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HETEROGENEOUS VOID FORMATION IN 14 MeV NICKEL-ION-IRRADIATED 316 SS
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ABSTRACT

The microstructure of type 316 austenitic stainless steel has been
investigated following 14 MeV Ni-ion idirradiation to 3.3 x 1016 'ions/cm2 (40
dpa peak damage) at temperatures from 450°C to 650°C. Specimens were prepared
in cross section to allow analysis over the entire damage range, and the void
parameters, dislocation structure, and precipitation response are reported.
Heterogeneous void formation was observed in the absence of gas. The swelling
curve from this study has been compared to that derived from helium preinjec-
tion work. It was found that helium shifts the peak swelling temperature up-
wards in excess of 100°C for similar damage rates. The precipitation response
shows a marked change from small block/rod morphology at 450-550°C to Fe,P
thin lathe precipitates at 600-650°C. Void formation was detected only for
the lower temperature range and was associated with the small block/rod pre-

cipitates.



Introduction

Ion irradiation studies are a useful tool to investigate the irradiation
response of a material while closely controlling irradiation parameters such
as temperature, dose rate, helium injection, etc. In addition, information
relevant to basic models of microstructural evolution can be readily generated
which may lead to a better understanding of the mechanisms of swelling resis-
tance [1-4].

The present investigation deals with 14 MeV Ni-ion dirradiations of 316
stainless steel. The use of high energy heavy ions and the cross section
technique [5] allows data analysis in a damage region free from surface ef-
fects and any effects of the injected bombarding ion species [6]. This paper
reports the microstructural response of type 316 austenitic stainless steel to
a nickel-ion irradiation over the 450-650°C temperature range.

Experimental Procedure

Table 1 contains the elemental composition of the MFE heat of 316 SS used
in this study. Samples of this material were mechanically polished with 0.3
um alumina abrasive prior to being irradiated with 14 MeV Ni3* jons at the
University of Wisconsin Heavy-Ion Irradiation Facility. The samples were not
electropolished before irradiation in order to preclude the introduction of
hydrogen into the specimen, which has been shown to enhance cavity formation
in nickel [5,7].

Figure 1 shows the displacement damage as a function of depth for 14 MeV
Ni ions on a 316 stainless steel target. For comparison purposes, we have

chosen a displacement efficiency factor of K = 0.8 in this study to calculate

the displacement damage. However, the use of K = 0.3 is probably a more



appropriate measure of the residual displacement damage for neutrons or ijons
[6]. Nevertheless, the damage values in this paper will be derived from a
K =0.8 value to be consistent with the previous decade of ion bombardment
studies.

Specimens were irradiated over a 450-650°C temperature range at a flux of
3 x 101 jons/cm?/s to a fluence of 3.3 x 10! jons/cm?. This corresponds to
a peak displacement dose of 40 dpa at a depth of 2.3 um from the specimen sur-
face. Post-irradiation preparation for TEM analysis involved a cross section
technique described in detail elsewhere [8]. This procedure allows the entire
3 micron damage region (see Fig. 1) to be analyzed for an irradiated sample.
The microscopy analysis was performed using a JEOL TEMSCAN-200CX electron
microscope.
Results

Voids were detected in the samples irradiated in the range 450-550°C. No
voids were found, however, after irradiation at 600°C and 650°C to a peak dose
of 40 dpa. Figure 2 contains the through-range transmission electron micro-
graphs of 500°C samples irradiated to 3.3 x 1016 jons/em® and 1.0 x 107
1ons/cm2. From this figure it is evident that the formation of the voids is
heterogeneous throughout the damage region, that is, voids formed only at some
of the precipitate sites present in the matrix. This heterogeneous void den-
sity is also present in the 450°C and 550°C samples. Figure 3 contains high
magnification TEM micrographs which reveal voids associated with precipitates
over the entire temperature range of void detection. The voids are decorated
by or are associated with precipitates. The void parameters obtained at the 1
um depth (10 dpa) and 2.3 wm depth (40 dpa) are given in Table 2. The dis-

placement rates at these depths were approximately 0.8 x 10-3 dpa/s and 3.6 x



1073 dpa/s respectively (see Fig. 1). An error of 30-40% is assigned to the
void and precipitate number densities to account mainly for the uncertainty in
the foil thickness as well as the statistical counting uncertainty at the
given depth.

Table 3 lists the dislocation structure obtained from the 1 um depth (10
dpa) and the 2.3 um depth (40 dpa) of the cross-sectioned specimens. The dis-
location loops were predominantly faulted loops that increased in average loop
diameter and decreased in loop density with increasing temperature for a com-
mon dose irradiation. Saturation in the network dislocation density at 2 x
1010 cm'2 was also noted between 550°C-650°C at these doses.

A key microstructural response of the 316 SS in the 600-650°C range was
the formation of the Fe,P phase, which has a needle-shaped appearance (see
Fig. 4). Results from the 600°C sample show the Fe,P precipitates have an
average length of 54 nm with a density of 9.9 x 1014 cm_3 at the 1 um depth
(10 dpa) and an average length of 58 nm with a density of 1.2 x 1015 cm™3 at
the damage peak (40 dpa) depth. At 650°C there was an increase in the average
length with a corresponding decrease in number density of the precipitates at
both depths compared to the 600°C results. The region at a 1 um depth (650°C
samplie) contained phosphides of average length 92 nm with density 2.3 x 1014

3, while the average length and density showed a slight increase to 99 nm

cm
and 2.6 x 1014 cm'3, respectively, at the 2.3 um depth. These phosphides were
extracted from the matrix on a plastic replica. EDS analysis yielded a chem-
jical composition of 4Si-3P-2S-18Cr-61Fe-12Ni. In addition, a plated specimen

was given a post-irradiation anneal at the prevailing irradiation temperature

of 650°C for 24 hours. No phosphide needles were detected in the irradiated



region of this specimen after the anneal. This composition and annealing
behavior is similar to Fe,P detected in other ion-irradiation studies of 316
ss [9].

The precipitation response in the 450-550°C range was characterized by
small block/rod precipitates. The average size was 9.2 nm with density
1.1 x 101° cm™3 at the 1 wm (10 dpa) depth and 16 nm with density 6.5 x 104
cm™3 at the 2.3 m (40 dpa) depth for the 500°C sample. Most of the precipi-
tates at the 1 um depth formed in stringers and some precipitates at the
damage peak were associated with voids. Diffraction information from some of
the larger precipitates showed them to have an fcc structure with lattice
parameter 1.1 nm. No particular habit relationship to the matrix was observed.
In addition, x-ray spectra obtained using an HB 501 STEM with an EDS detector
revealed a strong enrichment of nickel in these precipitates. These results
suggest that this phase is the radiation-induced G phase, a nickel silicide
[10].

At 550°C the average length of the precipitates was 35 nm with density
1.2 x 101% em™3 at 1 m (10 dpa) and 36 nm with density 2.7 x 1014 em™3 at the
2.3 um depth (40 dpa). Quantitative information on precipitation at 450°C was
difficult to measure and so is not reported.

Discussion

The void swelling results at 40 dpa in this study are plotted in Fig. 5
along with the void swelling data of Hudson [11]. In that study, 316 SS and
321 SS whose compositions are given in Table 1 were preinjected with helium to
10 appm and irradiated to 40 dpa at a rate of 1-3 x 1073 dpa/s with 46.5 MeV
nickel ions. Data for the swelling curves plotted in Fig. 5 was taken from

the peak damage region in each study (at =2 wm in this study, 4.5 um in



Hudson study). The displacement rates were similar (= 3 x 103 dpa/s) and
damage gradient effects were precluded by data acquisition at a given depth,
i.e. dose (in this case, 40 dpa). It may be argued that void data extracted
in the damage peak is influenced by the injected ion species [6]. However
results of a recent study show that void nucleation and growth was important
at temperatures < 500°C for an austenitic stainless steel alloy. Thus the
absence of voids at 600 and 650°C in this present study cannot be ascribed to
injected interstitial effects. In addition to the large difference in the
amount of swelling, a "shift" in excess of 100°C between the peak swelling
temperatures is noted for this common dose swelling plot. This "shift" is
actually a suppression of void formation at 600 and 650°C in this present
study. The lack of void formation is attributed to the absence of helium as a
nucleating agent which acts to pressurize and thus stabilize subcritical
cavities [12-14]. The large difference 1in the absolute value of swelling
between the data 1is again attributed to the action of helium affecting the
cavity growth rate through pressurization of the cavity [15]. The differences
in the level of impurities between the two heats of 316 SS (Table 1) would not
account for the large temperature "shift" in peak swelling [16]. In addition,
Hudson found 1ittle difference in peak swelling temperatures for the 316 SS
and 321 SS (Table 1) in his study.

Farrell and Packan [17] have also reported a helium-induced upward shift
in the temperature dependence of swelling in the P7 alloy. This alloy is
similar in composition to 316 SS but with a low level of carbon and minor
metallic elements and a high level (1000 appm) of oxygen. They determined the
peak swelling temperature for 4 MeV Ni ion-irradiated P7 to be approximately

670°C [17]. Our recent work with 14 MeV Ni 1ions [18] agrees with their



results as we found 7% swelling in P7 at 650°C for a dose of 40 dpa (Ey = 40
eV, K = 0.8). Our study attributed the large swelling in P7 to the high
oxygen concentration which would effect the nucleation and growth of voids by
lowering their surface energy. P7 is considered a "pure 316 SS" as it is low
in carbon and other impurity elements nominally present in 316 SS (see Table
1). It is well known that impurities suppress the swelling response of Fe-Cr-
Ni alloys [16]. Makin [19] has found, however, that there is no difference in
the peak swelling temperatures between a 316 L (with 0.01 C, 0.04 Si), 316 M
(0.06 C, 0.36 Si), and 316 H (0.2 C, 0.4 Si). Thus the difference in peak
swelling temperatures between the 316 SS used in this study and the P7 alloy
might be attributed to an oxygen-induced shift in the temperature dependence
of swelling. A study whereby a controlled oxygen content is present in 316 SS
would be needed to confirm this speculation.

Helium and/or reactive gases (e.g., 0, H) are well recognized for their
importance in void formation [12-14, 20-22]. The 316 SS used in this study,
however, contained a nominal oxygen and hydrogen content. In addition, the
heterogeneous nature of void nucleation would suggest a different mechanism
for void stabilization. Several authors have suggested such a concept based
on the biasing of void embryos against interstitial capture through means of
solute enrichment at the void surface [23,24]. This segregation can cause the
local lattice parameter near the void to increase and thereby reverse the in-
terstitial bias of a small void [23].

It has been noted [25] that titanium-modified steels effectively getter
reactive gases and thereby resist void formation under irradiation unless
helium is present. In a titanium-modified steel irradiated with 4 MeV Ni ions

at 625°C, Kenik and Lee [26] detected no voids after a dose of ~ 600 dpa.



Results of this present study suggest that their irradiation temperature may
be too high to permit void nucleation in the absence of gases.

A difference in the precipitation response was noted in this study be-
tween the specimens irradiated at 450-550°C and those irradiated at 600-650°C.
Whereas many of the precipitates detected after irradiation at 450-550°C and
tentatively identified as G phase were small rod or block shaped, those at
600-650°C were predominantly an FeoP phase with a thin lathe morphology which
has a needle~1ike appearance in a TEM specimen. Although this change in re-
sponse coincides with the temperature above which voids are not detected, no
correlation of these phenomena is apparent at the present time.

Conclusions
Microstructural observations were made on solution annealed type 316
stainless steel following 14 MeV Ni-ion irradiations to a peak dose of 40 dpa
at temperatures from 450°C to 650°C. The following conclusions can be drawn:
1. This MFE heat of 316 SS was seen to exhibit a peak swelling temperature
near 525°C following irradiation at 1-4 x 1073 dpa/s to 40 dpa.

2. Heterogeneous void formation was detected in 316 SS irradiated at 450-
550°C and the voids possessed a strong association with precipitates.

3. The precipitation response during irradiation showed a marked difference
between the 450-550°C temperature range and the 600-650°C range. Nickel
rich precipitates characteristic of G phase were found in the low tempera-

ture regime, whereas an Fe,P phase formed at the higher temperatures.
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Table 1. Composition of the MFE Heat (#15893) 316 SS, the P7 Alloy,

the Firth-Vickers 555 316 SS, and the En58B 321 SS in wt.%.

The Oxygen and Nitrogen Contents were Determined by Inert-Gas Fusion Analysis.

MFE 316 SS

Cr Ni Mo Mn Si C P S Ti 0 N Fe

17.4 12,6 2.2 1.81 0.65 0.05 0.030 0.020 < 0.001 0.005 0.046 Bal.

Firth Vickers 555 316 SS

Cr Ni Mo Mn Si C P S Ti 0 N Fe

17.5 11.8 2.5 1.1 0.3 0.03 0.023 Bal.

En58B 321 SS

Cr Ni Mo Mn Si C p S Ti 0 N Fe

18.1 9.57 1.76 0.42 0.05 0.025 0.03 0.33 Bal.
P7 Alloy

Cr Ni Mo Mn Si C P S Ti 0 N Fe

17 16.7 2.5 0.03 0.1 0.005 0.01 0.03 0.004 Bal.
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Table 2. Void Parameters for Nickel Ion Irradiated 316 SS.

Temperature Dose Mean Void Diameter Void Density Swelling
(°c) (dpa) (nm) (em™3) (%)
450 10% 7.5 4 x 10%4 0.02

40%* 12 5 x 1014 0.04
500 10% 21 1.3 x 104 0.08
40%* 24 2.3 x 1014 0.17
500 302 25 0.91 x 104 0.07
12022 30 1.4 x 1014 0.20
550 10% 20 1.5 x 1014 0.05
40%* 25 2.1 x 1014 0.18

* Taken at 1 micron from front surface, 0.8 x 10'3 dpa/s.
** Taken at 2.3 microns from front surface, 3.2 x 10'3 dpa/s.

8 Taken at 1 micron from front surface, 1.4 x 10"3 dpa/s.
32 Taken at 2.3 micron from front surface, 5.5 x 1073 dpa/s.

11



Table 3. Dislocation Structure for Ion-Irradiated 316 SS

Average
Temperature Dose Loop Diameter Loop Density Ne twork Density
(°c) (dpa) (nm) (cm™3) (cm™2)
450 10% 30 2.8 x 1019 ---
40%* 32 3.0 x 1015 -
500 10% 46 1.6 x 10%° -
40%* 47 1.4 x 1015 -
550 10% 42 1.3 x 1015 1.0 x 1010
40%* 34 2.0 x 1015 2.1 x 1010
600 10% 72 1.4 x 1014 2.3 x 100
4O** 76 1.8 x 1014 1.6 x 1010
650 10% - - 1.7 x 1010
40%* ——- _— 2.0 x 1010

* Taken at 1 micron from front surface, 0.8 x 10 -3 dpa/s.
** Taken at 2.3 microns from front surface, 3.2 x 1073 dpa/s.

12
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Fe,P PHASE FORMATION IN ION-IRRADIATED 316 SS

Fig. 4. Radiation-induced Fe,P needles present in 316 SS after irradiation to

40 dpa. There were no voids detected at these irradiation con-
ditions.

~
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Fig. 5. Swelling curve for Ni-ion irradiated 316 SS to a common 40 dpa dose
without gas (this study) and preinjected to 10 appm He (Hudson [11]).
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