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HccnenoBanue BO3MOKHOCTH U3TOTOBJIICHHUSI METOJIOM CBApKH B3PHIBOM OMMETAIUINYECKOTO

MIEPEXOTHOTO TEMEHTa TPYOHOTO THTIA JUTSI KPUOMOYIISI MK TyHAPOTHOTO

JIMHEWHOTO KoJUTaiiepa

HpeILCTaBHeHbI PE3ynbTaThl UCCICAOBAHUSA BO3MOXHOCTU H3TOTOBJICHUSA pr6 OMMETAJIITNYECKOTO
MIEPEXOTHOTO AIEMEHTA [Tt KPUOMOJIYIISl MEK Ty HApOIHOTO JInHEeHOTOo Koutaiepa (ILC) MmeTonom cBapku
B3pbIBOM B Poccuiickom denepanbaoMm saepHoM ieatpe — BHUND® (Capos).

Bro n3rorosneno 3 BapuanTa OMMETAININIECKUX TPYO IMEPEXOTHOTO IIEMEHTA 13 MaTePHAJIOB (THTAH
Y HEPIKaBEIOIIAs CTaNb), TIOCTABICHHBIX PA3THNYHBIMI KOMITAHUSIMA-H3TOTOBUTEIISIMH.

KauecTBo cBapHOT0 COeJMHEHUS TUTaHA M HEP)KABEIOMIEH CTaJIN OIPeeIsIIOCh CICSAYIONMMHI METo/a-
MH: I3MEPEHNE TePMETHYHOCTH; ONIPEIENICHHE TPOYHOCTH; METAIUIOrpapUIeCKUi aHAIN3.

Ioka3aHo, 4TO Ka4eCTBO CBAPHOTO COCAMHEHUs OMMETaIIMYEeCKUX 0OpasloB YIOBJIECTBOPHTEIIBHOE.
Bcee CBapPHBIC COCANHECHU OBLITH OTTECTUPOBAHBI HA TCUYD 1O U MTOCJIC OXJIAXKACHUS UX B )KUIKOM a30T€C. Ounn
MPOJEMOHCTPUPOBAIIH XOPOIIYIO repMeTHIHOCTH (< 1-10-2 atm-cm?3/c). [IpogHOCTH CBApPHOTO COCIMHEHHS
Ha Ccpe3 OKasanach paBHa 7., = 500 MITa. MakpoznedeKTbl, Takhe Kak TPEIMHBI, HEIPOBAPBI U PACCIOEHMUS,
B CBAPHBIX COSIMHCHUSIX He 00HApYKeHBI. Hammdre MabIx 1 paBHOMEPHO paclipeeICHHBIX MUKPOIE(PeK-
TOB (IIOPBI, HHTCPMETAILIHIBI ), HE 00pa3yIONINX KPYITHbIC CKOIUICHHS, HE TIOBJIMSUIIO Ha KAYECTBO CBAPHOTO
COC/IUHEHHSI.

Pa6ota BeimonneHa B JlJaboparopuu sinepusix mpotiem um. B. I1. Jxxenenoa O .

Coobuienne OObeTMHEHHOTO HHCTUTYTA AACPHBIX HccienoBanuii. Jlyouna, 2008
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Investigation of the Possibility of Producing the Bimetallic Tube Transition
Element by Explosion Welding for the Cryomodule of the International Linear Collider

The results of the investigation of the possibility of producing the bimetallic tube transition element for
the cryomodule of the International Linear Collider (ILC) by explosion welding at the Russian Federal
Nuclear Center — VNIIEF (Sarov) are presented. Three options of the bimetallic transition tube were made
oftitanium and type 316 stainless steel produced by different manufacturers.

The quality of the titanium—stainless steel welded joint was checked by the following inspection
methods: measurement of leak rate; determination of strength; metallographic analysis.

Itis shown that the quality of the welded joint of the bimetallic tube billet is satisfactory.

All welded joints tested before and after cooling in liquid nitrogen within ~ 10 min show good leakproof
(< 1-10-% atm-cm?/s). Shearing strength of the welded joint is 7y, = 500 MPa. Macrodefects, such as cracks,
spills, and peelings, were not found in the welded joints. Small and evenly distributed microdefects
(interstices, intermetallides) not forming big aggregations do not influence the working capacity of the
welded joints.

The investigation has been performed at the Dzhelepov Laboratory of Nuclear Problems, JINR.

Communication of the Joint Institute for Nuclear Research. Dubna, 2008




INTRODUCTION

In compliance with the joint work schedule [1] a technology should be developed for production of a bimetallic
transition element of tube-type of titanium and stainless steel (produced in Russia and abroad) by explosion welding for
its further use as a part of the cryomodule of the International Linear Collider.

Titanium tubes produced by Baoji Titanium Industry Co., Ltd (China) and TP316/TP316L stainless steel tubes pro-
duced by Schoeller—Bleckmann Edelstahlrohr AG (Austria) were used as the main structural materials (SM).

The following tasks were to be solved:

« to study the microstructure of SM in the as-delivered condition;

« to develop design options of the bimetallic tube billet and to determine the technical process for their production;

« to study the microstructure of the welded joints made according to different design options;

« to perform leak tests of the welded joints produced according to different design options before and after they were ex-

posed to the liquid nitrogen temperature;

« to determine strength characteristics of the welded joint.

Parallel-scheme explosion welding is normally used to produce bimetallic tube billets. This means that the geome-
try of the initial billets for welding should be of various mix. Since only foreign-made SM (titanium and stainless steel)
of the same mix (Z48.26 X 2.77 mm) were available, it was decided to use 12Cr18Ni10Ti stainless steel produced in
Russia with the mix needed in compliance with the technical requirements.

To get maximum information on the technological properties of foreign-made SM at explosion welding, research
and development was performed, which resulted in two options of the bimetallic tube billet of:

« GRADE 2 titanium produced by Baoji Titanium Industry Co., Ltd and 12Cr18Nil10Ti stainless steel;

* GRADE 2 titanium produced by Baoji Titanium Industry Co., Ltd and TP316/TP316L stainless steel produced by

Schoeller—Bleckmann Edelstahlrohr AG with a joint sleeve of 12Cr18Nil10Ti steel.

To find out whether it is in principle possible to get a good-quality welded joint of titanium and stainless steel by ex-
plosion welding, a bimetallic tube element was first made of Russian-made SM (12Cr18Nil10Ti steel and V1-0 titanium)
by the explosion welding.

1. BRIEF CHARACTERISTIC OF STRUCTURAL MATERIALS

Tubes @48.26 X 2.77 mm of GRADE 2 ASTM B 337-95 titanium (Baoji Titanium Industry Co., Ltd, China) and
TP316/TP316L stainless steel (Schoeller—Bleckmann Edelstahlrohr AG, Austria) as well as V1-0 titanium and
12Cr18Ni10Ti stainless steel were used as SM for production of bimetallic tube billets. Chemical composition and me-
chanical properties of SM can be found in Tables 1-4.

Table 1. Chemical composition of titanium (%)

Titanium Fe C N O H Impurities Ti Source
Each Totally
Certificate
GRADE 2| 0.14 0.01 0.019 0.13 0.004 <0.1 <04 Basis No. 200325024-1 of
03.03.2003
All-Union State Stan-
- <025 | =0.07 | =0.04 <0.2 =<0.01 - <0.3 i
V10 Basis dard 19807-91




Table 2. Chemical composition of stainless steel (%)

Steel C Si Mn P S Cr Mo Ni B Fe Source
TT§331166£ 0.008 | 0.35 | 1.53 | 0.022 |0.007 | 16.94 | 2.03 | 11.14 | 0.0008 | Basis Ce“i()ff;f‘.’olgf’z'olo?gw
PN <012] <08 <20/ <0035 <003 1719 |~ 9r | o Basis | UMOR RS

Table 3. Mechanical properties of titanium at 20 °C after annealing

Titanium 9B tensli\l/IePs;rength, To.2 yile\}liztrength, 0, elongation, % Source

Grade 2 520. 520 370. 375 31.30 Cortificate Mo 2000220241

VTI1-0 400-550 - >15 All-Union State Standard

Table 4. Mechanical properties of stainless steel at 20 °C after high annealing
Steel 0 tenii/}; ;trength, 002 yislcfl) ztrength, 010 yile\:/}(fi) aftrength, 5, elongation, % Source
e s o
12Cr18Ni10Ti > 529 =216 - 40 | AllUnion State Stan-

The microstructure of Grade 2 and VT1-0 titanium, and TP316/TP316L steel in the as-delivered condition is shown

in Fig. 1.

The analysis of the microstructure showed that titanium in the initial state had an equiaxial polyhedral structure
with small amount of twins (Fig. 1, @, ). The average diameter of grains in Grade 2 titanium is ~ 13 ym, and in VT1-0 ti-

Nonmetallics

Fig. 1. Microstructure of Grade 2 (@), VT1-0 (b) titanium, and TP316/TP316L steel (¢, d) in the as-delivered condition



tanium ~ 7 um. In comparison with Grade 2 titanium (China) titanium V1-0 (Russia) is less contaminated with non-
metallics. Below it is shown that this did not affect the quality of the welded joint. However, considering operational
conditions of the tube element at cryogenic temperatures, a higher-quality material is preferable. Microhardness of
Grade 2 and VT1-0 titanium in the initial state is 1.76 and 2.04 GPa, respectively.

TP316/TP316L steel in the initial state has a heterogranular structure with a lot of twins with the average grain di-
ameter ~ 50 um (Fig. 1, ¢, d). Microhardness of steel is ~ 1.52 GPa.

2. DEVELOPMENT, DESIGN AND TECHNOLOGY FOR PRODUCTION OF BIMETALLIC TUBE
BILLET FROM 12CR18NI10TI STEEL AND V1-0 TITANIUM

The following tasks were to be solved for producing a bimetallic tube billet from 12Cr18Nil10Ti steel and VT1-0
titanium:
 development of an experimental technical production process;
« study of the macro- and microstructure of the welded joint;
« leakage test of the welded joint before and after exposure to the liquid nitrogen temperature.

2.1. Experiments. The following design and technology tasks were to be solved for conducting the experiments:
« designing of the bimetallic tube transition element;

« selection of design and technology parameters of initial billets and auxiliary fitting;

« selection of the scheme for explosion welding;

« selection of technological parameters for explosion welding;

« designing of models for leakage tests.

2.2. Designing of the Bimetallic Tube Transition Element, Its Initial Billets and Models for Leakage Test. The
prototype of the transition element for the cryomodule of the International Linear Collider was designed according to
the technical requirements set for the design of the cryomodule. Considering the design of this element the initial billets
for explosion welding were designed.

A special model was developed to evaluate the leakproofness of the bimetallic transition element at room and liquid
nitrogen temperatures.

2.3. Methods of Explosion Welding and Quality Control. To produce bimetallic tube billets the parallel scheme
explosion welding was used (Fig. 2).

Technological detail
(mild steel)

Fig. 3. Design of the model for leak tests
Fig. 2. Parallel-scheme explosion welding



The quality of the welded joint was checked with polished sections cut along the bimetallic billet.
To test the welded joint for leakage, special models were made of bimetallic tube billet (Fig. 3).

2.4. The Results of the Metallographic Analysis of the Welded Joints. Metallographic analysis was made for 2
samples of the welded joint of VT1-0 titanium and 12Cr18Nil0Ti stainless steel. The samples were cut from the
bimetallic tube billets. The scheme of the samples cutting for metallographic analysis is shown in Fig. 4.

A polished section was made from each sample to perform metallographic analysis. The methods for production of
polished sections were the following. The samples were fixed in special cylindrical forms by epoxy adhesive. Then the

sections were successfully worked with abrasive papers of various
grain sizes and polished on Whatman paper with diamond paste.

The metallographic analysis of welded joints included:

+ macroanalysis;

+ microanalysis;

Analyzed surface + microhardness measurement.

Macroanalysis of welded joints was performed to find possi-
ble macrodefects (cracks, spills and peeling) and to determine pa-
rameters of a wave at the interface of VTI1-0 titanium and
12Cr18Ni10Ti steel (shape, length and amplitude). To perform
macroanalysis, the sections were etched in a boiling reagent
(40 ml of water, 250 ml of hydrochloric acid and 35 ml of sulfuric
acid). Macrostructure of the welded joint was analyzed with a mi-

Fig. 4. The scheme of cutting samples from the billet croscope at the 56x magnification.
(VT1-0 titanium in red; 12Cr18Nil0Ti steel in blue) Microanalysis was performed to study microstructure of
welded materials in the area of welded joints and to find possible
microdefects (intermetallides, microdiscontinuity flaws). Mi-
crostructure of materials was studied after successive etching in reagent 1 (10 ml of etching acid, 20 ml of nitric acid and
60 ml of water) and reagent 2 (50 ml of water, 50 ml of hydrochloric acid and 5 ml of nitric acid). Reagent 1 was used to
reveal the structure of VT1-0 titanium, and reagent 2 to reveal the structure of 12Cr18Ni10Ti steel. The microstructure
of the welded joints was examined in the Axiovert 25 microscope at magnification up to 1000x.

Microhardness was measured to determine the change in mechanical properties of the materials in the area of weld-
ed joints. The method for microhardness measurement is the following: a diamond pyramid with a square footing of reg-
ular tetrahedral shape and a vertex angle 136 °C is pressed into the surface under study at a definite load P (0.2 N). After
15-20 s the load is removed from the pyramid and there is a dent left on the surface under study (Fig. 5). Its diagonals are
measured and then their average value is calculated (d).

Sample for metallographic analysis

Interface

Steel
12Cr18Nil10Ti

Titanium
VTI-0

Dent's
+ | diagonal

Fig. 5. Dents on the surface under study after microhardness measurement in the area of the welded joint of VTI-0 titanium and
12Cr18Ni10Ti steel

The microhardness value HV is calculated as the result of dividing the load by the reference area of the lateral dent
surface F:

HV =P/F,
where F = d? / 1.8544.
Microhardness was measured with the PMT-3.



12CrIgNil10Ti - 0,125 mm
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Wave length B

Fig. 6. Macrostructure of welded joints of VT1-0 titanium and 12Cr18Nil10Ti steel: a) sample 1; ) sample 2

The results of the metallographic analysis are as follows.

No macrodefects (such as cracks, spills and peelings) were detected (Fig. 6).

In all analyzed samples the welded joint of VT1-0 titanium and 12Cr18Nil0Ti steel is of wave-like character, which
contributes to higher strength of the welded joint. Waves formed at explosion welding have the shape close to a sinusoid.
The length and amplitude of the waves in both samples are identical and equal to ~ 0.3 and ~ 0.05 mm, respectively.

Plastic deformation of welded materials occurs during explosion welding in the area of the contact surface. A large
number of twins in the structure of VT1-0 titanium and 12Cr18Nil0Ti steel indicates a high level of their plastic
deformation (Fig. 7).

Twins

Fig. 7. Microstructure of V1-0 titanium (a) and 12Cr18Nil0Ti steel (b) in the area of the welded joint

Intermetallic compounds
7 v e 0.02 mm

12 Cr18Nil0Ti

Fig. 8. Microdefects in the area of the welded joint of VT1-0 titanium and 12Cr18Nil0Ti1 steel in sample 1 (a) and sample 2 (b)

Explosive welding of V1-0 titanium and 12Cr18Ni10Ti steel resulted in formation of separate defects such as mi-
crodiscontinuity flaws and intermetallic phases (Fig. 8).

Macrodefects in the analyzed samples are local and do not form a continious layer.

Strengthening of metal occurs in the explosion welded joint area of V1-0 titanium and 12Cr18Nil0Ti steel because
of shock-compression (Fig. 9).
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Fig. 9. Material microhardness distribution in the area of welded joints of V1-0 titanium and 12Cr18Ni10Ti steel: @) sample 1; ) sample 2

The most intensive strengthening of the material occurs in the narrow area near the interface of VT1-0 titanium and
12Cr18Nil0Ti steel. In each material this area is ~ 0.5 mm wide. As one moves away from the interface, strengthening
of metals decreases. The strengthening occurring in welded joint area increases strength of metals but decreases their
plasticity.

The strength of welded joint produced by explosion welding will be the highest if the interface has the sinusoidal
shape with a regular wave length. Small and evenly distributed microdefects not forming big aggregations are tolerable.
The structure of the analyzed bimetallic tube billets complies with these requirements. Thus, the results of the metallo-
graphic analysis showed that explosion welding allows a welded joint of titanium and stainless steel with a required
level of strength.

2.5. Leak Tests. The welded joint was tested for leakage using a PTI type device (helium leak detector) and special
models (Fig. 3).

The models were monitored at room temperature before and after exposure to liquid nitrogen for ~ 10 min. The leak
test showed that all tested samples were leakproof (< 1-107% atm -cm 3 /).

The results of the works on producing a welded joint of VT-0 titanium and 12Cr18Ni10Ti steel (produced in Russia)

demonstrate that
« Itis possible to produce bimetallic tube billet by explosion welding for its further use as a part of the cryomodule for the

International Linear Collider.
« Leakproofness of the bimetallic tube billet before and after exposure to the liquid nitrogen temperature is at a level of

not lower than <1-10™% atm -cm > /s.
« The welded joint of VT1-0 titanium and 12Cr18Nil0Ti steel is of good quality.

3. DESIGNING, PRODUCTION AND STUDY OF THE TEST BIMETALLIC TUBE BILLET OF
GRADE 2 TITANIUM AND 12Cr18Nil10Ti STEEL

Section 2 contains information confirming that it is possible to produce a good-quality welded joint of
12Cr18Ni10Ti stainless steel and VT1-0 titanium. The following investigations were carried out to confirm the techno-
logical modes for production of bimetal tube using SM produced by

Stainless steel 12Cr18Nil0Ti foreign manufacturers:
(Russia)

« selection of the geometry of the bimetallic billet;

« designing of initial billets and auxiliary fitting;

« selection of the explosion welding scheme;

« selection of the technological parameters for explosion welding;

Titanium Grade 2 (China)

Contact zone of « designing of models for leak tests;

explosion welding  metallographic analysis;

 designing of samples and technological fitting to determine

strength of the welded joint.

To produce bimetallic tube billet (Fig. 10) parallel-scheme ex-
plosion welding (Fig. 2) was used to connect a tube
(248.26 X 2.77 mm) of Grade 2 titanium (China) and a tube of
12Cr18Nil0Ti stainless steel (Russia). The geometry of
12Cr18Nil0Ti steel tube was selected in compliance with the tech-

nological conditions for welding.

Fig. 10. Design and geometry of the bimetallic tube
billet



Four samples were produced from the bimetallic billet (two from
the lower and two from the upper part) to evaluate the quality of the
welded joint along its length. Two samples (one from lower and one
from the upper part of the billet) were used to determine strength char-
acteristics of the welded joint, the other two samples were used for leak
tests of welded joint and for metallographic analysis.

Special technological fitting was developed to determine strength
characteristics of the welded joint. The scheme of samples tests with
this fitting is shown in Fig. 11. The character of the destruction of the
samples after tests is shown in Fig. 12

The sample destruction load (P) was ~ 130 kN for the sample from
the upper part of the billet and ~ 50 kN for the sample from lower part
of the billet. Shear stress of the welded joint was calculated according
to the formula

Tg, =P/ F,
where F is the area of the surface of the titanium—steel welded joint,
F =aDt; D is the diameter of the surface of titanium-steel contact,
45 mm; ¢ is the height of titanium-steel welded joint, 2 mm
(see Fig. 11).

Thus the shear stress of the welded jointis 7, = 460 and 530 MPa
for samples from upper and lower parts of the billet, correspondingly.

The design of the samples used for leak tests of the welded joint
and for metallographic analysis is shown in Fig. 13.

The welded joint leak test was performed on two samples with the
PTI type device (helium leak detector).

The samples were tested at room temperature before and af-

* P (axial load)
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Stainless steel 12Cr18Nil0Ti
(Russia)
Titanium Grade (China)

1.5

N ( Contact zone of explosion welding

Fig. 11. Scheme of tests to determine strength
characteristics

ter exposure to liquid nitrogen for ~ 10 min. The leak test showed that all tested samples were leakproof

(<1-10"%atm -cm3/s).

The metallographic analysis of the welded joint of the bimetallic tube billet demonstrated the following.

No macrodefects, such as cracks, spills, and peelings were found in the welded joint (Fig. 14). The produced welded
joint of Grade 2 titanium and 12Cr18Ni10Ti steel is characterized by relatively slightly distinguishable waveformation
(see Fig. 6 for comparison). The interface is mainly straight with periodically located «hillocks». The height of the
hillocks is ~ 0.02 + 0.04 mm, and the distance between them is ~ 0.02 <+ 0.03mm. There were no differences found in the
structure of the welded joint in the upper and lower parts of the billet. The biggest deformation was found in the area of
direct contact of steel and titanium; it manifests itself in great deformation of the initial polyhedral structure up to disap-
pearance of grains (Fig. 15). At distances more than ~ 0.1 mm from the interface the SM deformation involves formation

of a lot of twins (Fig. 16).

( i Internal ring of
! Grade 2 titanium
the welding .

contact area
O

External ring of : i Zone of
12 X 18HI10T steel destruction over
the welding
contact area

Fig. 12 Character of the destruction of samples after strength tests

Stainless steel 12Cr18NilOTi
(Russia)

Titanium Grade 2 (China)

@42.5
44
48

Contact zone of
explosion welding

1.5

Fig. 13 Design of the sample used for leak tests of
the welded joint and for metallographic analysis



12Cr18Nil0Til0 —

Crade 2 titanium

Fig. 15. Microstructure of the welded joint in the interface area of Grade 2 titanium and 12Cr18Nil0Ti steel

Fig. 16. Microstructure of Grade 2 titanium (a) and 12Cr18Nil0Ti steel (b) at the distance of ~ 0.2 mm from the interface

There are individual white non-etched sections with microhardness ~ 8.5 GPa (Fig. 17) near «hillocks» in the
process of explosion welding. According to the data from the literature observed [2—5], these sections are intermetal-
lides, such as Fe,Ti or FeTi.

Figure 18 shows distribution of microhardness in the welded joint area.

The produced welded joint of Grade 2 titanium and 12Cr18Nil10Ti steel (as well as welded joint of VT1-0 titanium
and 12Cr18Nil10Ti steel (see Sec. 2)) is characterized by appreciable strengthening of SM near the interface.

The results of the work producing the welded joint of Grade 2 titanium (China) and 12Cr18Ni10Ti steel (Russia)
demonstrate that

« Itis possible to produce a bimetallic tube billet by explosion welding for its further use as a part of the cryomodule in
the International Linear Collider.



12Cr18Nil0Ti — 0.01 mm

Grade 2 titanium

Fig. 17. Intermetallic compound on the Grade 2 titanium and 12Cr18Nil0Ti steel interface
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Fig. 18. Distribution of microhardness of materials in the area of the Grade 2 titanium—12Cr18Nil0Ti steel welded joint

 Leakproofness of the bimetallic tube billet before and after exposure to the liquid nitrogen temperature is at level of not
lower than 1-10™atm -cm 3/s.

« The welded joint of the bimetallic tube billet is satisfactory.

4. DESIGNING, PRODUCTION AND STUDY OF THE TEST OF BIMETALLIC TUBE BILLET OF
TYPE OF GRADE 2 TITANIUM AND TP316/TP316L STEEL WITH THE JOINT SLEEVE OF
12CR18NI10TI STEEL

Analysis of the bimetallic tube billet demonstrated in Sec. 3 shows that it is not optimal in terms of specific con-
sumption of materials. Therefore we chose the technology suggesting production of a bimetallic tube billet from Grade
2 titanium (China) and TP316/TP316L stainless steel (Austria) using a joint sleeve of 12Cr18Nil0Ti stainless steel
(Russia). To produce this option of the bimetallic billet, we used parallel-scheme explosion welding as in the previous
case (Fig. 2). The design and geometry of the billet are shown in Fig. 19, and its general view — in Fig. 20.

The produced bimetallic tube billet with the joint sleeve was tested for leakage at room temperature before and after
exposure to liquid nitrogen for ~10 min. Leak-rate measurement results showed that leak rate satisfies the set value
(<1-10"%atm -cm3/s).

Metallographic analysis of the welded joint of the bimetallic tube billet showed the following.

No macrodefects, such as cracks, spills, and peelings, were found in the welded joint (Figs. 21 and 22).

The interface of the welded joint is of wave-like character. In the contact area of TP316/TP316L and 121810 steel
the shape of the interface is close to a sinusoid. At the same time, the wave amplitude and period decrease from the mid-
dle to the edge of the joint sleeve (Fig. 21): ~0.2 and ~ 0.5 mmto ~ 0.05 and ~ 0.15 mm, respectively. Deformation of the
titanium—steel interface involves formation of the so-called whisker. The whisker formation mechanism is described in
detail in [3]. In the area of heterogeneous SM contact (titanium and steel) the wave-like character of the interface is less
distinguishable than in the area of the homogeneous SM contact. The period and amplitude of the titanium and steel in-
terface became ~ 0.3 +0.35 mm and ~ 0.05 + 0.1 mm.

The microstructure of the materials at the interface and near is similar to the microstructure of the welded joints
demonstrated in Secs. 2 and 3 (Fig. 23).
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Fig. 20. General view of the bimetallic tube billet with the joint
Fig. 19. Design of the bimetallic tube billet with the joint sleeve sleeve

12Cr18Nil0T

Fig. 21. Macrostructure of the welded joint of TP316/TP316L and 12Cr18Nil0Ti steel: @) near the middle of the joint sleeve; b) near the
edge of the joint sleeve

12Cr18Nil0Ti

0.01 mm
e

Grade 2 titanium

Fig. 22. Structure of the welded joint of Grade 2 titanium and 12Cr18Nil0Ti steel

The microhardness distribution in the welded joint is shown in Fig. 24.

The results of the work on producing the bimetallic tube billet of Grade 2 titanium (China) and TP316/TP316L
stainless steel (Austria) using the joint sleeve of 12Cr18Nil10Ti steel (Russia) demonstrate that
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12Cr18Ni10Ti
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TP316/TP316L steel Grade 2 titanium
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Fig. 23. Microstructure of the welded joint at the interface of TP316/TP316L and 12Cr18Ni10Ti (@); Grade 2 titanium and
12Cr18Nil0Ti 9 (b)

« It is possible to produce a bimetallic tube billet by explosion welding of this structure;
« Leakproofness of the bimetallic tube billet before and after exposure to the liquid nitrogen temperature is at a level of

not lower than 1-10~”atm -cm 3/s;
+ The welded joint of the bimetallic tube billet is satisfactory.

5. DISCUSSION OF THE RESULTS

Parallel-scheme explosion welding was used to produce a bimetallic tube transition element of titanium—stainless
steel (see Fig. 2). The selected explosion welding scheme provided a good-quality welded joint of titanium and stainless

TP316/Tp316L 12Cr18Nil0Ti Grade 2 titanium 12Cr18Nil0Ti
£ 47 a < 4 b
O O35
N 3.5 N
S T o3
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2.5
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Fig. 24. Distribution of material microhardness in the welded joint of TP316/TP316L and 12Cr18Nil0Ti steel («), Grade 2 titanium and
12Cr18Nil0Ti steel (b)

steel in various designs of the transition element and with SM produced by different companies. Leakage tests at room
temperature before and after exposure to liquid nitrogen showed that all produced welded joints are leakproof
(1-10%atm - cm3/s). Shear strength of the welded joint is 7 ay = 500 MPa, which is three times as high as the minimal

value of bimetal shear strength (bimetals are produced using method of pack roll welding in compliance with all-Union
State Standard 10885-85), (t/2"™ = 150 MPa).

av

The specific feature of the welded joint of titanium and stainless steel produced in this work is the wave-like inter-
face (for instance, Figs. 21 and 22). This shape of the interface contributes to the increase in the welded joint strength
and to some degree is the evidence that welding is reliable.

To achieve the maximal strength of the welded joint, it should be free of macrodefects such as cracks, pills, peelings
and continuous layers of intermetallides. Such macrodefects were not found in the analyzed welded joints.

Since titanium and stainless steel form new chemical compounds (intermetallides) during interaction, formation of
intermetallides is possible at explosion welding. Study of the chemical composition of intermetallides [4] showed that
the average concentrations of Fe and Ti were ~ 62 and ~ 38 %, respectively. Intermetallide Fe,Ti complies with this
chemical composition. In some sites the concentration of Ti was ~ 47 % and, accordingly the intermetallide had the for-

11



mula FeTi. As arule, intermetallides have high strength and fragility, and if they form a continuous layer they negatively
affect the welded joint strength. In the produced welded joints intermetallides do not form aggregates, and small and
evenly distributed defects do not affect the serviceability of the welded joints.

A specific feature of welded joints produced by explosion welding is appreciable strengthening of SM near the in-

terface. Figure 25 demonstrates typical distribution of microhardness in the welded joint of titanium and stainless steel.
SM strengthening was caused by high pressure, significant deformations, phase and chemical transformations. Mi-
crohardness is seen to decrease the area directly adjacent to the interface of two SM, which is associated with the effect
of high temperatures on the contact surfaces. Significant
e strengthening of SM results in increasing strength of the welded

Titanium Steel Lo . . k . .
2.5 joint in static tests. However it should be taken into consideration
that SM strengthening results in their increasing fragility, be-
2 cause residual tension stress can occur on the surface at explo-
sion welding. For instance, for 12Cr18Nil0Ti or 316/316L steel
T 154 at strength ~ 3.5 GPa the extension strain characterizing SM
. 0 plasticity is 0 = 5 %, which is significantly smaller than the ini-
1 , , , , , , tial-state extension strain of steel d = 60 % [6]. For this reason
075 05 025 0 025 05 075 and in view of operation of the tube-type transition element at
Distance from interface, mm cryogenic temperatures, SM plasticity in the welded joint area
Fig. 25. Distribution of relative microhardness in the weld- should b? ipcreased. Negative efttects of explosion welding in the
ed joint of titanium and stainless steel produced by explo- welded joint are_a. can be noticeable de.creased by thermal
sion welding treatment of transitional element after welding.

itial
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CONCLUSION

1. The results of this work demonstrate that two versions of the bimetallic tube transition element leakproof at liquid
nitrogen temperatures can be produced by explosion welding of both Russian-made and foreign-made structural materi-
als. Various combinations of materials from various manufacturers are possible.

2. To optimize material consumption in production of the bimetallic tube transition element, the design with the
joint sleeve is preferable.

3. The final version of the bimetallic tube transition element design and the tentative technology for its manufacture
can be determined after the draft design of the cryomodule for the International Linear Collider is approved.
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