to 37 to 39 dpa and -87 appm He.

Fig. 7. Micrographs of precipitate extraction replicas of 9Cr-lMoVNb
(a) as-tempered and (b) HFIR irradiated at 400°C to 37 dpa and 32 appm He.
Compositional histograms of MC phase particles determined by quantitative
XEDS analysis are included for each specimen. Note the particle coarsening
and compositional evolution for (b) compared to (a).

Fig. 8. Micrographs of precipitate extraction replicas from
(a) 9Cr-lMoVNb-2Ni irradiated in HFIR at 400°C to 37 dpa and 410 appm He,
and (b) 12Cr-lMoVW irradiated in HFIR at 500°C to 38 dpa and 87 appm He.
Histograms show phase compositions determined from quantitative XEDS for
fine (c) MgC (n) particles from (a), and (d) 6-phase, and (e) M2X rods
from (b).

Fig. 9. Comparison of phase compositions for particles analyzed via
quantitative XEDS on extraction replicas from 9Cr-lMoVNb-2Ni (a) as-
tempered and (b) after irradiation at 400°C to 37 dpa and 400 appm He.
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