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1. Introduction.

The ITER first wall modules are attached to the vacuum vessel by a set of four radial
flexibles cartridges. Due to their excellent elasticity and strength properties, titanium
alloys have been proposed as materials for fabricating the supports. Among a set of
proposed alloys, the European home team is checking the properties of two candidate
alloys, the alpha+beta Ti6Al4V and the alpha phase Ti5Al2.5Sn alloy. In the previous
CRPP tasks BL14.2 and TWO-T429, the tensile, fatigue and fracture toughness
properties have been studied before and after irradiation and also the influence of
hydrogen loading up to 400 wppm has been reported (see references[1-4]). The
fatigue specimens were irradiated at 350°C with protons and were subsequently tested
at 350°C.The fatigue performance was very similar in both alloys. The tensile
specimens were irradiated with protons at 40 and 350°C. The Ti6Al4V alloy was
found to suffer from serious phase instability when irradiated at 350°C. The fracture
toughness properties where similar in both alloys after an irradiation with neutrons at
50 and 350°C. The fracture toughness was strongly reduced at room temperature, in
both alloys.

The aim of the task TW1/TVM-Titan is to investigate the effect of two different
irradiations with protons and neutrons, on the tensile and fracture toughness
properties at 150°C, in the center of the ITER temperature window of the components
concerned. The irradiation with protons will generate hydrogen in large quantities in
the Ti alloys, with possible detrimental effects on the properties. The subsequent
project TW3/TVM/TICRFA was dedicated to the study of the effect on mechanical
properties at the same temperature but after neutron irradiation. Because the neutrons
do not generate any hydrogen, some specimens were previously loaded with 150
wppm hydrogen. The gained information should allow for an assessment of the
combined effect of displacement damage and hydrogen. To assess the effect of
alloying on hardening, one tensile specimen of titanium grade 2 (pure titanium) has
been added to the proton irradiation matrix.

2. Origin, structure and chemical analysis of the alloys.

The Ti5AlI2.4Sn alloy was provided by the SIBER HEGNER & CO. AG, Ziirich . The
origin of the material is the HOWMET Mill, USA. The material obeys the AMS
4926H specification. After hot forming, it has been annealed 1hr at 815°C and then
air cooled. The finished stock is round bar of 31.75 mm. The structure consists of
equiaxed grains of 20 um. The chemical specification is given below.

The Ti6Al4V alloy was bought at Firth-Stahl AG, Diibendorf and comes from the
TIMET, Savoie SA in UGINE, France. It was produced according to the specification
WL 3.7164.1 and DIN 65040/65174 to a stock diameter of 150mm. After hot forming
in the alpha + beta field, it has been annealed for 1.5 hr at 730 °C and then air cooled
The structure consists of equiaxed alpha grains of about 20 pm , containing
secondary alpha zones surrounded by beta phase.



The comparison Ti Grade2 material (industrial pure titanium) was supplied by the
Siber Hegner &Co in Ziirich and comes from Daido Steel, Japan. It corresponds to the
standard ASTMB348-GR2 and was delivered as 40mm round bars.

The specimens were cut in the longitudinal direction of the rods, in the L-R or L-C
orientation.

Table 1: Chemical compositions: [wt %]

| Al C Fe Sn
Ti Grade 2 0.01 0.07
Ti5A12.4Sn 5.0 0.17 0.36 2.4
Ti6Al4V 6.08 0.0056 0.1399 -
H2 N2 02 Vv Others
0.0020 0.010 0.150 <0.4
0.0036 0.010 0.179 -
<0.0060 0.0065 0.176 3.95 <0.4

3. Microstructure of the as received alloys.

Ti5A12.58n

The Ti5AI12.5Sn alloy has a globular appearance with grains mostly of the order of 20
pm. Some larger grains of about 40 pm or more also exist. Usually the larger grains
contain smaller ones . A precipitation of an iron riched phased has been detected in
the grains , both by optical and transmission microscopy. The TiFe precipitates have a
size around 100 nm and are located at the grain boundaries and inside the grains.
They are generated by the high iron concentration in the alloy (0.36 wt%). No
hydrides are present in the as received microstructure[3, 5].

Ti6Al4V

The Ti6Al4V alloy has a globular structure, composed by primary alpha grains
around 20 um in size and colonies of secondary elongated a grains, surrounded by
intergranular 3 phase. The fraction volume of the 3 phase is around 13 %. Due to its
different composition the P phase is quite visible at the boundaries and appears as
intergranular bands of 0.05 to 1 um width. Some small quantities of residual
martensite can be observed in the larger [ grains. No hydrides are observed. [3, 5]



Ti Grade 2

Ti Grade 2 is a single hcp phase material with excellent corrosion resistance. The
main strengthening mechanism is from interstitial and impurity atoms. Fe and O are
the principal agents controlling the strength. A precise description of the
microstructure is currently not available.

4. Experimental details

®  Specimens

The specimens selected for the fracture toughness is a mini-charpy DIN 50115
KLST with a size of 3x4x27 mm (see Figure 1). The pre/crack of 1mm length was
grown before the irradiation (with notch depth 2mm), at high frequency, in a fatigue
pre-test. The specimens for the neutron irradiation were cracked after the irradiation,
before the test, at low frequency.

The tensile specimens for the proton irradiation were standard PIREX flat specimens
with a gauge size of 4x0.34x5.5 mm.

The tensile specimens for the neutron irradiation were DIN 50125 cylindrical
specimens with a geometrical gauge length of 18mm and 3 mm diameter.

All specimens were cut in the longitudinal direction of the rods, in the L-R or L-C
orientation.
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Figure 1. Mini-charpy DIN 50115 KLST



e Proton Irradiation

The PIREX facility has been designed to irradiate thin wall materials. The heat
deposited by the proton beam is removed by pressurized helium.

Due to the massive dimensions of the charpy specimen, special care was given to
beam heating. A new specimen holder was designed to irradiate the 3x4 mm cross
section specimen. The mini Charpy specimen was equipped with a central
thermoelement placed into an hole that ended very close, at 1.5 mm from the
pre/crack. During the irradiation, the temperature was monitored accurately by the
thermocouple. A beam with a width of 6mm and a height of 3mm was centered onto
the specimen. It was not wobbled because only the center of the specimen had to be
irradiated. In the cooling flow of pressurized helium, 115Nm3/hr and 30 bars and
40°C, a beam intensity of 7pa was adjusted to reach an irradiation temperature of
150°C.

The tensile flat specimen was irradiated using a normal specimen holder and the
temperature was monitored with a thermocouple welded onto the gauge length. The
beam size was 3mm horizontal and 4mm vertical. The wobbler amplitude was
+2.5mm.

The respective irradiation time of each specimen type was chosen such as to reach a
dose of approximately 0.10 dpa.

As indicated in the table 2, the PIREX irradiations were conducted in four batches,
starting with 125C54, 125C56 and 125C55 on September 28 and finishing November
1, 2001. The second irradiation with the mini charpys 114C54, 114C53 and 114C56
was conducted between October 5 and November 3, 2001. The third irradiation with
tensile specimens I31T6, [14T28, 125T12 was conducted from November 9 to Nov 11
2001. The last irradiation was run from Mai 17 to Mai 19 2002, irradiating [25T 14,
114T27 and a set of five material dosimeters.

e Neutron Irradiation

The neutron irradiation was performed at the Atomic Energy Research Institute in
Budapest, between June and November 2002 . The reactor used is a VVRSZM
Russian Research Reactor of I0OMW power. The mean flux at nominal power is
3.5x10" n/em* s (E>1MeV). The neutron spectrum of the reactor is closed to a fission
spectrum. The specimens were irradiated using the rig BAGIRA, in which a flow of a
He/N2 gas mixture is used for temperature control. The main source of heat during
irradiation is gamma heating. The gas mixture is chosen as to ensure the proper
gamma heat extraction at a given temperature, trough a small gap in which the gas is
flowing. The main heat transfer modus is conduction. A little part of heat is also
extracted by convection, in the flowing gas. To ensure the lowest possible irradiation
temperature, all filling materials in the BAGIRA rig are aluminum. This way an
irradiation temperature as low as 150°C has been achieved. The temperature was
monitored with five thermocouples placed along the rig. The temperature of each



thermocouple was quite stable along the reactor period. The lowest temperature was
140°C and the highest 160°C (Report AEKI, F.Gillemot, G.Uri, 16.04.2004).
After the irradiation, only the specimen target is extracted and moved to the hot cells.

o FExperimental Matrix

The experimental matrix is shown in table 2. Some unirradiated tests are conducted at
room temperature, in order have a comparison with the tests conducted at 150°C and
also to confirm the good calibration of the measuring system. As explained before,
two techniques are used to pre-crack the specimens. One technique uses a high
frequency electro-magnetic vibrator. Specimens pre-cracked with this technique are
indexed PC. The second technique uses the testing machine itself, and the crack is
grown at low frequency. Crack length is controlled using the compliance method. All
specimens not marked with PC, have been pre-cracked using the second technique.
The specimens irradiated with the high energy protons are all in the as received
condition. The materials already contain some level of hydrogen, as indicated in table
1. The proton irradiation increases the hydrogen content, as shown in the section 6.
The neutron irradiated specimens [14C46 and 69, 125C46 and 49 , 114D40 and
114D45 are all in the as received condition. Two specimens loaded with 150 ppm
hydrogen have also been irradiated, together with two annealed specimens ( 8
specimens total, see table 2). The annealed specimens have an hydrogen level close to
zero. In this way the synergetic effect of hydrogen and irradiation should be better
demonstrated.



Table 2: Experimental Matrix: The tensile and Charpy specimens were tested at

150°C. Specimens tested at room temperature are indexed RT. The Charpy specimens
pre-cracked at high frequency are indexed PC. They have been pre-cracked before the
irradiation and experiments. The other specimens were pre-cracked before test at low

frequency.

Proton Irradiation Neutron Irradiation
DI31T6, 114T28, [25T12 114D40, 125D45
S
£ | 2)I25T14, 114T27
~
3)125C54pc, 125C56pc 114C38-150ppmH2
125C55pc 125C39-150ppmH2
§ [14Cé6-annealed
S | R | HI4C54pc, 114C56pc 125C30-annealed
S| S | 114C53kc 114C46,114C69,125C46
=~ | © 125C49
N31T7gr, N14T30gr, N14D50g1,N14D5 1 gt
2 | N25T16gr N25D55kt
£ | N25T21,NI4T32,N31T8 | N14D52,N25D56
&~ |N31T11
N14C99gr, N14C108bgr N17C33rr,N14C102g7
3 N25C98brr, N25C95bgr N25C103, N14C57
% N14C105Pc, N25C92P(j, N25C27pc—annealed
S | & | N25C93b, N14C50pc N14C3pc-annealed
e N25C36pc-150ppmH2
S | O N14C34pc-150ppmH2

5. Specimen Dosimetry

Proton dosimetry

The main radio nuclide produced in titanium by high energy protons is SC46.

Unfortunately only unreliable information is available on the production cross
sections. HETC predictions (mean of 4 runs in titanium and vanadium) give a cross
section of 33.7 mbarns for Ti and 14.4 mbarns for vanadium. Actually about nine
different proton and neutron reactions can produce Sc46. With an aluminum sample,
the proton fluence can be measured with good accuracy using the well known reaction
27Al (p,3p3n) 22Na. Consequently it was decided to make a dosimetry experiment in
which pure aluminum would be irradiated together with both titanium alloys,
industrial titanium (#31) and pure titanium.

Assuming the Al monitor gave the true fluence value and in the case of the
experimental set up of the PIREX irradiation head, the evaluated Sc46 cross section is



o(Ti(p,x)) = 27.2 mbarn

Using the above value, the values for the fluence and displacements per atom have
been determined for the irradiated specimens and are listed in table3.

The dpa cross section for titanium is derived from the classical relation:

Eq

2E,

O = 0.8

From HETC calculations in titanium, the damage energy cross section &, has an

accepted value of 197.6 barn keV and the displacement threshold energy Er is
given at 30 eV. The above cross-section is then evaluated to 2.63 kbarn. This
value corresponds well with data published in the literature for instance in
reference [6]. Interesting to note that 125T12, 114T28 and I31T6 were irradiated
together and consequently have the same dose. 125T14 and 114T27 were irradiated
together with the dosimetry experiment and have a lower dose.



Table 3: Fluence and displacements per atom after the irradiations in PIREX

SPECIMEN Fluence p/cm?2 Dose dpa

125T12 5.09E+19 0.1342
125T14 1.63E+19 0.0428
125C55 6.18E+19 0.1628
125C54 6.16E+19 0.1623
114127 2.32E+19 0.0611
114T28 6.4E+19 0.1685
114C53 4.96E+19 0.1308
114C54 4.99E+19 0.1315

131T6 4E+19 0.1053

Neutron dosimetry

The specimens were irradiated in four reactor cycles for a total of 936 hrs. The first
cycle started on June 18, 2002 and the last cycle ended on September 27, 2002. The
corresponding saturation factor, considering the natural reaction **Ti(n,p)**Sc is
1.558E07 s. The Sc46 activity has been measured in all specimens irradiated in
BAGIRA. Assuming a Sc46 production cross section of 13.8mbarn, which was
derived from previous analysis in the AEKI reactor, a mean flux of 1.08E20 n/cm2
was calculated, with a standard deviation of only 0.054E20 n/cm2, based on 10
samples.

The dpa cross section in the AEKI reactor, assuming a Watt-Cranberg fission
spectrum ( n E>1MeV) is 1420 barn.

The estimated dpa is then

0.1544 +0.00756 dpa

The above values seem reasonable. A value of 10.75 mbarn is given for the
production cross section of Sc46, in the DOSCROS84 library [Nuclear data
guide].This value is closed to the value proposed for the AEKI reactor. Neutron
detectors (Cu, Fe Ni and Nb) have been placed in the BAGIRA rig, very close to our
specimens. The analysis of the dosimeters has been done at the AEKI (at the
exception of the Nb detector which was not measured) and gave a fast fluence of
4.22E13 n/cm2 s[report Simutis, pos 504 close to our specimens] The resulting
fluence (934hrs) would then be 1.42E20 n/cm2. Previous dosimetry analysis in the
AEKI reactor gave a fast flux of 2.9E13 n/cm?2 s, using the data from the Nb detector
[Hegedues, April 2001]. The resulting fluence (934 hrs) would then be 0.975 E20
n/cm2.

To conclude we believe that the dose estimation from the Sc46 activity is correct and
gives a fair estimation of the dpa.
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6. Hydrogen measurements in the proton irradiated
specimens

The hydrogen concentrations after the irradiation in PIREX has been determined in
five specimens, using a method based on gas mass spectrometry. The analysis
procedure consists of dropping a piece of the specimen under vacuum, into a ceramic
crucible heated to 1100°C. Hydrogen release was then measured as a function of time,
using a quadrupole mass spectrometer detector [7]. This method allows the
measurement of very small specimens having masses between 1 and 2 milligrams.
The atomic concentration in appm is calculated from the following:

n
Coppm = —A_10°

NAllny
where Najy is the number of atoms per gram in the alloy and ny the released
hydrogen atoms per gram of specimen.

Naiioy is calculated by:
1 X.
N, =— E —
Alloy mu A’,,i

where A, ;is the atomic relative mass of the alloy component i having a weight
concentration Xi and m, is the atomic mass constant.
The conversion to concentration in wppm is done according to:

A
r,Hydrogen
prpm = Cappm x A) : C
Z r,i x i

1
%V u M, N gty
C = C X = C X
wppm appm 1 appm N
. Hydrogen
N Alloy mu

Ci is the atomic concentration of each alloy component. The results are shown in table
4. A further experimental analysis based on 4 specimens and 8 measurements, showed
that hydrogen intake took place during the original preparation of the specimens.
These measurements were conducted separately on unirradiated samples of the same
alloy materials that had been cut at EPFL both wet and dry (i.e., with and without
water). The results indicated that the wet cutting procedure, using a diamond saw,
introduced some hydrogen into the specimens. For alloys 25 and 14, this hydrogen
uptake was found to be 14.5 wppm and 7.8 wppm, respectively (average values).

The net hydrogen level, after correction for the hydrogen uptake during cutting, is
shown in the last column of table 4.The table suggests two main observations. First
the hydrogen is not absorbed at the same rate in both alloys. The Ti6Al4V alloy
(Material 25) retains significantly more hydrogen as compared to the Ti5AI2.4Sn

11



(Material 14). Second, there is no strong specimen size effect, as shown by the
comparison of [25T12 which was a 0.34mm flat specimen and the other Charpy
specimens (125C54 and 125C55) which had a cross section of 3x4 mm. Nevertheless
125T12 had the lowest hydrogen level after irradiation among the five samples.

It is also interesting to note that the predicted hydrogen production in titanium is
around 650 appm/dpa (Sh. Green, 1984, 126, 30-37), which corresponds to about 14
wppm H/dpa.. The irradiated values of table 4 are for 0.2 dpa. Therefore the observed
rates of hydrogen deposition in alloy 14 and 25 were around 70 wppm/dpa and 150
wppm/dpa.- much higher than the prediction. The reason for this significantly higher
deposition is currently not kown.

12



Table 4: Measured hydrogen in proton irradiated samples
“Mean and standard deviation (1o) of replicate analyses.

'H Average” Correction Net 'H

Sample appm appm wppm wppm wppm

Unirradiated:

N14C62 3089 2895 62.4 14.5 47.9
2744 +246 +5.3
2574
2574
3132
3194
2995
2859

N25C77 1044 1283 28.2 7.8 20.4
1030 +311 +6.8
1164
1101
1706
1652

Irradiated:

114C53 3667 3624 78.1 14.5 63.6
3581 +61 +1.3

114C54 3371 3492 75.2 14.5 60.7
3613 +171 +3.7

125C54 3005 3195 70.2 7.8 62.4
3385 +269 +5.9

125C55 2799 2785 61.2 7.8 534
2771 +20 0.4

125T12 2354 2502 55.0 7.8 472
2562 +129 0.6

2590




7.0 Mechanical tests results

7.1 Tensile tests

The results of the tensile tests are given in table 5 for the Ti6Al4V, Ti5Al2.5Sn and
titanium Grade 2. As explained in section 4, the neutron experiments use a DIN
cylindrical specimen labeled **D** and the proton experiments use a flat specimen
labeled **T** in table 4.

All tests have been conducted at the same strain rate, 2.5x10 s”'. The unirradiated
tests have been conducted with both specimen geometries, in order to take into
account specimen size effects. The different tensile curves before and after irradiation
are given in Fig 2,3 and 4 for the proton irradiation and in Fig 5,6 and for the neutron
irradiated specimens.

The specimen geometry has an influence on the tensile properties, as shown in table 5.
The stress parameters Rp0.2 and Rm are slightly higher in the DIN specimens,
specially in the Ti5Al2.5Sn alloy. This is clear in the case of N14D52 and N14T32,
tested at 150°C.
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Table 5: Tensile properties of titanium alloys before and after the proton and neutron
irradiation. Strain rate=2.5x10* s

The specimens labeled **T** are flat specimens and were irradiated with protons.
The specimens labeled **D** are cylindrical solid specimens and were irradiated
with neutrons. The first letter in label is a I for irradiated or N for unirradiated. DSA
is for Dynamic Strain Ageing and Stgz is for Streckgrenze. Rp0.2 is the 0.2% yield
stress, Rm the stress at max load, At the total elongation, Z the reduction of area and
Agt the uniform elongation.

Specimen
name
N31T8
N31T11
N31T7
13176

Specimen
name
N14T30
N14D50
N14D51
N14T32
N14D52
114T28
114T27
114D40

Specimen
name
N25T16

N25D55
N25T21
N25D56
125T14
125T12
125D45

[°C]
150
150

21
150

[°Cl]

205
21
21
150
150
21
150
150

-
[°C]
20.5
21
150
150
150
21
150

Titanium Grade 2

Rp 0.2 Rm
2241 305
219.8 300.3
332.7 482.3
355.4 394.5

Ti5A12.58n

Rp0.2 Rm

828 951.4
831.7 958
859.6 975.1
636.4 761.5
680.3 814.8
859.6 965.4
650.2 753.5
800.6 824 .4

Ti6AI4V

Rp0.2 Rm
810.3 942.2
883.3 946.4
629.3 781.5
713.3 7951
7821 800.6
990.1 1023.3
935.9 946.7

At %

30.2
284
25.6
15.9

At %

18.9
17.5
19.5
17.6
17.3
14.6
14.6
13.3

At %

17.6
17.8
21.8
19.6
16.5

9.9

7.6

Z%

19.2

15.5

18.1
N/A

Z%

23.3
38.8
41.4
214
43.9

N/A

N/A

N/A

Z%

17.9

43.3

19

39.9
N/A
N/A
N/A

Agt %

4.8
10.6
10.2

21

Agt %

11.9
N/A
13.9
10.2
9.9
7.8
6.2
7.5

Agt %

8.2
10.8
9.3
10.7
3.2
4.2
2.1

DSA

no
no
no
no

DSA

no
v.v.W
no
no
no
no
no
no

DSA

no
no
no
v.v.W
no
no
no

Stgz

no
no
no
no

Stgz

no
N/A
no
yes
yes
no
no
yes

Stgz

no
no
no
yes
no
no
yes
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Figure 2. Tensile curves of Ti5AI2.5Sn before and after irradiation with protons at
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Figure 3. Tensile curves of Ti6Al4V before and after irradiation with protons at
150°C. I25T12, tested at 21°C has a dose of 0.13 dpa and 125T14 tested at 150°C, has
a dose of 0.04 dpa.

The total and uniform elongation values are similar in both geometries, whereas the
reduction of area is clearly higher in the DIN cylindrical specimens. The Streckgrenze
effect (sharp yield point) was visible in both geometries and slightly sharper in the
cylindrical geometry.

The comparison of figures 2 and 3 indicates that the alpha alloy is less affected by the
irradiation as compared to the alpha +beta alloy. The hardening Ao irr at 150°C and
0.06 dpa is only 14Mpa for the alpha alloy as compared to 150 Mpa for the alpha
+beta alloy . The hardening Ac irr at T test=21°C and 0.13 dpa is clearly larger for
the alpha+beta alloy. Furthermore the Ti6Al4V tensile curves have an unstable shape
with a low uniform elongation after irradiation. Although less strong in amplitude as
compared to what was observed after an irradiation with neutrons at 350°C, the
response observed is similar. It is probable that some phase instabilities already occur
after the irradiation at 150°C.

Nevertheless at 150°C, the pure titanium is more affected in terms of hardening and
ductility loss as can be easily seen from figure 4. The uniform elongation (Agt in
table 4) is 2.1% after irradiation. This larger irradiation hardening is a result of the
more simple microstructure containing less traps and sinks for the point defects.
Figure 5 presents the effects after the irradiation with neutrons at the same
temperature of 150°C, in the alpha alloy. It is interesting to note that the Streckgrenze
present in the unirradiated case is reinforced after the irradiation. Nevertheless the
material is still able to deform homogenously and reaches a uniform elongation of
7.5%.

In the Ti6Al4V irradiated with the neutrons, the situation is worst as indicated by the
unstable deformation curve of 125D45. The uniform elongation is very low after
irradiation, considering that most of the deformation is elastic at the stability limit.
Figures 7 and 8 present the curves before and after irradiation for both alloys at
150°C. The irradiation dose of the proton irradiated specimens is significantly less
than the dose reached in the neutron irradiated specimens. Comparing figures 7 and 8,
the relative hardening after irradiation appears clearly stronger in the case of the
Ti6Al4V alloy, after both the proton and the neutron irradiation. The stronger
irradiation hardening in the alpha-beta alloy is probably due to the formation of
irradiation induced vanadium precipitates.

In comparing the different curves from protons and neutrons, it seems clear that the
protons are less effective in terms of irradiation hardening and reduction of ductility.
The hydrogen intake after proton irradiation is of the order of 20 wppm, as shown in
table 4. Apparently this increase in the hydrogen level does not modify the tensile
properties.

Dynamic strain ageing was not observed during the experiments except in the case of

N14D50 and N25D56, where it was qualified as ,very very weak’. Streckgrenze were
observed at 150°C only, in both alloys before irradiation and only in the alpha alloy

17



after irradiation. Nevertheless it is possible that the flow instability shown in the
Ti6Al4V was hiding the Streckgrenze.

500 4
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3504
300 -
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Figure 4. Tensile curves of Grade?2 titanium. I31T6 has been irradiated with high
energy protons at 150°C, to 0.1 dpa.
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Figure 5. Tensile curves of Ti5AI2.5Sn, irradiated with neutrons at 150°C and 0.15
dpa. The behavior at room temperature is shown for comparison.
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Figure 6. Tensile curves of Ti6Al4V, irradiated with neutrons at 150°C to 0.15 dpa.
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Figure 7. Comparison of tensile curves of Ti6Al4V at 150°C , unirradiated and
irradiated with protons (I125T14, 0.043dpa) and neutrons (125D45, 0.15 dpa) at 150°C
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Figure 8. Comparison of tensile curves of Ti5Al2.5Sn at 150°C, unirradiated and
irradiated with protons and neutrons at 150°C. [14T27 has 0.06 dpa and [14D40 has
0.15 dpa.

7.2 Fracture toughness tests

The results of the fracture toughness tests is given in table 6. The tests have been
accomplished according to the ASTM norm E813. The measurement of crack
extension was done using the compliance method which measures the apparent
elasticity of the specimen. The effective crack length is then calculated using the
compliance transfer relation of Jablonski [8].

All specimens have been loaded with a deformation rate of 8.33x 10-3 mm/s.

For the unirradiated material, the values of Jq are very similar in both alloys. The
value at RT is around 60 kJ/m” for both materials. This is in accordance with previous
measurements [9]. The fracture toughness increases at 150°C , to reach a value around
100 kJ/m* . The irradiated Ti5AI2.5Sn material is only slightly affected by the
irradiation if tested at 150°C, whereas the Ti6Al4V alloy shows a clear reduction in
the Jq value. When tested at RT both irradiated alloys show a large reduction of Jq
The data are easy to understand if analysed in the light of their hydrogen content.
This is shown in figures 9 and 10 where the Ti6Al4V and Ti5AI2.5Sn data are
represented as a function of their hydrogen content. As explained previously ,
hydrogen is already present in the material in the as received condition. It was also
loaded in a vacuum furnace or removed after annealing in vacuum. The proton
irradiation was introducing some hydrogen and the neutron irradiation was not
changing the initial content. The results on the hydrogen analysis were presented in
section 6 of this report.

For the case of the alpha+beta alloy shown in figure 9, we see that the fracture
toughness of the unirradiated material is improved when increasing the temperature
from RT to 150°C. It is also improved if the hydrogen content is decreased.
Nevertheless the dependence on hydrogen content at 150°C is not strong and for the
highest level of the diagram (170 wppm H), Jq remain of the order of 100 kJ/m2. This
is more than the value of the as received material at room temperature. At RT., the
irradiated data show more dispersion than the unirradiated data, an indication for
radiation embrittlement. The proton irradiated data fit quite well the trend of the
neutron irradiated data. Since the fracture toughness of the 150wppm H loaded
material is clearly lower after than before irradiation, we can argue that the damage
from the irradiation and from the hydrogen are additive.

The data for the alpha alloy are presented in figure 10. They show a similar behavior.
At 150°C, as the hydrogen content increases, the fracture toughness decreases,
whereas in the unirradiated material a reverse response is observed. This behavior is
in fact not a consequence of the hydrogen impurity atoms but rather a consequence of
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the microstructural changes introduced by the hydrogen charging ( see report [9]).
Despite the toughness improvement observed at 150°C and 150wppmH, after neutron
irradiation a drastic decrease of toughness is observed. Nevertheless the value is
approximately four times higher, as compared with the Ti6Al4V case.The proton
irradiated data are slightly lower than the neutron irradiated data, when plotted
against their hydrogen content (see figure 10).

The lowest fracture toughness value is measured at RT, after proton irradiation.

Comparing Fig. 9 and 10, it seems that the Ti6Al4V data show more dependence on
hydrogen level, as compared to the TiSAI2.5Sn data. It is possible that more hydrides
are present in the alpha+beta alloy, due to a different solubility limit. At higher
temperatures, the hydrides are expected to be dissolved [10].

The fractographs of the unirradiated and irradiated specimens have been analyzed
under the scanning electron microscope. The general aspect of all fractographs is
ductile. Relatively large effects are measured in the mechanical test but the difference
does not show up in the appearance of the fractographs. This is shown in Figures 11
and 12 which compare two extreme cases, [25C54 irradiated at 150°C and showing a
low Jq value and N25C95b unirradiated and having a relatively high Jo value. Both
fractographs show a fracture surface with dimples indicating large local deformations.
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Table 6. Crack initiation fracture toughness values Jo in kJ/m2 before and after
irradiation in PIREX and BAGIRA. In the first column, the specimens irradiated in
BAGIRA are labeled n and the specimens irradiated in PIREX are labeled p. Some
specimens were pre-cracked before testing and irradiation. This is indicated with PC
in the 7" column. The last column indicate if crack growth was observed during

testing.
Crack
Dose Pre- | Propa
Spec. Name | Condition Tir [°C] [dpa] T test[°C] JQ cracked | gation
Ti6Al4V
N25C95b as received N/A N/A 22 64.1 yes
N25C98b as received N/A N/A 22 59.6 PC |yes
N25C93b as received N/A N/A 150 125 no
N25C92b as received N/A N/A 150 108.9 PC |yes
N25C103 as received N/A N/A 150 113 no
N25C36 150wppmH N/A N/A 150 82.6 PC |yes
N25C27 annealed N/A N/A 150 220 PC no
125C30,n annealed 150 0.154 150 68.2 yes
125C39,n 150wppm H 150 0.154 150 221 yes
125C54,p as received 150 0.162 22 15.7 PC |yes
125C55,p as received 150 0.163 150 36.6 PC |yes
125C56,p as received 150 0.162 150 31.7 PC |yes
125C49,n as received 150 0.154 150 447 yes
125C46,n as received 150 0.154 150 14.3 yes
Ti5AI2.58n
N14C108b |as received N/A N/A 22 65.1 yes
N14C102 as received N/A N/A 22 60.3 yes
N14C99b as received N/A N/A 22 44.5 yes
N14C105b |as received N/A N/A 150 67.2 PC |yes
N14C50b as received N/A N/A 150 108.4 PC |yes
N14C3 annealed N/A N/A 150 152 no
N14C57 as received N/A N/A 150 81.6 PC |yes
N14C34 150wppm H N/A N/A 150 180 PC |no
114C38,n 150wppm H 150 0.154 150 82.8 yes
114C6,n annealed 150 0.154 150 110 no
114C56,p as received 150 0.131 150 59.6 PC |yes
114C54,p as received 150 0.131 150 66.2 PC |yes
114C53,p as received 150 0.131 22 16.8 PC yes
114C69,n as received 150 0.154 150 67 yes
114C46,n as received 150 0.154 150 93.4 yes
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Figure 9. Fracture toughness of Ti6Al4V alloy, unirradiated, irradiated at 150°C, with
protons to 0.163 dpa and neutrons to 0.154 dpa. The data are plotted as a function of

their hydrogen level.
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Figure 10. Fracture toughness of Ti5SA12.5Sn alloy, unirradiated, irradiated at 150°C,
with protons to 0.131 dpa and neutrons to 0.154 dpa. The data are plotted as a
function of their hydrogen level.
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Figure 12. Fractograph of the unirradiated specimen N25C95b with Jq value of 64
kJ/m’
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8. Conclusions

Tensile and fracture toughness specimens of Ti6Al4V , Ti5A12.5Sn and Titanium
Grade 2 have been irradiated with high energy protons to a dose between 0.04 and
0.17 dpa, at 150°C. Tensile and fracture toughness specimens of Ti6Al4V ,
Ti5AI2.5Sn, some of them loaded with hydrogen, have been irradiated with neutrons
at 150°C, to 0.15dpa.

The tensile tests seem to indicate that the Ti6Al4V is more affected by the irradiation
as compared with the Ti5AI12.5Sn alloy. There is more hardening and ductility
reduction in the Ti6Al4V alloy. The irradiation seems to induce the precipitation of
vanadium rich precipitates. Nevertheless the general behaviour of the alpha beta alloy
remains ductile.

The irradiation hardening and the reduction in ductility are more pronounced at 150°C
in the pure titanium.

Compared on a dpa base, the neutrons seem more damage effective than the protons,
in terms of ductility loss.

The crack initiation fracture toughness values are strongly reduced after irradiation,
especially when tested at room temperature. At 150°C the reduction in toughness is
more pronounced in the Ti6Al4V alloy. Nevertheless the fractographs indicate a
ductile fracture for all conditions in both materials.

The fracture toughness data can be well understood, if represented as a function of
their hydrogen content. Hydrogen levels up to 150wppm have moderate effect on
toughness, at a test temperature of 150°C. For the irradiated specimens in both alloys,
increasing the hydrogen content decreases the fracture toughness.

The neutron and proton fracture toughness data show a consistent behaviour, when
compared in relation to their associated hydrogen content.
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