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Abstract
Tensile specimens from brazed joints of molybdenum alloys (TZM or Mo5%Re) and Type 316L austenitic stainless steel tubes have been tested at ambient temperature and 127°C before and after neutron irradiation at about 40°C to
approximately 0.2 dpa. The unirradiated specimens showed generally ductile
behaviour, but the irradiated specimens were notch sensitive and failed in a
brittle manner with zero elongation; in all cases the fracture occurred in the
molybdenum alloy. The brittle behaviour is consistent with previously published
data and results from the increase in strength (radiation hardening) and the associated increase in the ductile-brittle transition temperature (radiation embrittlement) induced in the body-centred-cubic (BCC) molybdenum alloys by irradiation to relatively low displacement doses. The same type of irradiated specimens
were also used in fatigue tests. However, the results from the fatigue tests are too
limited and complementary studies are needed. During exposure to water locally
up to 25% of the wall thickness of the Mo-alloy has corroded away. These observations cast serious doubts on the viability of the molybdenum alloys for divertor
applications in fusion systems.
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Introduction

The Next European Torus (NET) p'ogramme was an integral pan of the European strategy to develop a DEMO reactor. Its primary objectives were to demonstrate the scientific and technological feasibility of fusion power based on the D T tokamak principle, and to test future reactor components such as tritium
breeding blankets and the divertor system for exhausting power and particles
from the plasma. One divertor design for NET [1] consisted of a 10 mm thick
carbon fibre composite (CFC) armour brazed in a monoblock geometry and
cooled with water flowing in molybdenum alloy (or dispersion strengthened
copper) tubes; the latter were then brazed to the Type 316L austenitic steel reactor coolant tubes in locations remote from the divertor plate. The joints were
nevertheless still subjected to a low flux of energetic neutrons.
This report presents the results of pre- and post-irradiation tensile tests, postirradiation fatigue tests and metallography on specimens with brazed joints of
molybdenum alloy - 316L steel tubes manufactured and supplied by Metallwerk
Plansee GmbH.
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Experimental

The design and the dimensions of the tensiie/fatigue specimen is shown in
Figure 1. The specimens were manufactured using (solution annealed)
Type 3 !6L austenitic stainless steel tubes brazed to either TZM (Mo-0.5%Ti0.1 %Zr) or Mo-5%Re alloy tubes. The nominal composition of the brazing was
32%Cu-l 8%Pd. According to specification, the tubes of the Mo alloys had been
produced by powder metallurgy, involving pressing, sintering, forging, hammering and polishing. They were finally stress relieved. The details of the primary
fabrication processes and of the manufacture of the brazed specimens are proprietary information that has not been disclosed by Metallwerke Plansee GmbH.
However, the average transverse grain sizes for the TZM and Mo-5%Re alloys
were specified as <10 urn and <20 urn respectively.
A total of 28 unirradiated and irradiated specimens were tested as listed in
Table 1.

Table 1
Parameter matrix and specimen numbers for the tests.
Condition:
Test:

Unirradiated
Tensile

Irradiated
Tensile

Alloy:

Mo-5Re

TZM

Mo-5Re

TZM

Mo-5Re

TZM

RT

Mil
M12

Til
T12

T7
T9

M13
M14

T13
T14

Tl
T2
T3
T4
T5
T6

M9
M10

127CC

Ml
M2
M3
M4
M5
M6

M7
M8

T10
T8

Irradiated
Fatigue

RT = room temperature

The irradiated specimens were exposed for two reactor cycles (about 1000 h) at
approximately 40°C in flowing water coolant in the Studsvik R2 reactor; the fast
neutron fluence (E>1 MeV) and the computed displacement damage were
approximately 1.4 x 1024 nm' 2 and 0.2 dpa [2] respectively.
The tensile tests were carried out in air at ambient temperature or 127°C and
with a cross-head speed of 1.0 mm min*1 in an Instron 1362 electro-mechanical
machine; stress-strain data for the specimens were derived from the load versus
cross-head displacements curves.
Stress-controlled fatigue tests on irradiated specimens were also carried out at
ambient temperature and 127°C and at a frequency of 2.5 Hz ; n the Instron 1362
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machine. The Pm» value was chosen to be equal to the Rpo 2 for the corresponding unirradiated specimens and the R-value was set at 0.1.
The fractured specimens were pho'ographed and the total elongations measured
after tensile tests from enlarged images. Optical metallographic examinations,
particularly of the brazed regions, were conducted on polished longitudinal sections of some of the tested specimens (those underlined in Table 2, see page 4).
The compositions of the steel, the brazing and the molybdenum alloy in the
samples were checked by energy dispersive spectrometry (EDS). The specimens
were examined for corrosion and areas of attack were photographed.
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Results

The load-extension curves are shown in Appendices 1 through 4. The tensile and
fatigue test results are summarised in Tables 2 and 3 respectively: the appearances of the fractured samples are exemplified in Figures 2 through 22.
3.1

Tensile tests

Tensile data are summarised in the following table.
Table 2
0.2% Yield Strength (Rp0.2) MPa, Ultimate Tensile Strength (Rm) MPa and total elongation (A) for the specimens investigated. * indicates a fracture in the
Mo-alloy close to the brazed part. Underlined specimens were sectioned.

Unirradiated

Materia!
Nc>

RT

Average
127°C

Average

Mo-5Re
Rp Rm A

No

Irradiated
TZM
Rp Rm A

Mo-5Re
TZM
Rm A No
Rm
No

M 11 454 573 44,7 Til* 506 814 2,4 Ml*
M12* 382 555 22,6 T 12 510 781 32,3 M2
M3*
418 564 34
M 13 338 476 35
TV
M 14 356 463 33,6 TK
347 470 34

766 0
443 0
627 0

508 798 -

612 0

390 606 26,9 M4
402 593 23,6 M5
M6

488 0
733 0
637 0

396 600 25

619 0

Tl*
T 2*
T 3*

A

561 0
513 0
984 0
686 0

T4
T 5*
T6

824 0
760 0
808 0
797 0

RT = room temperature
3.1.1

Unirradiated specimens

The unirradiated Mo-5%Re/3' L brazed specimens tested at room temperature
(Ml 1 and Ml2) and at 127°C (Ml3 and Ml4) exhibited similar load-extension
curves and pseudo yield point behaviour (Appendices 1 and 3); the fracture
surfaces were often jagged and occurred in the molybdenum alloy parts of the
test-pieces afte, significant reductions in the cross-sectional area (Figures 2,3,6,
and 7). However, the Mo-5%Re and the 316L steel appeared to have separated at
the brazing in the Ml2 sample and the main fracture had occurred nearby
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(Figure 3c), resulting in the total strain to fracture being significantly lower than
that of the other specimens. Also, cracks parallel to the applied stress direction
were sometimes produced in the molybdenum alloy (Figures 2b and 2d).
The shapes of the load extension curves for the unirradiated TZM/316L brazed
specimens (Appendices 2 and 4) were considerably different to those of the Mo5%Re/316L samples. Specimen T) 2 tested at room temperature and. to lesser
extents, the specimens T13 and T14 tested at 127°C were plastically unstable
and deformed extensively at nominal stresses below the maxima before fracturing in the TZM alloy away from the brazing (Figures 5.8, and 9). However,
specimen Tl 1 failed prematurely, with virtually no reduction of area and a lowtotal elongation to failure; there were numerous cracks oriented perpendicular to
the applied stress directions in the TZM alloy close to the brazing (Figure 4c).
Again cracks parallel to the applied tensile stress directions were observed in the
molybdenum alloys (Figure Sb).
The tensile test data and the appearances of the fractured specimens showed that
the Mo-5%Re/316L brazed specimens had lower strength and were more ductile
than the corresponding TZM/316L samples (uniform elongation were typically
i 6 and 2% respectively).
3.1.2

Irradiated specimens

The tensile load-extension curves at room temperature and 127°C for the irradiated Mo-5%Re/316L (Appendices 1 and 3) and TZM/316L (Appendices 2 and 4)
brazed specimens showed a very brittle behaviour with the failures occurring in
the elastic regions (uniform and total elongation were zero in all cases). This
extreme brittleness was also evident in the photographs of the specimens after
tensile testing (Figures 11 to 13 and 17 to 19 for the Mo-5%Re/316L joints;
Figures 14 to 16 and 20 to 22 for the TZM/316L joints); the fractures had again
occurred in the molybdenum alloy parts of the specimens. They had either initiated and propagated from the roots of the threads in the shoulders of the testpieces, as exemplified in Figures 12b and 13c, or from corrosion attacks adjacent
to the 316L-steel, as indicated in Figures 13b, 14 and 15.
The data in Table 2 show that the fracture stresses for the irradiated Mo-5%Re
and TZM/316L specimens were not significantly dependent on the tensile test
temperature; this contrasts with the behaviour of the corresponding unirradiated
samples in which the proof and ultimate stresses decreased with increasing test
temperature.
3.2

Fatigue tests

Fatigue data are summarized in the following table.
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Table 3
The fatigue test data. The max applied stress, a max. the amplitude, a amp. the
number of cycles. Nf. and the relation a max/tensile strength for irradiated
material. Rm (irrad).

Material

Spec

Temp omax o* amp Strain
°C

Nf

anaxl
Rm(irrad)

Mo-5Re

M9
M10

RT
RT

418
418

188
188

0,0056
0,0056

49 000
67 000

0,68
0.68

TZM

T7
T9

RT
RT

508
508

229
229

0,0068
0,0068

l)
2)

0,67
<0.73

Mo-5Rc

M7
M8

127
127

347
347

156
156

0,0047
0,0047

94 800
226 900

0,56
0,56

TZM

TIO
T8

127
127

3%
3%

178
178

0,0053 6435 000
0,0053 756 000

0,50
0,50

1) Fractured after less than 25 cycles at omax = 462 MPa during starting
procedure.
2) Fractured at start, c max <502 MPa.

Metallography
The underlined specimens in Table 2 were sectioned and prepared for optical
metallography. No obvious differences in the microstructures were found comparing irradiated and unirradiated material.
There was porosity in the brazing remote from the site of the fracture, as shown
in Figure 10. However, there was no indication that the porosity had influenced
the fracture behaviour in the tensile tests. There were at least three phases present in the joint as exemplified in Figure 23; one at the interface between the Mo
alloy and the brazing, the second being the brazing itself and the third at the
interface between the steel and the brazing. The width of the brazing between the
316L steel and the Mo alloy was 0.005-0.2 mm
The grains in the Mo alloys were elongated in the longitudinal directions of the
specimens. The long grain boundaries in the TZM alloy were almost parallel to
the longitudinal direction (Figure 24) but there was some deviation from this
texture in the Mo-5%Re alloy (Figure 25). The widths of the elongated grains in
the Mo-5%Re alloy were about a factor two larger than those in the TZM alloy,
which is consistent with the specifications. No grain boundary particles were
detected in the Mo alloys, but the longitudinal cracks observed in the unirradiated tensile tested specimens were generally intergranular (Figure 26).
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The grains in the 316L austenitic steel of the unirradiated material were equiaxed
and twinned and had an average size of—125 urn (ASTM 3); differences in grain
size and structure close to and away from the brazing joint were not apparent.
3.4

Corrosion

The Mo alloys had corroded or oxidised during or subsequent to the reactor
exposure. Localised corrosion attack was often evident (Figure 28) with an
associated reduction of at least twenty per cent in the wall thickness of the Mo
alloy tube (Figure 27); however, a thin film of the brazing material had protected
the alloy from corrosion at some locations. The surface appearance of the majority of the specimens is illustrated by Figure 29a. In some instances fracture had
initiated in the threaded end of the specimen with no brazing metal being visible
at the surfaces of the Mo alloy before tensile testing (Figure 29b). The film was
penetrated close to the 316L giving corrosion attacks, but at a short distance
away an area of Mo-material with a bigger radius, protected by the brazing
material, remains, arrows in Figure 29a and area 2 in Figure 28a. Still further
away from the brazing general corrosion of the Mo alloys occurs, area 1 in
Figure 28. The general corrosion was evaluated by measuring the outer diameter
(OD) at such positions from photos at 8-9 times enlargement. Before tensile
testing, the OD of Mo-5%Re alloy specimens (M7 and M10) was 4.6 mm.while
the corresponding measurement of TZM specimens (T8 and T10) was 4.8 mm.
An evaluation of the original OD of the Mo alloys measured from photos of
tested unirradiated specimens (Ml4, T12) gives an original OD of 4.9 mm
(nominal 5.0 mm) for both materials. This indicates that the corrosion resistance
of TZM is better than that of Mo-5%Re. In the range 10 to 20% of the wall
thickness has been lost during exposure due to general corrosion, while local
corrosion close to the 316L and the brazing causes serious notch effects.

3.5

EDS analysis

The result of the EDS analyses given in Table 4 were generally consistent with
the specified compositions of the 316L steel, molybdenum alloys and the brazing. As expected elemental inter-diffusion between the steel/molybdenum alloy
and the brazing had occurred in some of the analysed samples. Such an interdiffusion was also observed by microscopy.
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Table 4
The results from the EDS analyses in weight-%

rapp\94-27\Eli

Specimen' material

Fe

Ni

Si

Tl 1/steel
M13/steel
Til/braze
:vH3/braze
T1LTZM
M13/Mo-5%Re

68.0
67.9
4.3
4.7
-

10.3
10.9
1.3
-

0.7
0.6
0.2
-

Mo
3.0
2.5
99.5-99.7
95.4

Cr
18.0
18.1
1.6
1.2
-

Cu

Pd

Re

Ti

71.2
76.6
0.6

15.9
15.3
-

4.0

0.3-0

STUDSVIK MATERIAL AB

STUDSVIK/M-94/27
1994-08-31

4

DiscHssioB

The load-extension curves (Appendices 1 to 4) and the tensile data (Table 2)
reflect the behaviour and properties of the composite brazed specimens and are
not necessarily representative of those of the individual materials (Mo-5%Re.
TZM. 316L austenitic steel and Cu-Pd brazing). Furthermore, the complete
interpretation of the tensile behaviour ideally requires a detailed analysis of the
stresses produced in the respective material components of the brazed specimens
during the tensile testing. For example, a fracture perpendicular to the applied
tensile stress direction is to be expected in & relatively brittle material, but it is
necessary to establish the reasons for the cracking also observed parallel tc the
stress direction in the molybdenum alloys (Figures 2b, 2d. and 5b). Such a result
would not normally be expected under pure tension, but could in the present case
be due to either deiamination of the molybdenum alloy and/or residual
circuniferential stresses induced during the brazing or on subsequent cooling as a
result of the differential thermal expansions/contractions of the austenitic steel (~
17.5 x 10*/K) and molybdenum alloy (-5.7 x 1(H/K).
The room temperature yield and ultimate tensile strengths of solution annealed
Type 316L austenitic steel, Mo-5%Re and TZM alloys are listed with the average values for the brazed Mo alloy/316L specimens in Table 5; data for solution
annealed 316L austenitic stainless steel irradiated at temperatures of s 100°C are
also included for comparison.
It is evident from the data in Table 5 that for equivalent applied stresses deformation of the austenitic stainless steel as w »11 as the molybdenum alloys would
occur during the early stages of the tensile tests on the unirradiated brazed
specimens, the extent of the deformation of the refractory alloys being dependent
on their initial thermo-mechanical treatment. However, the true stresses would
increase progressively during the test as a result of the observed reductions in
cross-sectional area, resulting in failure always occurring in the molybdenum
alloy parts of the unirradiated brazed specimens.
There are relatively few or no recently published data on the effects of irradiation
at temperatures below s. 100°C on the tensile properties of the Mo-5%Re and
TZM alloys. However, it has been established that irradiation to * 5x 1025 n-nv2
at * 300°C resulted in low stress brittle failures and increases of ~5C0°C in the
ductile brittle transformation temperatures of unalloyed molybdenum and
molybdenum alloys [5.7, and 8]. This brittieness was associated with an
increased tendency to fracture along the sub-grain and grain boundaries, possibly
as a result of irradiation-induced interfacial segregation processes [7].
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Table 5
Room temperature tensile properties of 316L austentitic stainless steel,
Mo-5%Re and TZM alloys and Mo-Alloy/316L brazed specimens.
Material

Condition

Fracture Ref
stress
MPa

RpO.2

U.T.S.

MPa

MPa

Unirradiated

250300

500-600

3

Irradiated*

650

800

4

Mo-5%Re
Recrystallised
As-deformed

Unirradiated

450
600

TZM
Recrystallised
As-deformed

Unirradiated

SA316L

Brazed specimen
Mo-5%Re/316L
TZM/316L

500600
Unirradiated
Irradiated#

420

Unirradiated
Irradiated*

510

5

6

600
1100

560
610

This study

800
690

* Irradiated at s 100 C, changes in properties saturated at s 0.1 dpa.
# Irradiated at ~40°C to -0.2 dpa.

Therefore, despite some of the reservations expressed in the first part of this discussion, it may be concluded that the low fracture stresses and increased notch
sensitivities of the molybdenum alloys, combined with the corrosion attack and
the rapid radiation hardening (increased strength) of the 316L austenitic steel,
were the principal factors responsible for the observed premature tensile failures
of the refractory alloy components of the irradiated brazed sampies.
It follows from the above consideration that, neglecting geometrical aspects, the
tensile properties, deformation and fracture behaviour of the unirradiated and
irradiated brazed specimens were dominated by those of the molybdenum alloys.
The results in Table 2 and the appearance of the specimens after fracture show
that the DBTT under uniaxial tension of the unirradiated TZM alloy was close to
ambient temperature whereas that of the Mo-5%Re alloy was below room temperature. However, the DBTTs of both alloys were obviously increased to
2127°C after the neutron irradiation to a displacement dose of about 0.2 dpa.
These and other observations made in the present study (the temperature dependent tensile strengths of the unirradiated specimens and the temperature independrapp\94-27\Eli
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ent fracture stresses of the irradiated samples) may be interpreted on the basis of
the figure below; this shows schematically the characteristic temperature
dependence of the tensile strengths and fracture stresses of unirradiated and
irradiated bcc metals and alloys.
Stress
\

\X
X
X

\

X

X
X,

\

\
\

\

\
X
\

X
\
\

\

\
V

V UTS(u)

•,

x
\

\

\

u-unirradiated
i-irradiated

\

\

\

\

Fracture stress

\

^ YS (u)
DBTT(u) RT

127°C

\

UTS(i)
^

DBTT (i)

YS(i)

Temperature

Schematic illustration of the effects of temperature on the tensile yield and ultimate tensile strengths and fracture stresses of unirradiated (u) and irradiated (i)
bcc metals and alloys.

The yield stresses are markedly temperature dependent, whereas the fracture
stresses are relatively independent of temperature. The temperature at which the
yield and fracture stress curves intersect is the ductile-brittle transition (DBTT)
which is shown as being just below room temperature for the unirradiated (Mo)
alloys. Thus, on tensile testing at ambient temperature and 127°C, the alloys
yield and defonn significantly before fracture, with the proof and ultimate tensile
stresses being lower at 127°C than at ambient temperature.
The yield and ultimate tensile strengths are increased significantly after irradiation, but the fracture stress is not usually affected. Thus, the intersection of the
yield and fracture stresses occurs at a much higher temperature after irradiation,
with the result that there is a large increase in DBTT to a value shown in the
above figure to be well above 127°C. It follows that on testing the irradiated
molybdenum alloys at room temperature and 127°C, fracture occurs before general yield at comparable, temperature independent stresses. It should be noted
that the DBTT would be increased even further if irradiation-induced microchemical and/or -structural changes resulted in a reduction of the fracture stress.
Also, the fractures observed emanating from the roots of the threads and corrosion attacks at the molybdenum resulted from the increased brittleness due to the
triaxial stresses at these locations.
In the fatigue tests the intension was to use the stress level corresponding to the
yield strength at temperature of the actual unirradiated Mo-alloy. However, this
choice was too close to the fracture strength at ambient temperature but, in real
rapp\94-27\Eli
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numbers as well as in relation to fracture strength, lower at 127°C giving an
impression of better resistance to fatigue at the higer temperature. Complementary studies are required. All fatigue fractures but one emanating from corrosion
attacks close to the 316L steel at the molybdenum resulted from the increased
brittleness due to the triaxial stresses at these locations. The tests gave no information of the fatigue resistance of the brazing.
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Conclusions

It is concluded that the irradiation embrittlement of molybdenum alloys is a
major feasibility issue and, based on the data obtained and observations made in
this investigation, there appears to be little prospect f >r the successful application of these particular refractory materials in divertors for fusion reactor.
Increased emphasis should therefore be placed on the more ductile copper
(precipitation or dispersion hardened) alloys whose coefficient of expansion
(-18,5 x-lO-VK) closely matches that of the austenitic steels.
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Mo-alloy

BRAZING

Figure 1
Tensile/fatigue specimen

Figure 2a
Appearance of specimen Ml 1 after tensile test at room temperature. The letters
b, c and d indicate the positions of Figures 2b through d.
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3161.

Mo-S 9; Re

Figures 2b and c
Specimen Ml 1 after tensile lest at room temperature. Figure 2c shows a crosssection of the specimen containing the Mo-5% Re alloy, the bra/ing and the
316Lstccl.
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Figure 2d
Mo-part of specimen Ml 1 (see also Figure 2b).
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Figure 3a
Appearance of specimen Ml 2 after tensile test at room temperature. The letters
b, c and d indicate the positions of Figures 3b through d.
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3161.

Figure 3b and c
Specimen Ml2 after tensile test at room temperature showing a relative
movement of the Mo-alloy to the stainless steel indicated by the area between
the black marks on the specimen in Figure 3b. Figure 3c shows contraction of
the Mo-alloy and separation from the stainless steel.
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Figure 3d
Mo-part of specimen Ml 2 (see also Figure 3b).
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Figure 4a
Appearance of specimen TI1 after tensile test at room temperature. The letters
b, c and d indicate the positions of Figures 4b through d.
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Figures 4b and c
Specimen TI I after tensile test at room temperature, ligure 4c shows a crosssection of the TZM alloy with lots of cracks, the hra/.ing and the 3161. steel.
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Figure 4d
Mo-part of specimen II1 (sec also Fiyure 4b).
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Figure 5a
Appearance of specimen T12 after tensile test at room temperature. The letters
b, c and d indicate the positions of Figures 5b through d.
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Figure 5b and c
Specimen TI 2 after tensile test at room temperature. Figure 5c shows a crosssection of the TZM alloy, the brazing and the 316L steel.
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Figure 5d
Part of specimen T12 (see also Figure 5a).

Figure 6a
Appearance of specimen M13 after tensile test at 127°C. The letters b and c
indicate the positions of Figures 6b and c.
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Figures 6b and c
Specimen M13 after tensile test at 127°C. Figure 6c shows a cross-section of
the Mo-5% Re alloy, the brazing and the 316L steel.
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Figure 7a
Appearance of specimen M14 after tensile test at 127°C. The letters b and c
indicate the positions of Figures 7b and c.
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Figures 7b and c
Specimen M14 alter tensile test at 127°C
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Figure 8a
Appearance of specimen Tl 3 after tensile test at 127°C. The letters h and c
indicate positions of Figures 8b and c.
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Figures 8b and c

Appearance of specimen 113 after tensile test at I27°C
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Figure 9
Appearance of specimen T14 after tensile test at 127°C.
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Figure 10
Porosity in the brazing was found in many specimens at the location indicated
in the figure, here exemplified with specimen M6. The porosity did not
influence the fracture behaviour.
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Figure Ha
Irradiated specimen Ml after tensile test at room temperature. A piece of the
Mo-alloy is missing adjacent to the steel.

Figure lib
The granular appearance of the fracture surface (Mo-alloy) of specimen Ml in
Figure lla.
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Figure 12
Irradiated specimen M2 after tensile test at room temperature,
a) Overview, b) Fracture surface.
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Figure 13
Irradiated specimen M3 after tensile test at room temperature. Cracks are found
adjacent to the steel (right) as well as in the thread (left).
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Figure 13b
Fracture surface in the Mo-alloy adjacent to the steel (specimen M3).

Figure 13c
Fracture surface in the Mo-alloy initiated in the threads (specimen M3).
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Figure 14
Irradiated specimen Tl after tensile test at room temperature,
a) Overview, b) Same as a) but rotated.

rapp\94-27fig\Eli

STUDSVIK MATERIAL AB

STUDSVIK/M-94/27
1994-08-31

Figure 15
Irradiated specimen T2 after tensile test at room temperature,
a) Overview, b) Fracture surface.
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Figure 16
Pieces of the irradiated specimen T3 after tensile test at room temperature.
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Figure 17
Irradiated specimen M4 after tensile test at 127°C.
a) Overview, b) Fracture surface.

rapp\94-27fig\Eli

STUDSVIK MATERIAL AB

STUDSVIK/M-94/27
1994-08-31

•U \ \ \ \\

Figure 18
Irradiated specimen M5 after tensile test at 127°C.
a) Overview, b) Fracture surface.
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Figure 19
Irradiated specimen M6 after tensile test at 127°C.
a) Overview, b) Fracture surface.
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Figure 20
Irradiated specimen T4 after tensile test at 127°C.
a) Overview, b) Granular fracture surface in the TZM-alloy.
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Figure 21
Irradiated specimen T5 after tensile test at 1?7°C.
a) Overview, b) The parts separated.
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Figure 22
Inadiated specimen T6 after tensile test at 127°C.
a) Overview, b) Fracture surface.
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Figure 23
Joint in specimen Ml2. 200X.
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Figure 24
Structure of the TZM-alloy in specimen T13. 16X.
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Figure 25
Structure of the Mo-5% Re alloy in specimen Ml 2. 16X.
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Figure 26
Cracks in the Mo-5% Re alloy near to the fracture surface in specimen Ml2.
Polished surface. 500X.
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Figure 27
Fracture surface in the Mo-5%Re alloy viewed towards the 316L in specimen M2. As indicated by the arrows the wall thickness at location 1 is thin
(corroded), and its thickness is about 80% of that in location 2.
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Figure 29
The Mo-5% Re alloy/316L steel joint after exposure.
a) Typical appearance (specimen M8), particularly as regards the
Mo-5% Re alloy.
b) Rare appearance (the TZM alloy; specimen 110).
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