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The paper presents the quality studies results of the Ta-W-Ta solid phase junctions with Ti interlayers obtained
by hot roll bonding in vacuum, that determine the work suitability in the form of neutron producing targets at the
research nuclear facility ‘Source of Neutrons’. It is shown the layers mutual penetration level of the Ta-W-Ta solid-
phase junction with Ti interlayers which provides a high level of clad layers adhesion when using the hot vacuum
roll bonding method. The deformation parameters necessary both for the solid phase bond occurrence and for the
reliable solid-phase junction formation of tantalum and tungsten refractory metals layers through a titanium
interlayer, with a joint strength exceeding the value of a less durable material are determined. The possibility of
chemical vapor deposition (CVD) method using for side faces coating of targets was studied.

INTRODUCTION

Tungsten is one of the neutron producing target
variants for the subcritical assembly of the nuclear
research facility (NRF) ‘Neutron Source’ of NSC KIPT.
It is promising due to the neutrons high yield when
irradiated with high-energy electrons. The target
represents a set of square-section plates, each of which
has 4 spacer protrusions that form cooling cavities when
these plates are installed close to each other. During
operation, the target plates are cooled with water which
will certainly lead to the tungsten corrosion especially
under irradiation conditions.

For the chemical corrosion protection and the
irradiated material radioactive products ingress into the
cooling water prevention, the tungsten target plates must
be covered with a protective layer of tantalum [1-5].
The problem in such a target creation is about the
appropriate technology development. Among the
existing metals joining methods, the most suitable for
this task are the following: the method of hot
deformation and the method of chemical vapor
deposition (CVD). The literature data review shows that
the W and Ta materials joining to each other requires
the temperature not lower than 1500 °C and high
pressure reaching the values of 1450 MPa [1-5].

The vacuum hot roll bonding (VHRB) is one of the
most relevant and modern methods of refractory metals
joining due to their mutual high-temperature vacuum
friction [6-16]. Using a combined way for the solid-
phase junctions creation based on such a pair of
refractory metals as tantalum-tungsten which includes
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the CVD and VHRB methods it was possible to obtain
high-quality  high-strength  solid-phase  tantalum-
tungsten-tantalum junctions with titanium interlayers, at
much lower technological parameters, suitable for
neutron producing targets at the NRF ‘Neutron Source’
at NSC KIPT.

1. TESTING PROCEDURE

Ta-W-Ta solid-phase junction specimens were
obtained by hot roll bonding in vacuum at the
temperature of 1300 °C. In order to do this tungsten and
tantalum plates were cut out by the electric spark
method on a ZAPbp BP-96ds machine to the
dimensions of 65x65x3 mm, after which they were
washed with acetone and subsequently chemically
etched in the nitric and hydrofluoric acids solution.
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Fig. 1. The peeling test scheme
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After that, the plates were assembled into a layered
batch and the entire specimen was placed in a vacuum
chamber for a subsequent heating to predetermined
temperature. After reaching it, the specimen was put
under the rolls by manipulator where the roll bonding
process took place. The chamber pressure did not
exceed 1-10° mm Hg. The relative reduction was
calculated as follows:
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where Hi,i; and Hg;, are the initial and the finite heights
of undergoing the roll bonding laminate respectively.

The specimens mechanical tests were carried out on a
‘Bi-00-201 Nano’ servo-hydraulic testing machine. The
layers adhesion quality was studied using the tantalum
clad layer peeling tests according to used in work [17]
scheme and presented in Fig. 1. The peeling strength
was calculated as a load divided by the bond width —
N/mm. The target core strength was studied by three-
point bending tests according to the Fig. 2 scheme.

Fig. 2. Three-point bending test scheme

2. RESULTS AND DISCUSSION

2.1. TITANIUM INTERLAYER APPLYING

The titanium interlayer applying for the Ta-W-Ta
solid-phase junction creation provides the high-strength
and high-tightness characteristics of the resulting joints
due to these materials affinity with respect to the created
composition that prevents the stress concentration
formation at the layer boundaries during the solid-phase
joints manufacturing process. This is confirmed by
metallographic studies shown in Fig. 3.

Fig. 3. The microstructure of Ta-W-Ta solid-phase
junction with Ti interlayers specimen, x200

The optical microscopy study of the W-Ti and Ti-Ta
joint zones microstructure (see Fig. 3) revealed the
absence of defects in the form of pores, delaminations,
cracks or inclusions as well as in the body of the
specimen components. An X-ray electron probe
microanalysis (Fig. 4) made it possible to determine the
widths of the diffusion zones for Ta-Ti and Ti-W equal
to 2 and 3 um, respectively. The nature of the
concentration curves slope at the Ta-Ti and Ti-W
interfaces  indicates the titanium  predominant
penetration into both tantalum and tungsten, which is
explained by the high diffusion mobility of titanium.
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Fig. 4. Electron probe X-Ray analysis of Ta-W-Ta (Ti interlayers) specimens through the interfaces: a) tantalum-
titanium and b) titanium-tungsten

The Ta-W-Ta multilayer joints (with Ti interlayers)
specimens underwent the three-point bending tests. The
results (Fig. 5) clearly show the presence of a plastic
deformation region before the tungsten destruction at
the room temperature already, which appears due to the
deformation of the clad layers of tantalum and titanium.
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This indicates that the part of the deformation is
compensated by the tantalum and titanium clad layers
that under the three-point bending conditions work to
strain (Fig. 6). The maximum strength during such a test
was 65 MPa.
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The deposited tantalum coating on the side faces by
the CVD method during the deformation near the
fracture zone, behaves as follows. Fig. 7 shows the
micrographs of the deposited tantalum layer on
destroyed specimens. Metallographic studies performed
by optical microscopy show that the destruction occurs
not along the Ta-W interface, but along tungsten or
tantalum themselves. In the body of tantalum and
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Fig. 5. The result of for three-point bending tests
at Te,=20 °C, P=65 MPa

tungsten components there are defects in the form of
cracks that develop both in the longitudinal and
transverse directions relatively to the interface. Some of
them spread beyond the layer boundary and propagate
into the plate of the opposite material. Nevertheless, the
absence of the tantalum-tungsten interface itself
destruction indicates that its strength remains higher
than that of the each component.
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Fig. 6. The appearance of Ta-W-Ta multilayered
specimen after three-point bending tests
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Fig. 7. Metallographic images of tantalum coated tungsten specimens after three-point bending tests near (= 2 mm)
the fracture zone

2.2. THE REDUCTION IMPACT DURING ROLL
BONDING

The layers bonding nature of the multilayer
composition was determined by metallographic studies
(Fig. 8). The layers bonding strength was determined by
the clad layer peel tests tensions. Fig. 9 shows the
dependence of the clad layers bonding strength on the

batch relative deformation value &, (roll bonding at

the laminate optimum heating temperature of 1300 °C).

As it follows from the obtained results the threshold
deformation of such laminates corresponds to
15...1.6%. Such a deformation value during roll
bonding can provide the layers adhesion already. The
connection area reaches up to 60...80%, that comes
from the metallographic analysis results (see Fig. 8,a).
Strength bursts during the peeling tests (see Fig. 9,a)
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also indicated the zonal nature of the layers solid-phase
junction. The layers average bonding strength was
10 N/mm, which corresponds to the peak strength
values of that when these materials were being roll
bonded directly without interlayers. The minimum
strength of 7 N/mm corresponds approximately to the
average strength of tungsten and tantalum roll bonded
without interlayers.

Prior to this deformation value the specimens were
destroyed when removing from the unloading chamber
of the VHRB mill, or when they were being fixed in a

testing machine, (&, =0.5%), or the

macroscopic defects and some partial joint occurred
with peeling of tantalum and titanium along the solid-
phase junction field, detectable during the visual

inspection (&, ~1.0%).
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Fig. 8. Microstructure of Ta-W-Ta with Ti interlayer obtained
with different reduction values
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Fig. 9. Peeling tests results of Ta-W-Ta with Ti interlayers

The reduction increasing up to 3.2% ensures the
complete adhesion of layers. Metallography analysis of
W-Ti and Ti-Ta joints zones revealed the absence of
defects in the form of pores, gaps, delaminations,
cracks, or inclusions (see Fig.8,b). The clad layers
adhesion strength was 13N/mm according to the peel
testing (see Fig. 9,b). The strength graph has the equable
extension with no obvious bursts. This can be explained
by the uniform fit of the layers along the entire interface
which corresponds to 100% of the layers joining area.

A further reduction rising causes the strength of
layers joint increasing up to 15 N/mm due to the strain
hardening of the solid phase junction make up materials.

Exceeding the reduction value above &, =6...7%

led to the entire solid-phase joint curvature. In this case
the laminate specimens required the additional
processing.

Metallographic studies of the peel tested specimens
showed the cladding layer detachment nature. Fig. 10
shows that the specimens destruction occurred not along
the solid-phase interface, but along the more brittle
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metal that is tungsten in this case. Moreover, the
destruction of the specimens occurred at the distance of
at least 30...50 um from the joint boundary. This fact
was also confirmed by the X-ray fluorescence analysis
of such specimens performed from the side of the solid-
phase junction area: Table presents the results which
confirm the presence of a high tungsten component
concentration. In other words, the solid-phase junction
specimens obtained by the VHRB method possess the
higher joint interface strength than tat of the less durable
constituent material.

Strengthening of thin interlayers is explained first of
all by the specific nature of the volumetric-stress state
occurring in the interlayer under loading. The
elementary volume inside the interlayer is in a triaxial
tension state, that is, in a stressed state which is harder
than in uniaxial tension one. This is a consequence of
the rigid contact surfaces reaction between the core
plate and the cladding material [18]. As a result, the
transverse plastic deformations are formed and the
effect of interlayer hardening occurs.
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L1=255,0 pm

Separation of the tungsten surface layer from
the core material together with tantalum clad

layer during the peeling tests.

Fig. 10. Appearance and microstructure of the clad layer after the peeling test

X-ray fluorescence analysis of the clad layer after
the peel test

nuﬁtﬁer Elem. Concentration, %
22 Ti 0.2515+0.0162
23 \Y% 0.0282 + 0.0046
26 Fe 0.0321 £ 0.0026
28 Ni 0.0167 £ 0.0015
73 Ta 0.6933 £ 0.0152
74 W 97.9190 =+ 0.0258
75 Re 1.0593 +£0.0127

CONCLUSIONS

1. By applying the method of vacuum hot roll
bonding, it was possible to obtain high-quality Ta-W-Ta
solid phase junctions using Ti interlayers at such
temperature and force parameters that are significantly
lower than those when using other joining methods.

2. An appropriate choice of the materials vacuum hot
roll bonding temperature and force parameters, allows to
achieve such a high layers joint strength, which exceeds
the strength of a less durable material, which in the case
of the tantalum-tungsten-tantalum laminate is tungsten.

3. The threshold deformation that is necessary for
100%  formation of  tantalum-tungsten-tantalum
refractory materials solid-phase junctions, when using a
titanium layer, was established, which is 3.2% of the
relative reduction value.

4. Side-deposited tantalum by CVD has high
adhesion to the core material, that is tungsten, and can be
used for the target side surfaces coating. At the same
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time the interfaces strength also remains higher than that
of a less durable material, which is tungsten.
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BILIVB BEJIMYUHU JE®OPMAIIIL HA XAPAKTEP TBEPJIO®A3HOI'O 3°€THAHHSI
Ta-W-Ta 3 IPOMIXKHUMH Ti (TMTAHOBUMM) ITPOIHAPKAMHA
JJIs1I HEUTPOHHO-YTBOPIOIOYOI MIIIEHT HEMTPOHHOT O JIZKEPEJIA

B.B. bopu, A.1O. 3enincokuit, 0.0. Ilapxomenko, B.I. Cumin, JI.1. I'nywenko,
B.1. Tkaueuxo, 1.0. Bopoébiios, O./1. llionicnuit, O0.0. lonama, M.I1. /lomniu, I.B. Ilamoukin

[pesncTaBneHo pe3yabTaT AOCIIKEeHb SKocTi TBepaodasnux 3’ enHans Ta-W-Ta 3 npomapkamu Ti, oTpuMaHux
METOJIOM Trapsiuoi NMPOKaTKh y BakyyMi, II0 BH3HAYalOTh NPHUIATHICTH JO POOOTH y BUIIISLAI HEHTPOHHO-
YTBOPIOIOUMX MIllIeHeH Ha JOCHiIHIN sinepHiit ycranoBui «J[xepeno Heitrponiy. [lokazaHo CTyMiHb B3a€MHOTO
MPOHUKHEHHS mapiB TBepAodasHoro 3'emHanHHs Ta-W-Ta 3 mpommapkamu Ti, mo 3abe3rmedye BHCOKHIA pPiBEHb
aaresii IUIAaKOBaHUX INAPIB IPU BUKOPHUCTAHHI METOAY rapsdoi BaKyyMHOI NpoOKaTkH. BusHaueHo mapamerpn
nedopmarii, HEOOXimHI SK Ui BHUHUKHEHHS TBepAo(da3HOTO 3B'SI3Ky, TaK 1 M YTBOPCHHSA HaIifHOTO
TBepAOo(a3HOro 3'€/IHAHHS IIApiB TYTOIUIABKMX METANiB TaHTaJly Ta BOJb(ppaMy 4epe3 THTAHOBHH MHPOIIAPOK, 3
MIIHICTIO 3'€THAHHS, IO TEPEBHUIY€E 3HAUYEHHS MEHII MII[HOTO Marepiasy. BHBYEHO MOXIMBICTH BUKOPHCTaHHS
croco0y xiMiuHOTO Tazodasnoro ocamkenns (XI'O) s MOKPUTTS GiUHUX TpaHell MillleHE.

BJIMSTHUE BEIMYUHBI JE@OPMALIUN HA XAPAKTEP TBEPTO®A3ZHOI'O
COEIMHEHMSI Ta-W-Ta C IPOMEKYTOYHbIMH Ti (TUTAHOBBIMH) TPOCJIOUKAMH
JJIs 1 HEUTPOHHO-OBPA3YIOIIEM MUIIEHN HEUTPOHHOI'O UICTOYHUKA

B.B. bopuy, A.10. 3enunckuii, A.A. Illapxomenko, B.U. Cotmun, JI.U. I'nywienko,
B.HU. Tkauenko, H.A. Bopoovée A.J]. Iloonecnwtii, A.A. Jlonama, M.I1. /lomnuu, U.B. Ilamouxkun

[pencraBieHs! pe3yIbTaThl HCCIAESAOBAHMN KauecTBa TBepAo(a3HbIx coemunenuit Ta-W-Ta ¢ mpocoiikamu Ti,
MOJIYY€HHBIX METOJIOM TOpSYel TMPOKATKH B BaKyyMe, ONIPENeISIONIie IPUTOAHOCTh K paboTe B BUAEC HEHTPOHHO-
00pa3yromux MHUIIEHEH Ha MCCIIeI0BaTeNILCKOH siyiepHoit ycraHoBKH «Mcrounnk Helitponosy. IlokazaHa creneHs
B3aMMHOIO TMPOHUKHOBEHHs CIOEB TBepaodasHoro coemunenus Ta-W-Ta c¢ mpocnoiikamu Ti, obecrnednBaromast
BBICOKHH YpOBEHb aAre3WM IUIAKMPOBAHHBIX CIIOEB MPHU HCIIOJIB30BAHMHM METOJA Topsdyeil BaKyyMHOH HpPOKATKH.
Omnpenenensl mapaMeTpsl JeGopManui HEOOXOANMBIE KakK JUIi BOSHUKHOBEHHUS! TBEpAO(a3sHOW CBS3M, TaK M JUIA
o0pa3oBaHus HaJEKHOTO TBEPAO(Ha3HOTO COSNUHEHHS CJIOEB TYrolUIaBKUX METAJUIOB TaHTasla M BOJb()pama depes
TUTAQHOBYIO TIPOCJIOHKY, C INPOYHOCTBIO COEJMHEHHMsS, IPEBBIIIAIONICH 3HAYCHHWE MEHEee IPOYHOr0 MaTepHana.
N3ydena BO3MOXKHOCTH HCIIONB30BAaHHS CIIOCO0a XMMUYECKOro razodaszHoro ocaxaeHus (XI['O) mis mOKpBITHSA
OOKOBBIX I'paHEeH MHUILIEHEH.

97 ISSN 1562-6016. BAHT. 2022. Ne2(138)



