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Abstract

The growth of He-bubbles after low temperature He-implantation and subsequent high temperature tempering in

F82H-mod steel has been studied by using transmission electron microscopy (TEM) and small-angle neutron scattering

(SANS). The results obtained by both techniques show that after implantation the bubbles are homogeneously dis-

tributed around an average size of 11 �A, while after subsequent tempering He-bubbles one order of magnitude larger

grow in size and volume fraction. Additionally, the SANS data show a consistent population of bubbles smaller than

10 �A, which is discussed with reference to the possible migration and coalescence mechanisms during high temperature

tempering.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

Moving towards the development and world-wide

optimisation of reduced-activation 8–9Cr2WVTa steels,

some encouraging results have become available on the

critical issue of low temperature irradiation hardening

and embrittlement. Various data sets on neutron irra-

diated heats are showing that within wide temperature

and displacement damage dose ranges these steels are

also favourable with respect to a general improvement

of the fracture toughness properties [1]. However, whe-

ther helium generated by inelastic (n,a)-processes will

have a significant effect on impact properties, such as the

ductile–brittle transition temperature or the lifetime and

reliability of fusion structural materials, is the subject of

ongoing discussions [2–4]. The demonstration of a direct

relationship between helium and embrittlement based on

fast or mixed spectrum fission reactors is difficult be-

cause such simulation techniques require alloying with

B-10 or Ni-59 for the helium production.
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Since morphology, distribution and growth mecha-

nisms of helium bubbles can sensitively determine the

microstructural reasons for embrittlement effects, their

size distribution functions as well as temperature stability

must be determined. Transmission electron microscopy

(TEM) investigations enable direct observation of He-

bubbles and deliver reliable data concerning local bub-

bles morphology and spatial distribution, but their

resolution limit is approximately 10 �A for He-bubbles in

magnetic Fe-alloys. Small-angle neutron scattering

(SANS) is therefore an appropriate technique to investi-

gate this phenomenon, as also shown by previous studies

[5,6], and to complement the microstructural information

obtained by TEM, which is the subject of this paper.
2. Experimental

The chemical composition of the investigated F82H-

mod steel is: 8.0 Cr, 0.10 C, 0.16 Mn, 0.16 V, 2.0 W, 0.02

Ta (in wt%). Samples given an initial standard heat

treatment have been homogeneously implanted with 400

appm He at 250 �C, using the 104 MeV a-particle beam
of the cyclotron facility at FZ-Karlsruhe [7]. In order to

obtain information on He-bubble growth as a function
ed.
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Fig. 1. TEM micrographs of the He-bubbles in F82H-mod as-

implanted at 250 �C (a) and after tempering at 525, 825 and 975

�C ((b)–(d) respectively).
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of the temperature, after implantation the samples were

submitted to 2 h tempering (at 525, 825 and 975 �C) in
high vacuum, together with non-implanted reference

samples. For the case of as-implanted sample, the ther-

mal reference was provided by a sample of the same

material tempered at 250 �C for a time equivalent to the

irradiation time (5 days). The TEM investigations were

performed on the PHILIPS T400 100 KV acceleration

voltage equipped with LaB6 cathode in the ‘hot-cells’

FZ-Karlsruhe. The TEM samples were prepared, after

the SANS measurements were completed, by usual

electrochemical etching and then cut under the shape of

disks of 1 mm diameter, using a special sample holder

for the observations. This procedure minimises the

magnetic volume and facilitates the TEM adjustment,

enabling the observation of He bubbles with a minimum

size (apparent diameter) of approximately 10 �A.

Reference is made to [8] and to previous work [5,6]

for a general presentation of SANS and of its applica-

tion to the study of martensitic steels. The SANS mea-

surements were carried out by means of the D22

instrument at the High Flux Reactor of the Institut Laue

Langevin, Grenoble. A sample-to-detector distance of

8.00 m with a wavelength k of 6 �A was used. Combined

with the previous SANS measurements carried out on

these same samples [5,6] this gave a Q interval (the

modulus of the scattering vector being Q ¼ 4p sin h=k,
where 2h is the full scattering angle) ranging from 0.007

to 0.25 �A�1, which corresponds to particle sizes ranging

from 10 to 150 �A approximately. The size distributions

were determined by indirect transformation of the

SANS cross-section:

dRðQÞ=dX ¼ ðDqÞ2
Z 1

0

dRNðRÞV 2ðRÞjF ðQ;RÞj2; ð1Þ

where NðRÞ is the number per unit volume of centers

with a typical size between R and Rþ dR (the volume

distribution function is DðRÞ ¼ NðRÞR3), V their volume

and jF ðQ;RÞj2 their form factor (assumed spherical in

this case) and ðDqÞ2 ¼ ðqHe � qF82HÞ
2 ¼ 4:833� 1021

cm�4 is the ‘contrast’ or square difference in neutron

scattering length density between He-bubbles,

qHe ¼ 0:588� 1010 cm�2 and the F82H-mod matrix,

qF82H ¼ 7:54� 1010 cm�2, the latter being determined

from the chemical composition of F82H-mod steel [6,8].

The contrast dependence on bubble radius [9] was taken

into account [10], but as already discussed in a previous

work [6] the effect of this correction on the distributions

is of a few %, that is well below the experimental

uncertainties. Furthermore it is evident from the small

value of qHe that very large changes of the He mass

density would be necessary to lead to significantly dif-

ferent distributions. Eq. (1) was solved using the method

reported in Ref. [11] and more recently discussed in

Refs. [6,12], where the influence of background sub-

traction and the reliability of information referring to
inhomogeneities corresponding to Q-values outside the

available experimental range are more specifically ad-

dressed.
3. TEM results

In all the investigated samples the TEM observations

show clearly the presence of He-bubbles, visible in Fig.

1; the corresponding histograms, average radii and vol-

ume fractions are presented in the next section. In the as-

implanted sample the size of the bubbles range from 8 to

22 �A with an average of 14 �A, in excellent agreement

with previous TEM observations [13]. The small bubbles

are more easily visible on the image out of defocus [14].

In an underfocus condition the cavity image is bright

relative to the background and the image has a dark rim.

The reverse is true in overfocus condition when the

bubble is a dark image with a faint bright rim. Fig. 2

shows two micrographs from the as-implanted sample

taken at underfocus adjustment with Df ¼ �600 �A and

overfocus adjustment with Df ¼ þ800 �A, both display-

ing the same pattern of He-bubbles: the very similar

pattern of bright and dark spots confirms that the He

bubbles and not noise are imaged. The rim decorating

the bubbles through their perimeter originates from

Fresnel fringes at the boundaries between two phases

and its image defines the real cavity diameter. The size of

the fringes is generally 10–20 �A, which can lead to an



Fig. 2. TEM micrographs of the He-bubbles in the as-implanted sample taken at underfocus (a) and overfocus (b) adjustment.
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error in the measurement of the bubbles size, increasing

significantly for the smaller sizes.

The sample tempered at 525 �C (Fig. 1(b)) appears

similar to the as-implanted one, with He-bubbles

homogeneously distributed, ranging from 10 to 40 �A in

size: clearly, a coarsening has not yet started and no

significant difference is found with respect to the as-im-

planted specimen.

A remarkable increase in the size and number of the

He-bubbles is observed in the sample tempered at 825 �C
(Fig. 1(c)). The bubbles are not always homogeneously

distributed, but often located along internal interfaces

like prior austenite grain boundaries. As an example, the

boundary decorated in the vicinity with He bubbles is

marked with a white broken line on the right side of the

micrograph. The size of the bubbles ranges from 10 to

100 �A with an average of 30 �A. For sizes lower than

about 50 �A, the size distribution is very approximately a

Gaussian (like in the as-implanted and in the 525 �C
tempered samples).

A further growth of the He bubbles is observed after

tempering at 975 �C (Fig. 1(d)). The corresponding

histogram is broad and non-Gaussian, with sizes rang-

ing from less than 30 �A up to 280 �A (peaked around 40
�A): clearly, this is not only a continuation of the growth

processes observed at 825 �C, but it reflects a substantial

acceleration of bubble growth kinetics. The spatial dis-

tribution of the He-bubbles is quite inhomogeneous and

it is also obvious that in spite of the high tempering

temperature, far beyond the upper operation tempera-

ture, still a significant fraction of the bubbles is observed

in the matrix.
4. SANS results

The best-fit DðRÞ distributions at 250, 825 and 975

�C are shown in Fig. 3, compared in the overlap region

with the corresponding TEM histograms. The corre-
sponding He bubbles average radii and volume frac-

tions are reported in Table 1. At 525 �C the difference

in SANS cross-section between implanted and reference

sample is smaller than the experimental errors, as al-

ready found in the previous experiment [5,6]: that has

been tentatively attributed to the slight differences in

the thermal history of the two samples and to the

occurrence of a dense, fine precipitation of the M2C

phase around this temperature [15]. The fact that no

significant difference is observed by TEM between the

as-implanted sample and the one tempered at 525 �C
after implantation further supports this interpretation.

In agreement with the previous results, the best-fit

distributions of Fig. 3 show that after implantation the

bubbles are quite small and homogeneously distributed

in size (Fig. 3(a)), while after tempering they increase in

size and volume fraction with increasing temperature:

these new SANS measurements, extended towards sig-

nificantly smaller Q-values, provide more detailed and

reliable information on the larger bubbles. The com-

parison with the TEM histograms, presented in the

three insets of Fig. 3, is made reporting the DðRÞ dis-

tributions only for sizes larger or equal to those

detectable by TEM, where there is a good correlation

between SANS and TEM. The SANS data show

additionally a high density of bubbles with sizes below

the resolution limit of TEM. It is however noted that

the SANS resolution too strongly decreases below 10 �A,

as is also shown by the correspondingly large error

bands, mostly because of the background arising from

the matrix; consequently, quantitative information on

the true shape of the distributions can hardly be ob-

tained for the smaller radii region. For this same rea-

son, for R < 10 �A errors as high as 40–50% are

estimated [5,6] on the He-bubble volume fraction and

average radii, which are summarized in Table 1. More

specifically, no quantitative conclusion can be based on

the very small, mathematically averaged radii deter-

mined at 825 and 975 �C.



Table 1

He bubble volume fraction, DV , and average radius Rb (�A) from

SANS data; at 825 and 975 �C the Rb values in italics are

averaged on the portion of the DðRÞ compared with the TEM

histograms in the insets of Fig. 3

Tempering

temperature (�C)
DV Rb (�A)

250 0.0012 (0.0039) 11.2 (7)

825 0.0053 (0.0036) 3.8 14.1 (17)

975 0.0085 (0.0054) 4.1 47.9 (46)

The Rb and DV values in parentheses are those obtained from

TEM.

Fig. 3. Best-fit He-bubble volume distributions DðRÞ in �A�1 in

F82H-mod steel as-implanted at 250 �C (a), 825 �C (b), 975 �C
(c). The dashed area represents the 80% confidence band. For

each temperature, the comparison with the corresponding TEM

histogram is shown in the upper right corner: the relative

intensities of SANS and TEM data (insets), in arbitrary units,

are normalised by their respective maxima.
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5. Discussion and conclusions

Assuming that after high temperature tempering all

implanted helium would be concentrated in detectable

equilibrium bubbles, DV should reflect the implanted

helium concentration
CHe ¼ c
DV
Rb

X
kT

; ð2Þ

where c is the bubble surface energy (related to He

pressure pHe ¼ 2c=Rb and assumed c ¼ 1 J/m2),

X ¼ 0:5� 2:87 �A3 is the atomic volume and

k ¼ 1:38� 10�23 J/K [16]. Inserting into Eq. (2) the

smaller average radii values of Table 1 and neglecting

the ‘large’ bubble population gives concentration values

about one order of magnitude larger than the nominal

one (400 appm): as it has previously been discussed [6],

that may imply that the effect of the background is

partly underestimated, enhancing correspondingly the

very low-R portion of the volume distributions, al-

though with a consistent error band. On the other

hand, the presence of He-bubbles smaller than 10 �A is

clearly indicated by the SANS data, therefore it should

also be considered that such small bubbles might not

be in equilibrium and consequently Eq. (2) would not

hold. The present results confirm and complete the

previous findings on He-bubble growth in implanted

F82H-mod steel. In the as-implanted material both

SANS and TEM show a homogeneous and narrow

distribution of bubbles approximately 11 �A in average

radius. After high temperature tempering TEM reveals

in agreement with SANS higher average bubble sizes,

increasing with the temperature. At 975 �C, that is

above the a ! c transition temperature, both TEM

and SANS show a very broad range of bubble sizes as

large as 250 �A, with unusual distribution function,

possibly attributed to Brownian type motion and coa-

lescence during isochronal tempering. The high density

of bubbles below the TEM resolution limit, shown by

the SANS results, might suggest the existence of a high

density of vacancy clusters produced as one of the end-

products of subcascades created by higher energy

PKA’s. He atoms would therefore be trapped and

stabilise these already existing vacancy clusters. In any

case, as substantial bubble growth in short times does

not appear before annealing beyond the a ! c transi-

tion temperature, any temperature excursion beyond

780–820 �C (as should be produced by joining or
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plasma disruptions) of reduced activation ferritic/mar-

tensitic steels containing He should be avoided. Not

only would substantial swelling occur in the fcc phase

but also long range migration of He and substantial

bubble growth at the grain boundaries would occur,

which in turn would lead to high temperature

He embrittlement. Once few but large bubbles have

grown up in the fcc phase they remain stable after

subsequent cooling below the the a ! c transition

temperature.
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