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Abstract

Beryllium (Be) metal is a reference material for a neutron multiplier in the fusion blanket design. However, Be metal
may have problems such as high reactivity and large swelling at high temperature and high neutron dose in the DEMO
fusion blanket. Beryllium alloys such as Be–Ti are promising candidates for advanced neutron multipliers from the view-
points of high melting point, high beryllium content, low radio-activation, and good chemical stability. In this study, the
compatibility between Be–Ti alloys that include aBe phase and the structural material F82H was investigated. The reaction
product of Be2Fe was analyzed by X-ray diffraction on the surface of F82H after compatibility testing. The thickness of the
reaction layer for the Be–5at.%Ti and Be–7at.%Ti specimens was almost the same. And the thickness for these alloys tested
at 800 �C for 1000 h was less than 50 lm, which is much smaller than the previously obtained value, �200 lm, for Be under
the same conditions.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

Beryllium (Be) metal is a reference material as a
neutron multiplier in the fusion blanket design
[1,2]. However, it may not be applicable to a DEMO
blanket that requires high temperature (�900 �C)
and high neutron dose (�50 dpa, �20000 appm
He) because of high reactivity and large swelling
under these conditions. However, beryllium alloys
such as Be–Ti and Be–V are promising candidates
for advanced neutron multipliers from the view-
points of high melting point, high beryllium con-
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tent, low activation, good chemical stability, etc.
[3–5].

In previous papers, compatibility of Be and
Be–Ti alloys with SS316LN was evaluated [6,7].
The thickness of the reaction layer between Be–
Ti and SS316LN was smaller than that between
Be and SS 316LN. However, compatibility of
Be–Ti alloys with F82H that is a candidate struc-
tural material for fusion reactor has not been
evaluated.

In the present study, the compatibility between
Be–Ti alloys and F82H was investigated. Three
kinds of Be–Ti specimens (Be–3at.%Ti, Be–5at.%Ti
and Be–7at.%Ti) were prepared, and these Be–Ti
alloys with aBe phase, which has better ductility
than stoichiometric Be12Ti, were tested.
.
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2. Experimental

2.1. Specimens

Be–Ti specimens with three levels of titanium
(Be–3at.%Ti, Be–5at.%Ti and Be–7at.%Ti) were
fabricated from beryllium and titanium powder by
an arc melting process. The specimens were
machined to disks which were approximately
8 mm in diameter and 2 mm in thickness, and then
mirror-polished on the surface. These Be–Ti speci-
mens were prepared by NGK Insulators, Ltd. The
chemical compositions of the Be–Ti specimens are
shown in Table 1. The content of BeO was calcu-
lated from Be content in residual after dissolution
Table 1
Chemical compositions of the specimens

Material (wt%) Elements

Be Ti BeO Mg

Be–3at.%Ti 85.3 14.3 0.23 <0.
Be–5at.%Ti 78.4 21.3 0.26 0.
Be–7at.%Ti 71.0 28.7 0.27 0.

Fe Cr Ni W

F82H Bal. 7.78 0.02 1.

Fig. 1. Microstructures of Be–Ti alloys before the compat
of Be–Ti specimen, and it was 0.27 wt% at maxi-
mum. The surface of the Be–Ti specimens was
ultrasonically cleaned with acetone. Fig. 1 shows
the microstructures of the Be–3at.%Ti, Be–5at.%Ti
and Be–7at.%Ti specimens. This figure also shows
microstructures of hot-pressed high purity beryllium
(S65C) for comparison. The amount of the Be phase
in the specimens decreases with increasing the Ti
content.

F82H steel, which is a typical candidate struc-
tural material for fusion reactors, was evaluated
for its compatibility with the Be–Ti alloys in this
experiment. The chemical composition of the
F82H specimens is shown in Table 1. The specimen
dimension was 10 mm in diameter and 2 mm in
Al Si Fe Co

001 0.075 0.049 0.036 <0.001
002 0.057 0.035 0.036 <0.001
001 0.053 0.031 0.026 <0.001

Mn Al V C

98 0.1 0.001 0.07 0.09

ibility tests, together with that of Be for comparison.



Fig. 2. XRD profiles on the surface of Be–5at.%Ti alloy and
F82H after the compatibility tests.
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thickness. The F82H specimens were also mirror-
polished and ultrasonically cleaned with acetone.

2.2. Procedure for compatibility tests

The configuration and preparation of the capsule
for compatibility tests were described in the
previous paper [7]. Diffusion couples for the com-
patibility tests consisted of Be–3at.%Ti/F82H, Be–
5at.%Ti/F82H or Be–7at.%Ti/F82H. Compatibility
tests were carried out at 600, 700 and 800 �C by
heating the diffusion couples in an electric furnace
under vacuum conditions for times of 100, 300
and 1000 h. After heating interactions between the
materials were analyzed as follows.

The contacting surface of each specimen was
observed by optical microscopy, and X-ray diffrac-
tometry (XRD) was performed to identify the
reaction products in the near surface region. The
microstructure and thickness of the reaction layer
were analyzed in the cross section by scanning
electron microscopy (SEM). The composition of
the layer was identified by electron probe micro-
analysis (EPMA).

3. Results and discussion

3.1. Identification of reaction products

After testing, evidence of chemical interaction
was investigated visually. It was observed that
the reaction areas of the contacting surfaces of
Be–3at.%Ti/F82H, Be–5at.%Ti/F82H and Be–
7at.%Ti/F82H increased with increasing tempera-
ture and time.

XRD patterns on the surface of each Be–Ti
alloy and F82H for different testing conditions
were almost the same. Results of XRD at the
Be–5at.%Ti alloy and F82H surfaces at 600 and
800 �C after 1000 h are shown in Fig. 2. On the
Be–Ti specimen side, no reaction products were
found by XRD at 600 or 800 �C. On the other
hand, reaction products were observed on the
F82H side by XRD. Be2Fe was identified as a reac-
tion product on the surface of the F82H in contact
with each Be–Ti specimen.

3.2. SEM/EPMA analyses of specimens

Reaction layers were not found on any of the
Be–Ti alloy surfaces by SEM observation after
testing at 600 and 700 �C. However, a deficiency
of Be was observed after testing at 800 �C. On each
F82H side, only a thin layer was found at 600 �C.
On the other hand, one surface reaction layer and
one subsurface diffusion layer were observed on
each F82H surface of the Be–Ti couples after
testing at 700 and 800 �C, as shown in Fig. 3.
Observation of these reaction and diffusion layers
on the structural material side was reported by
Flament et al. [8] after compatibility tests of beryl-
lium with SS316L or two martensitic steels (1.4914
and HT9).

Quantitative point analyses on each F82H side
were performed by EPMA for the typical phases
observed by SEM. Fig. 3 shows results of the anal-
ysis on the reaction and diffusion layers. Thickness
of the reaction layer (region A in Fig. 3) of Be–
5at.%Ti/F82H and Be–7at.%Ti/F82H was about
45 and 35 lm, respectively. The contents of Be



Fig. 3. Result of quantitative EPMA analyses of two layers of
Be–5at.%Ti/F82H and Be–7at.%Ti/F82H (testing condition:
800 �C · 1000 h).

Fig. 4. Change in thickness of the reaction layer with test time.

Fig. 5. Relationship between content of titanium in Be–Ti alloys
and thickness of reaction layer.
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and Fe in the reaction layer (A) were about 71 and
25 at.%, respectively. It is considered that the
phase in the reaction layer was Be2Fe. Thickness
of the diffusion layer (region B in Fig. 3) in couples
with both Be–5at.%Ti/F82H and Be–7at.%Ti/
F82H was about 100 lm. Three phases existed in
the diffusion layer; gray phases and white phases
in the diffusion layer (B) were supposed to be
Fe–Cr and Fe–W phases, respectively. It is consid-
ered that small black particles were a mixture of
Be, Be2Fe and Fe–Cr phases. In the region C
(F82H) in Fig. 3, the contents of Fe and Cr were
almost the same as those in F82H. Titanium was
not detected in the reaction layer nor in the
F82H base metal.
3.3. Thickness and growth rate of reaction layer

Fig. 4 shows results of thickness measurements of
the reaction layer. The thickness of the reaction
layer between Be–Ti alloys and F82H after testing
at 600 �C for 1000 h was less than 3 lm, whereas
the reaction layer with beryllium metal was about
15 lm thick [9]. At 800 �C for 1000 h, the thickness
of the reaction layer of Be–5at.%Ti and Be–7at.%Ti
was less than 50 lm, whereas that of beryllium
metal was about 200 lm [9]. It is obvious that the
interaction between Be–Ti alloy and F82H was
much less than that between Be and F82H.

Fig. 5 shows the relationship between the content
of titanium and the thickness of the reaction layer
using the results of the present study and Ref. [9].
The thickness of the reaction layer decreases with



Fig. 6. Growth rate of reaction layer as a function of the
reciprocal temperature.
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increasing the content of Ti in Be–Ti alloys. It is
considered that Be12Ti is less chemically reactive
with F82H and that the amount of Be12Ti in Be–
Ti alloys increases with increasing the Ti content
up to a Ti content of 7 at.%.

The growth rate of the reaction layer evaluated as
in Ref. [10] is shown in Fig. 6 as a function of the
reciprocal temperature. The growth rate in Be–Ti
alloys in the present study was smaller than that
of Be, and it decreased with increasing the Ti con-
tent in the Be–Ti alloy. The maximum temperature
of Be for use in the fusion blanket is assessed to be
500 �C, taking into account the swelling limitation
[11]. The growth rate of Be is estimated to be
1 · 10�14 cm2/s at 500 �C (see in Fig. 6), and it is
considered that the maximum utilization tempera-
ture of the Be–Ti alloys is about 600 �C.

4. Conclusions

The compatibility between Be–Ti alloys (Ti con-
tent: 3–7 at.%) and F82H has been studied. The
Be–Ti alloys showed some advantages over Be,
and the following conclusions can be made:

(1) Reaction and diffusion layers were observed
on the F82H side after compatibility tests of
Be–Ti alloys and F82H. The thickness of the
reaction layer was smaller than that between
Be and F82H after testing at 700 and 800 �C.
On the other hand, surface deficiency in Be
was observed but reaction layers were not
observed on the Be–Ti alloy side.

(2) The gray phase in the reaction layer on the
F82H side was composed of Be2Fe, and the
thickness of the gray phase decreased with
increasing the content of Ti.

(3) Good compatibility between Be–Ti alloy and
F82H was clearly observed, and it was sug-
gested that the Be–Ti alloys (Ti content: 3–
7 at.%) could be used up to about 600 �C as
far as their compatibility with F82H is
concerned.
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