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The initial goal of the project was

m toinvestigate the possibility of creating a production cycle of parts from
ultrapure titanium alloys with the following radioactivity levels:

238 & 232Th <1 mBq/kg (equivalent to< 0,1 ppb U & < 0,25 ppb Th)

= to provide DarkSide experiment with ultra-pure construction material to
produce the titanium apparatus (cryostat/vessel) with total mass more
than 20 t

It could be done only if the pre-selection of materials in the product warehouse
would be stopped and the transition

to

industrial production of ULR titanium alloys will be carried out with the maximum
possible use of industrial equipment and technology.

Russian titanium industry was considered as a good candidate for the cooperation.
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First stage results (2012)
Ti metal samples from different sources (U/Th difference ~4 orders !)
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Why it is so widely distributed ??
What are the sources of U/Th ?7?

REMEMBER THE GOAL: 238U < 0,10 ppb ~ 1 mBg/kg
232Th < 0,25 ppb ~ 1 mBqg/kg
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"ULR titanium” team :
The project was started in 2011 within the DarkSide collaboration

Lomonosov MSU Skobeltsyn Institute of Nuclear Physics
(Moscow)

Statement of the physical problem, R&D program
development

JPSC "Solikamsk Magnesium Plant” (Solikamsk)
Industrial partners from Russian titanium industry

Institute of Solid State Physics of RAS (Moscow) and

Belgorod State Research University (Belgorod)

Theory of titanium alloys, unique metallurgical cleaning
methods and installations, melting, rolling, welding,
mechanical test

D. Mendeleyev University of Chemical Technology (Moscow),
INFN LNGS, INR RAS (ltaly)
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ICP-MC & HPGe U/Th screening




“Ti meeting” in Moscow (SINP MSU) in August 2015




"ULR titanium” team :
The project was started in 2011 within the DarkSide collaboration

Lomonosov MSU Skobeltsyn Institute of Nuclear Physics
(Moscow)

INFN supported the project till 2022

Statement of the physical problem, R&D program
development

JPSC "Solikamsk Magnesium Plant” (Solikamsk)
conrommnon_| Swsmpo PISC «VSMPO-AVISMA» (Verhnyja Salda)

Industrial partners from Russian titanium industry

Institute of Solid State Physics of RAS (Moscow) and
Belgorod State Research University (Belgorod)

LLC «MODERN TECHNOLOGIES» (Solikamsk)
Sapienza Universita di Roma

LLC «MODERN
TECHNOLOGIES»
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UNIVERSITA DI ROMA

Theory of titanium alloys, unique metallurgical cleaning
methods and installations, melting, rolling, welding,
mechanical test

D. Mendeleyev University of Chemical Technology (Moscow),
INFN LNGS, INR RAS (ltaly)
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Industrial titanium production cycle
“Kroll-process”

Ore enrichment
[ 1 Ti scrap - ] V,Al,Sn,0
. . . I sponge ddi
[ lImenite 1 Loparite 1 Rutile loop addings

concentrate concentrate concentrate

[ Ti alloy ingots ]

Pure liquid TiCl4

[ Ti alloy roll stock ]
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Confirmation of principal hypothesis about ULR-area of
titanium 6t sponge block produced at JPSC “SMZ”
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ICP-MS: Th <0.02 ppb
U <0.06 ppb



Industrial titanium production cycle
“Kroll-process”

Ore enrichment
[ 1 Ti scrap - ] V,Al,Sn,O
. . . I sponge ddi
[ lImenite 1 Loparite 1 Rutile loop addings

concentrate concentrate concentrate

[ Ti alloy ingots*

Pure liquid Tiil4

[ TiaIonroIIstock*
X | =
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MODIFIED industrial titanium production cycle
“Kroll-process”

Ore enrichment
| |

lImenite Loparite Rutile
concentrate concentrate concentrate

V,ALSr, 0
[ Ti sponge ] ardiv- Th

consumable-electrode
vacuum arc melting

In . I . C|2 I I
Purification loop [ Ti alloy ingots ]
| 1
1
Pure liquid TiCl, Forging (mandatory)

V Rolling
Metallothermy (reduction) N/

@ @ <I\/Ig 100D ﬂ [ Ti alloy roll stock ]

Mg Round or
[ Ti sponge ][ MgCl, ]: electrolysis dlsl;t,lII;ed process [ product ]

Extraction (Chlorination)
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Electron Beam Vacuum Melting

Mass of each ingot is ~5 kg thickness - 18-20
mm, material losses during the melting up to 15-
20% of the load.  Th <0.02ppb, U <0.06ppb

1-liquid metal,
2-mould,
3-EB axial gun,

5-electron beam

4-yacuum vessel,

&

Cylindrical consumable electrodes are
melted by electric arc into a water-cooled
mold. The weight of each ingot is 1.9 kg.

ppb ppb ppb

Th <0.02 <0.03 <0.02
U <0.01 <0.02 0.005

Vacuum Arc Melting



Special “ULR-Mill” lined with ULR titanium

~ 50x200 mm

Isostatic compacting of the ULR titanium sponge



Ultra Low Radioactive titanium samples
manufactured from industrial preselected titanium sponge

Step 1. Production of low-radioactive sponge.
Step 2: Crushing sponge. Step 3: Isostatic compacting of the sponge.
Step 4: Vacuum arc- melting or Step 5: Vacuum e-beam-melting.

Step 6: Rolling with annealing.  Step 7: Laser welding. -m

Th <0.02
U <0.03



Study of ULR titanium welding

An essential step in the manufacture of the cryostat is welding. The welding process should not lead
recontamination by radioactive impurities, and the mechanical properties of the welds should not impair the
mechanical strength of the assembly. To investigate the possibility of creating a weld sheets radiation pure titanium
welding process three were selected:

1. Argon arc welding of non-consumable
tungsten electrode with the location details
of the butt, without the use of additives, with
double-sided weld penetration.

2. Laser welding arrangement butt parts
without using additives with bilateral weld
penetration.

3. Laser welding with overlapping, without
the use of additives with a bilateral joint
penetration.




Mechanical properties and U/Th of the welds

Mechanical properties show that the laser and argon welding allow to use UHP Ti as a structural

material in the manufacture of a cryostat. The strength of the welded joint was about 400MPa.

An advantage of laser welding is a small heat-affected zone.

Laser welding (butt) 450
Laser welding (overlap) 355
Argon arc welding (butt) 390
Original material 590

Ti 1-X - argon arc welding;
Ti 2-X - laser welding.

ppb

<0.25 Th <0.02
<0.10 U 0.69

ppb
<0.02 <0.01 <0.01
<0.03 <0.01 <0.01

Conclusion: The laser welding keeps U/Th level low. Contamination with argon arc

welding by U requires further study and may be associated with a contamination by the

tungsten electrode.

Low radioactivity of the original material was additionally confirmed.




Mechanical and U/Th properties

Rolling processes have been developed and resulted materials mechanically tested.

Optimal rolling process which gives necessary mechanical and keeping ULR properties

was selected.

Material HV o2 Mpa c,, Mpa
(hardness) (conventional |(tensile
yield limit) strength)
Industrial materials
AlSI 304 210 510
VT1-00/ GRADE 1 110-140 250-380 |300-450
AISI 316 180-250 250-450 450-800
VT16 (Al V) 170-400 600-1000 |1000-1500
Ingots/sheet from pure Ti-sponge U, ppb Th, ppb
Original ingot from pure Ti-| 140 150 220 <0.003 <0.05
sponge std.dev 30
Sample Ne2 160 410 565 0.83 0.67
std.dev 53
Sample Ne3 165 420 590 <0.003 <0.05
std.dev 10
Sample Ne4 155 250 390 0.16 0.14
std.dev 15
Sample Ne5 160 280 400 <0.003 0.017
std.dev 45
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LABORATORY STAGE RESULTS

Confirmed, that ultra-pure Ti sponge could be produced by Kroll process in bulk
guantities.

E-beam melting in water cooled crystallizer as well as vacuum arc meting keeps the
material clean.

Mechanical properties of processed pure titanium could be equal or better than
commercial VT1-00 alloy due to specially developed processing (continuous
rolling&vacuum annealing).

ICP-MS screening confirms the target levels of U/Th levels < 0,003/0,05 ppb

The main sources of titanium contamination with uranium and thorium were
determined:

- magnesium for Ti-sponge reduction — most critical original source

- traces of lubricating oils during machining, inspection, packaging (+/-)

- cutting paste and pieces of cutting tools (+/-)

- titanium alloy addings (V,Al,Sn,0 etc. ) (+)

- titanium scrap (+)

- dust from surrounding areas on all manipulation stages (+/-)

17



Laboratory stage conclusions:

1. Confirmed purity of samples is equal to < 0.1 mBqg/kg
(better than the 1 mBqg/kg Target Values)

2. Bulk radiopurity confirmation was not completed U, ppb Th, ppb
Sample Ne3 <0.003 <0.05

Ti sponge production

3. Preselection and analysis of initial raw material for titanium sponge production is
mandatory.

4. Magnesium purity and cleanliness of the vacuum separation process are two key points
of ULR Ti sponge production.

Ti sheets, rods production

5. All adding and scrap should be avoided at the stage of metal titanium production.
So, VT1-00 / GRADE 1 only could be used

6. Arc and e-beam ingot melting as acceptable.

7. Cold forging should be used instead of hot forging

8. Recontamination during forging and rolling could be removed by etching. Core material
stays pure.

Ti vessel manufacturing

9. Laser welding should be used for vessel manufacturing



Discussion of purity level
and how to prove it

2012

[fundamental] - 238U < 1 mBqg/kg (equivalent to < 0,100 ppb)

[fundamental] - 232Th <1 mBqg/kg (equivalent to < 0,250 ppb)

[less important] - 40K <1 mBqg/kg (equivalent to < 40 ppb) can’t be measured by ICP-MS

2017
New target to reach mkBqg/kg levels of U/Th was defined at the end of 2017

2021
What target level is necessary now within the current construction ?
The realistic target seems to be ~ < 10-20 mkBq (~ 10 ppt)

ICP-MS or/and HP-Ge
and o- screening




Source of ULR Mg is critical for ULR Ti

ULR Mg study program was started in 2018 and it was
discovered that all industrial magnesium may have to high
level of U/Th due to some features of the industrial processes

SO

Magnesium SHOULD BE REFINED for Ti-sponge production
process

How to do it less expensive way ?
- Mg purification through “Mg loop”
- Preliminary distillation of Mg in special apparatus



6.

Russian-Italyn R&D grant:

The main goal was to develop and test industrial scale technology of ULR titanium
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Ministero degli Affari Esteri
e della Cooperazione Internazionale

1t CALL FOR PROPOSALS
OF JOINT RESEARCH PROJECTS WITHIN THE JOINT PROGRAM FOR SCIENCE AND
TECHNOLOGY COOPERATION AND IMPLEMENTATION OF JOINT CALL FOR
RUSSIAN-ITALIAN PROJECTS FOR 2021-2023

guality confirmation (+-)

To develop and test methods how to prevent the secondary recontamination during welding and
transportation (+-)

To test these methods and procedures on the samples produced by the industrial methods (+-)

To develop semi industrial scale apparatus for ULR Ti sponge production (++)

Apparatus was constructed in cooperation with LLC «k MODERN TECHNOLOGIES» (Solikams)
To supervise the manufacturing of 20t of ULR titanium for DS-20k inner vessel at PJSC VSMPO-

AVISMA (--)



Russian-Italyn R&D grant:

The main goal was to develop and test industrial scale technology of ULR titanium
production.

Industrial scale of any High Tech projects needs :
- Customer who is ready to place an order and pay ( INFN — DS-20k)
- Producer who is ready to produce the goods ( JSC VSMPO-AVISMA)

A joint Russian-Italian grant was used to complete the semi-industrial stage of the project
and launch the industrial stage of the project, which includes the following stages :

1. To develop methods and procedures of precise measurements of impurities in titanium and
titanium production —related products for industrial use ( ++)

2. To develop methods and procedures of direct radioactive impurities detection (HP-Ge and surface
alpha counting) in different titanium product during the titanium parts production cycle for final
guality confirmation (+-)

3. To develop and test methods how to prevent the secondary recontamination during welding and
transportation (+-)

To test these methods and procedures on the samples produced by the industrial methods (+-)

5. To develop semi industrial scale apparatus for ULR Ti sponge production (++)

The apparatus was constructed in cooperation with LLC « MODERN TECHNOLOGIES» (Solikams)

6. To supervise the manufacturing of 20 t of ULR titanium for DS-20k inner vessel at PJSC VSMPO-
AVISMA (--)




~ 200 kg of ULR Ti sponge was cooked using
standard equipment by nonstandard way




Tiingot sheet{ample 22008
*

\t

relative
05 ‘ standard Definitio
o standard o
‘2‘ deviation o n limit
deviation
ppb ppb % ppb
<0.152 0,152
0,066 0,01 17 0,010
<28.0 28,0

'y ~ 200 kg of ULR Ti sponge was cooked using
. standard equipment by nonstandard way



ULR titanium production scheme

( developed in June 2021 for DS-20 vessel )
Semi Industrial PJSC VSMPO-AVISMA

titanium sponge production titanium sponge production

O O

PJSC VSMPO-AVISMA

Vacuum-Arc-melting —Forging- Rolling

Belgorod SU Sheets & rods & ring flanges
I.  Ti-sponge cleaning, milling, O
compacting Certification & export

Il. Rolling -> Sheets & rods from Russia!

O ULR titanium
ICP-MS HP-Ge Sheets, rods, parts

and a- screening



Thank you for
yvour attention !

Titanium monument above
Moscow museum of space research
http://mockea-poccus.pgp/muzey-kosmonavtiki-v-moskve/
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