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Abstract

A ferritic steel (2 1/4 Cr-1 Mo) was heat-treated to produce three dis-
tinct microstructural regions: upper bainite, lower bainite and ferrite. The
irradiation response of these different microstructures at 500°C to 14 MeV
nickel ion irradiation was studied under identical conditions. Damage levels
ranged from 80 dpa at the 1 um depth to 350 dpa at the peak damage depth at
2.1 um. Irradiated samples were studied in cross section using TEM/AEM thin
foil techniques supplemented by precipitate extraction methods. The irradi-
ation drastically changed the type of precipitate in the bainite regions from
M3C carbides to radiation-enhanced M,C and MyC; carbides and the radiation-
induced x-phase was also observed. The radiation-induced G-phase was the only
precipitate type formed in the initial ferrite structure. No voids were
observed up to 350 dpa in any of the three microstructures unless preinjected
helium was present. An average swelling of 0.2% was measured after a dose of

100 dpa in the sample preimplanted to 100 appm helium.

Work supported by EPRI, Contract No. RP1597-2.



1. Introduction

Ferritic and martensitic steels are currently among the leading candi-
dates for the cladding and ducts of fast breeder reactors and for the first
wall and structural materials in conceptual fusion reactor designs [1]. In
addition to their good mechanical properties during irradiation [2] and
superior thermal stress resistance compared to the austenitic steels, ferritic
steels seem to exhibit much better resistance to void swelling during neutron
[3] and ion bombardment [4]. Unfortunately, this trend of lower swelling has
not been established at dose levels much greater than 100 displacements per
atom (dpa).

This study was initiated to study the microstructural stability, includ-
ing precipitation response and void swelling characteristics, of a 2 1/4 Cr-1
Mo ferritic steel after a high temperature (500°C) and high dose (up to 350
dpa) ion irradiation. The use of the cross-section procedure and precipitate
extraction methods unique to this study have clearly illustrated the dramatic
effect of the ion bombardment on its triplex microstructure.

2, Experimental

2.1 Materials and Heat Treatment

The elemental composition (weight percent) of the 2 1/4 Cr-1 Mo steel
used in this study is listed in Table 1. This reference heat of the alloy was
provided by the Office of Fusion Energy and it was thermally treated at the
Hanford Engineering Development Laboratory to produce a triplex microstruc-
ture.

The pre-irradiation heat treatment of a 3 cm thick steel plate consisted
of a water quench after austenitizing for 1 hour at 1000°C, then tempering at

840°C for 2 hours and again water quenching. The martensite which formed on



quenching from 1000°C was transformed to a (o + y) structure upon tempering at
840°C, and the ferrite formed at this temperature was retained as such upon
quenching. Presumably, both upper and Tower bainite formed from the austenite
phase during the final quench. Figure 1 displays extraction replica micro-
graphs of the three preirradiation structures contained in the steel.

2.2 Irradiation Procedure and Analysis

Two samples of the steel were irradiated at 500°C with 14 MeV nickel ions
in the University of Wisconsin tandem accelerator facility. Both were heat-
treated as described above, but one was subsequently uniformly pre-implanted
with 100 atomic parts per million (appm) helium to a depth of 1.3 um using
200-700 keV helium dions in the University of Wisconsin hydrogen and helium
accelerator facility. The damage profile created by 14 MeV nickel ions
incident on a 2 1/4 Cr-1 Mo target is shown in Fig. 2. Both samples were
irradiated to a fluence of 25 x 1010 ions/cm2 at a nominal rate of 3 x 1011
ions/cm2/s which corresponds to a displacement rate of ~ 1 x 1073 dpa/s at a
depth of 1 pum and ~ 4 x 10"3 dpa/s at a depth of 2.1 um, the peak damage
depth. The corresponding dose values at 1 um and 2.1 um were 80 and 350 dpa
respectively.

Preparation of the samples for post-irradiation analysis involved the
cross-section technique described in detail elsewhere [5]. This procedure
allows the entire 3 um damage region (see Fig. 2) to be viewed in a single
transmission electron microscopy (TEM) specimen. In addition, precipitate
extraction replicas [6] were prepared from the cross-sectioned samples in
order to obtain accurate quantitative analyses [7] of the precipitates formed
during the irradiation. The analytical electron microscopy was performed
using a JEOL TEMSCAN 200CX electron microscope equipped with a Tracor-Northern

TN 2000 energy dispersive x-ray analysis system.
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3. Results

The irradiation caused profound changes in the precipitate type, mor-
phology, and density in all three structures, while the thermal control region
beyond the 3 um damage range did not exhibit any evidence of tempering. In

addition, a network dislocation structure of density ~ 3 x 1010 cm'2

was
observed throughout the damage range. A slight increase in this density (~ 4
x 1010 cm™2) occurred in the helium preinjection regions, but there was no
distinguishable difference in the precipitate characteristics as a result of
the helium preinjection.

A very striking result was the complete lack of void formation in all
three microstructural regions of 2 1/4 Cr-1 Mo after irradiation in excess of
350 dpa in the absence of helium. The preinjection with 100 appm helium
resulted in 0.2% average swelling after a dose of 100 dpa. This was accom-
plished by measuring void densities in several TEM specimens of known

thickness.

3.1 Precipitation Response

Figure 3 shows a thin foil TEM micrograph which spans the entire damage
range of a region of the 2 1/4 Cr-1 Mo steel which initially contained upper
bainite. It can be seen that extensive restructuring of the upper bainite has
occurred to a depth of ~ 3 um from the surface of the irradiated sample. This
corresponds well to the calculated damage range shown in Fig. 1. Figure 4
shows an enlarged view of this irradiated microstructure at the 1 um depth (80
dpa), the 2.1 um depth (350 dpa) and the thermal control region of the upper
bainite (> 3 um depth). The irradiation has nearly eliminated the lath struc-
ture of the upper bainite. In addition, the prior lath boundary FesC has dis-
appeared, and M,C, M,C,, and x phases were produced and identified from low-

order zone diffraction patterns [8]. Their chemical analyses, obtained from



energy dispersive X-ray spectroscopy analysis of the extracted precipitates,
are listed in Table 2. Both the M;C; phase and the x phase were of similar
blocky or rod-like morphology and contained a similar iron and chromium
content. After 350 dpa, very few of the small (~ 80 nm long) MoC rods were
observed and the M;C3; and x precipitates were the dominant second phase
particles.

Figure 5 shows the precipitate distribution at the 1 um depth (80 dpa),
the 2.1 um depth (350 dpa) and the thermal control region of the lower bainite
structure. The uniformly distributed Fe3C rods in the original lower bainite
structure no longer exist after a dose of 100 dpa. The blocky precipitates,
which have replaced the cementite, were predominantly x phase. At the 350 dpa
damage level, this precipitate distribution was slightly more coarse than the
distribution at 100 dpa.

Figure 6 displays the 1 um, 2.1 um depths, and the control region of the
structure which was originally ferrite. Precipitates of similar morphology to
the bainitic regions, but of a vastly different type, were produced in this
region of the steel., Electron diffraction and EDS analysis of these precipi-
tates on the extraction replica (shown in Fig. 7 and 8) were used to identify
this phase as the G-phase, a nickel-rich silicide, commonly observed after
neutron or Jjon-irradiation of several austenitic stainless steel alloys
[9,10]. No other types of precipitates formed in the ferrite region.

There was little depth (dose) dependency in the precipitate size and
number density in each of the three regions. Table 2 inc]udes the average
size and number density of the precipitates in each of the three regions. It
is interesting to note that the densities do not vary appreciably with dose
(depth), dropping by less than a factor of two even though the damage level is

over 10 times higher at the peak damage depth (~ 2.1 um) compared with the



near surface depths (< 1 um). If is also noted that the precipitate density
in the helium-doped region is roughly the same as in the undoped specimen at
the same damage level.

3.2 Swelling Response

No voids were observed 1in any structure of the helium-free specimen
throughout the entire range of ion damage. This result 1is particularly
significant considering that the material was damaged to levels approximating
400 dpa at the damage peak. Voids and helium bubbles were detected in the
specimen preimplanted with 100 appm helium.

Figure 9 shows the through-range microstructure of the sample uniformly
preinjected with 100 appm helium up to the first 1.3 um of material. Several
features of interest were noted in this specimen. In the region from the
front face up to 0.7 um only very small (< 10 nm) cavities were observed.
Most of these are believed to be helium bubbles. In the region from 0.7 to
1.3 um clusters of voids formed. In the region between 1.3 um and the end of
range, no voids formed.

A summary of these depth-dependent void parameters is given in Table 3.
Two values of swelling are listed in this table; those associated with the
local swelling in the vicinity of the heterogeneously nucleated clusters and
those associated with the swelling if it was homogenized in the 0.3 um band-
width between 70 and 100 dpa. The reason for this heterogeneous clustering of
voids may be due to the fact that the incubation dose is only slightly
exceeded. It would be interesting to irradiate this He doped specimen to much
higher damage levels (i.e. 350 dpa at 1 um) to see if a more uniform micro-

structure could be observed.



4, Discussion

The variety of phases observed following the ion irradiation indicates
that complex phase reactions have occurred in this alloy. The precipitation
response summarized in Table 2 may be compared to the tempering chart compiled
by Nutting [11] for a 2 1/4 Cr-1 Mo steel, shown in Fig. 10. First, it is
predicted that no tempering of the unirradiated control structures should
occur at 500°C, in agreement with observations of the control region after the
~ 30 hours of irradiation time at 500°C. Second, the irradiation appears to
have accelerated the carbide evolutionary sequence as the more mature car-
bides, M2C and M7C3, have replaced the Fe3C phase present in the original
upper and lower bainite structures. This carbide distribution of M,C and M;C;
would normally form during aging at temperatures in excess of 600°C for the
period of irradiation. Third, the x and G phases which formed in the original
bainite and ferrite structures respectively during the irradiation do not
appear on the tempering diagram. These radiation-induced phases have not been
previously reported to form in irradiated 2 1/4 Cr-1 Mo steel.

The x phase is an intermetallic compound which is commonly observed in
aged austenitic stainless steel alloys [12]. It has been reported to replace
the M,3Cq carbide in a type 316 stainless steel weld metal with a duplex
austenite-ferrite structure at high temperatures (> 700°C) as a result of an
increase in the carbon solubility in the ferrite matrix [13]. There have been
recent reports of x phase formation during irradiation of HT-9, a high chro-
mium ferritic alloy [14,15]. Kai [15] has observed this phase after ion-
irradiation of HT-9 at 500°C.

The formation of G-phase in the original ferrite structure was not a
totally unexpected result. This phase has formed during irradiation of type

316 stainless steels [9,10] as a result of strong defect-solute interactions



causing enrichment of nickel and silicon at microstructural defect sinks [16].
In this study, nickel has been implanted to nearly 5 atomic percent near the
peak damage depths (Fig. 2). Simple calculations show that the nickel
initially present in the alloy (0.16 wt.%) is sufficient to account for the
nickel content of the G-phase at the 1 um depth; at the 2.1 um depth, however,
the dimplanted nickel has undoubtedly been incorporated into this phase.
Irradiations using an iron beam should be conducted to observe whether the G-
phase will form in this alloy in the absence of the implanted nickel.

The low swelling results of this alloy during the ion-irradiation are
consistent with the results from fast reactor irradiations. Gelles and Thomas
[14] irradiated the same heat and initial structure of the 2 1/4 Cr-1 Mo steel
in the Experimental Breeder Reactor II (EBR-II) up to fluence levels of 1.6 x
1023 n/cm2 at a temperature of 425°C. Voids were observed at this fluence,

22 n/cmz.

but not at a lesser fluence of 5.1 x 10

Figure 11 shows the average swelling rate determined in this study which
suggests that the bulk-averaged rate of swelling is less than 0.01%/dpa.
However, the local swelling rate is > 0.01%/dpa. It is still noted, however,
that the dose level (100 dpa) is probably not sufficient to establish the
steady state [17] swelling rate.
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Cr

Table 1. Composition of Fusion Heat of 2 1/4 Cr-1 Mo,

Lukens Ht-C4337-14S, PIN-Code-A387-D, in Weight Percent

Mo Mn Ni Si p S Cu Al

Fe

0.12

2.17

0.93 0.42 0.16 0,21 0.011 0,011 0.16 0.003

Bal.
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Table 3. Cavity Characteristics of 2 1/4 Cr-1 Mo Bombarded with

14 MeV Ni Ions at 500°C After Preinjection with 100 appm He

Void density (0.3 um, 50 dpa)

(0.7-1.3 um, 100 dpa)

Average cavity diameter (0.3 um, 50 dpa)

(0,7-1.3 um, 100 dpa)

Average swelling (0.3 um, 50 dpa)

(0.7-1.3 um, 100 dpa)

(0.7-1.3 um, 100 dpa)

Average bubble density (0.3 um, 50 dpa)

Average bubble diameter (0.3 um, 50 dpa)

11

6 x 1014 cp3

2 x 1014 (Locally)

9 nm

38 nm

0.03%

0.5% (Locally)
0.2% (Homogeneous)

8 x 101° cm~3

2 nm




Figure Captions
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1.

11.

Extraction replica micrographs of upper bainite, lower bainite and
ferrite present in the 2 1/4 Cr-1 Mo steel aged at 840°C (2 hours)
after a 1005°C solution quench.

Damage (dpa) versus distance from the irradiated surface calculated
using the Brice code. The damage efficiency (K) used is 0.8. E4 =
40 eV,

Transmission electron micrographs spanning the entire damage region
of 14 MeV Ni-ion irradiated 2 1/4 Cr-1 Mo which initially contained
upper bainite. Note the drastic restructuring of the upper bainite
throughout the entire 3 um range of damage.

TEM micrographs at the unirradiated thermal control region, 1 um
depth (80 dpa) and 2.1 um depth (350 dpa) of the upper bainite
structure. M,C needles, MyC3 and x-phase formed in this structure
during the dirradiation.

TEM micrographs at the unirradiated thermal control region, 1 um
depth (80 dpa) and 2.1 um depth (350 dpa) of the Tlower bainite
structure, Both x-phase and M;C; precipitates formed in this
structure during the irradiation,

TEM micrographs at the unirradiated thermal control region, 1 um
depth (80 dpa) and 2.1 um depth (350 dpa) of the ferrite structure.
The nickel and silicon enriched G-phase was the predominant second
phase particle in the irradiated ferrite.

Extraction replica micrograph which shows the precipitation response
in the 3 um damage range has been severely altered from the precipi-
tate distribution of the unirradiated structures. Note that the
vast restructuring has occurred in each (upper bainite, Tower
bainite, ferrite) region.

Extraction replica micrographs and the EDS spectra of the radiation-
induced x-phase and G-phase. The x-phase formed in the bainitic
regions while the G-phase formed in ferrite during the nickel-ion
irradiation of 2 1/4 Cr-1 Mo.

TEM micrographs spanning the entire damage region of the 2 1/4 Cr-1
Mo sample which had been implanted to 100 appm He up to the 1.3 um
depth. A clustering of voids occurred at various locations at the ~
1 um depth (100 dpa). A more uniform cavity/bubble distribution was
observed at near surface depths (0.3-0.7 um).

Tempering diagram for 2 1/4 Cr-1 Mo steel reported by Nutting [11].
Swelling characteristics of the ion-irradiated 2 1/4 Cr-1 Mo. The
local swelling was determined in the vicinity of a cluster of voids;

the homogeneous swelling was the total swelling which occurred at a
particular depth (dose).
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FIGURE 3

14 MeV Ni-ION-IRRADIATED 2 1/4Cr 1Mo
THROUGH-RANGE MICROSTRUCTURE

INTERFACE
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FIGURE 4

Ni-ION-IRRADIATED 500°C

UPPER BAINITE
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FIGURE 7

Extraction Replica lon-Irradiated 2 1/4 Cr - 1 Mo

(_..‘“_.
. T ' / .
D g : 5 ’ ; ;
- l ; 4 ; ;
-

L 4

4

Interface Damage peak Depth (um)

19



LOHINT

000" 0% 000°S 000°0
T T q.a...]\! g){i\lé?}} w]_wh M _-,7 %ﬂx}dr.‘..i 7.!?9.5_ I_

A _;:__

I
|

} m

J

OWE-1D.2E-9409 @seyd-x

R A9H3INI

000°GF 000°0F
T L e e e T

_{

ISS-OWG L -1D02~-24G2-ING€E eseyd-H

edjday uonoel)x3 ‘ "jJdd paonpuj-uoljeipey
O. 00S ‘pajeiped|-uoj oON L — 1D /L 2

8 JN9I4

20



pajuejdwi-aid aH

r4 wri | 30v4y3INI_

uoibai jJuejdwi-aid aH

D0, 00S OWL 1D¥/L T AILVIAVHHI-NOI-IN AW ¥1
6 34N914

21



FIGURE 10

ng Diagram For
2 1/4 Cr—-1 Mo Steel
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FIGURE 11

Swelling vs. DPA in Fe-2 1/4 Cr—1 Mo
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