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ABSTRACT
Shape-memory alloys are becoming ever wider accepted in different industries, in particular in aerospace, medical, automotive 
sectors and in consumer electronics manufacturing. application of these materials as hybrid structure elements is a promising 
direction when creating products with a unique set of properties: high mechanical values, superelasticity, damping ability, 
higher wear resistance and thermomechanical memory. production of nitinol permanent joints by welding leads to formation of 
brittle phases of ti2ni type, which degrade the product quality. this review discusses the possibility of producing high-strength 
permanent joints of nitinol with nitinol and with other alloys by brazing. the main advantage, compared to other methods, is the 
fact that the base metals do not melt, and some structural transformations can be avoided. at nitinol brazing in the atmosphere, 
brazing filler metals of Ag–Cu–Zn–Sn–Ni system have proven themselves well, when using 25AgCl–25KF–50LiCI flux. We 
should specially mention application of silver brazing filler metals and interlayers from pure metals, for instance, niobium, 
providing a strong metallurgical bond with the base metal. At brazing temperature of 1180 °С an alloy based on quasibinary 
niti–nb eutectic system is formed, ensuring the reliability of brazed elements when creating prototypes of superelastic hon-
eycomb shapes from titanium nickelide.

KEYWORDS: titanium nickelide (nitinol), shape-memory alloys (SMA), brazing filler metals, brazing, welding, wetting, 
intermetallic brittle compounds, strength, structure

INTRODUCTION
nowadays alloys with a reverse martensite transforma-
tion, characterized by varying degrees of shape-memory 
properties, are of considerable interest. These are Ni‒Ti; 
Ni‒Ti‒Cu, Ni‒Ti‒Pd; Ni‒Ti‒Fe; Ni‒Ti‒Nb, Ni‒Fe‒Ga, 
Ni‒Ti‒Co, Ni‒Al, Ni‒Co, Ti‒Nb; Fe‒Ni, Cu‒Al, Cu‒
Al‒Ni, Pt‒Ti, Ag‒Cd, Au‒Cd, etc. [1, 2], and they are 
widely accepted in different engineering sectors. after 
plastic deformation, these alloys restore their original 
geometry as a result of heating (shape-memory effect) 
or directly after load removal (superelasticity). the 
mechanism determining the shape memory properties 
is the reverse crystallographic thermoelastic martensite 
transformation — kurdyumov effect. this is a kind of 
polymorphous phase transition with a change of crystal-
line lattice that depends of temperature or loading level. 
martensite transformation is accompanied by volume 
change, ensuring the shape memory [3]. The high-tem-
perature phase is austenite, which transforms into mar-
tensite (low-temperature phase) at stress application. af-
ter stress relieving, martensite transforms into austenite 
and restores its original shape. Such processes can run 
several times at thermal cycling [4, 5].

a typical representative of shape-memory materi-
als is nitinol (figure 1), in which a transition from the 
cubic (b2 austenitic phase) into a monoclinal phase 
(b19 martensite) takes place at cooling or under the 
impact of applied stresses [6, 7]. Special corrosion re-
sistance of titanium nickelide is due to its ability to 
form tiO2 oxide on its surface, which acts as a pro-

tective barrier owing to its pronounced hydrophobic 
properties that prevents nickel dissolution in an ag-
gressive environment of the human body and ensures 
its complete biocompabitility on the level of corro-
sion-resistant steels (316LVM (03Kh18N14M2) and 
Ti‒6V‒4Al alloy [8]. It belongs to the best studied 
shape-memory materials, is applied in different indus-
tries and is the most promising material for manufac-
turing superelastic medical implants (in biomedicine, 
owing to its biological compatibility and corrosion 
resistance in the human body), tool (figure 2, a‒c), 
as well as in automotive and microelectronic sectors 
and in manufacture of thermomechanical elements for 
aerospace and aviation engineering (aircraft, rockets, 
space structures with improved flight characteristics 

Figure 1. State diagram of Ni‒Ti system [7]
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and lower level of noise and vibrations) (figure 2, d) 
[9]. Application of this material when creating struc-
tures with certain service characteristics requires 
investigation and development of different joining 
processes that may lead to its wider application. now-
adays, the process of joining nitinol in similar and dis-
similar combinations is insufficiently studied.

this review considers the possibilities of producing 
permanent joints of an intermetallic alloy — nitinol 
with application of different methods of high-tempera-
ture brazing and using pure metal interlayers, ensuring 
contact melting at the temperature that is much lower 
than their autonomous melting temperature.

PRODUCING PERMANENT JOINTS 
OF NITINOL (NiTi)
nitinol is an alloy based on an equiatomic interme-
tallic compound, which contains titanium and nickel. 
the concentration of the latter is from 48 to 52 at.%.

unique functional properties of nitinol are due to 
the temperature and rate of deformation, chemical 
composition, heat treatment parameters, etc. even 
a slight change of nickel concentration within 2 % 
(from 50 to 52 at.%) leads to lowering of phase tran-

sition temperature by almost 27–127 °C that enables 
controlling the physico-mechanical properties in a 
certain temperature range [4].

Various welding methods are widely used for the 
processes of material joining: arc, laser, beam, con-
tact, explosion, friction, diffusion welding etc. [1, 4, 
9]. Joining shape-memory alloys (SMA) by welding 
is possible, but it has a tendency to formation of in-
termetallic phases (ti2ni), which are characterized by 
considerable brittleness [9, 10]. Moreover, deterio-
ration of shape-memory effect is possible, which is 
the result of high-temperature, partial melting of base 
metal and presence of a cast dendritic structure in the 
seam zone. It is obvious that welding changes the 
phase transformation temperature that may reduce the 
area of its application. when welding the shape-mem-
ory alloys, it may be necessary to apply alloying el-
ements preventing formation of intermetallic phases, 
but such data are very scarce at present [5].

application of the method of shock capacitor-dis-
charge welding [1] did not provide joints of sufficient 
strength. It should be noted that low strength values 
are found in the case of absence of intersolubility of 
dissimilar materials being welded [10]. At applica-
tion of fusion welding, a transition cast haZ always 
forms, which may have increased brittleness, com-
pared to the base metal. It significantly lowers the 
welded joint strength, particularly in the case, when 
one of the materials being joined is an intermetallic 
alloy which already has low ductility.

laser welding usually results in formation of nar-
row welds, and it can be better than the arc process, 
due to the possibility to produce finely dispersed mi-
crostructure and lower thermal stresses and strains, 
remaining after the welding cycle. the laser welding 
method allows producing joints of nitinol with tita-
nium with tensile strength of 109 mpa and its joints 
with Ti‒6Al‒4V alloy with the strength of 28.4 MPa. 
In welded joints produced by electron beam and ar-
gon-arc welding (tIg), this value was 70, 85 and 
108 MPa, respectively [10]. The cause for low me-
chanical properties is formation of ti2ni brittle phase 
in the weld zone, in which microcracks initiate (fig-
ure 3) [11].

application of a copper interlayer during laser 
welding of nitinol with Ti–6Al–4V titanium alloy 
leads to lowering of weld microhardness that is due 
to lower microhardness of ti2cu intermetallic phase 
rich in titanium, compared to a similar characteris-
tic of ti2ni phase. It allows reducing the amount of 
brittle ti2ni intermetallic phase, avoid formation of 
transverse cracks in the weld and increasing the joint 
strength to 300 MPa [11].

Figure 2. medical stents (a, b), tool (c), serrated nozzle of aircraft 
(d) [9]

Figure 3. Reaction layer near the interface with Ti‒6Al‒4V titani-
um alloy (a) and cracks (b) at laser welding of dissimilar materials 
of nitinol with titanium alloy [11]
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PRODUCING NITINOL JOINTS 
WITH APPLICATION 
OF BRAZING FILLER METALS
as regards brazing, there exists a multitude of pro-
cesses, usually named by the heating methods: flame, 
induction, ultrasonic, dip brazing, etc.

During brazing, the base metals do not melt that 
may promote avoiding some high-temperature pro-
cesses, which include high-temperature oxidation, 
element segregation, grain coarsening, that may im-
pair the original properties of base metal — Sma. 
Brazing [10] provides wide possibilities of variation 
of the phase and chemical composition of the joint 
zone. at brazing, however, the base metal interacts 
with the brazing filler metal and diffusion processes 
take place. Shape-memory alloys on the whole and 
niti in particular are rather active to oxygen, carbon, 
nitrogen and hydrogen, making certain requirements 
to brazing atmosphere. Vacuum brazing conditions 
can be more attractive, compared to other methods. 
It is recommended to perform vacuum brazing using 
ductile brazing filler metals (Table 1), which contain 
active elements [12].

In the presented brazing filler metals (Table 1) the 
base is Ag‒Cu system alloy, which is alloyed by an 
adhesion-active element — titanium. Other studies 
reported application of Au and Au- [13] and Nb-based 
alloys [14], as alloying elements.

Vacuum brazing (rarefaction of 10‒3 pa) with eu-
tectic Ag‒Cu brazing filler metal (72 wt.% Ag, melt-
ing temperature of 779 °C) can provide quite good 
strength and ductility, but it depends on the over-
lap length [12]. A significant increase of strength is 
achieved at increase of overlap length from 1 to 4 mm. 
the brazed specimen with overlap size within 1 and 
2 mm fails at the load of 360 and 600 N, respectively, 
while a specimen with 4 mm overlap fails at 980 n 
(close to 820 mpa).

the produced microstructure (figure 4) was used 
as an example to show formation of a typical classic 
eutectic structure of a brazed seam at application of 
brazing filler metals of Ag‒Cu system, which is creat-
ed by two solid solutions based on silver (white ma-
trix) and on copper (dark rods).

Shear strength of the brazed joint is higher than 
100 mpa, and rupture occurs in the reaction layer 
adjacent to the base metal and brazing filler metal. 
the brazed specimen demonstrates a good shape 
memory [15].

the reaction layer on the interface between the 
base metal and brazed seam metal [15] is identified 
as a phase of Xti2 type, where X = Ni + Ag + Cu. 
according to a binary state diagram, ni and cu have 
complete mutual solubility at brazing temperature, 
while at low temperature (354 °C) the spinodal disin-
tegration causes separation into α1 and α2 phases. as 
there is no thermodynamic barrier for the reaction in 
the spinodal region, disintegration is determined sole-
ly by diffusion. no intermetallics form in binary state 
diagrams of Ag‒Cu and Ag‒Ni metal systems. More 
over, limited solubility of nickel in silver is observed, 
however, all the elements (ag, cu, ni) form numer-
ous intermetallic compounds with titanium (table 2). 
It may lead to formation of intermetallics on the inter-
face of brazing filler metal — base metal [13].

Table 1. Chemical composition of brazing filler metals [12]

System
chemical elements, wt.%

Melting range, °C
ag cu Zn Sn ti

agcu (eutectic) 71.9 28.1 – – – 779

agcuZnSn I 52 22 18 8 – 590‒635

agcuZnSn II 50‒68 10‒30 12‒20 0‒10 – 640‒730

agcuti I 70.5 26.5 – – 3 780‒805

agcuti II1 63 35.25 – – 1.75 780‒815

agcuti III2 68.8 26.7 – – 4.5 830‒850

agti 96 – – – 4 970

1cusil aba. 2ticusil®.

Figure 4. Microstructure of NiTi/NiTi brazed joint [15]
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at application of commercially available brazing 
filler metals, mainly based on Ag‒Cu system alloy 
[12], special attention is given to studying the nitinol 
brazing processes with application of infrared, laser 
and microwave heating. at brazing, similar to weld-
ing, a certain deterioration of the original base metal 
properties is to be anticipated due to formation of in-
termetallic phases. On the one hand, running of the 
diffusion processes on the joint boundary promotes 
achieving strong bonds between the component ele-
ments of the base metal and brazing filler metal with 
formation of common phases, but on the other hand, 
it can also adversely affect the joint strength, because 
of their brittle nature, for instance Xti2 phases (where 
X = cu, ni, ag).

copper is known to have a high solubility in ni-
tinol and up to 30 wt.% of nickel in niti can be re-
placed by copper atoms without lowering the Sme 
[17]. Therefore, pure copper and copper-alloyed braz-
ing filler metals (Ti70Cu15Ni15; Cusil: 63 at.% Ag, 
35.25 at.% cu and 1.75 at.% ti; ticusil® 68.8 Ag, 
26.7 at.% Cu and 4.5 at.% Ti) [9] were used. Micro-
structural studies showed that three copper-containing 
phases were present in brazed seams, produced with 
application of pure copper foil, namely a copper-rich 
phase containing more than 90 at.% cu, and cuniti 
(Δ) and Ti(Ni, Cu) phases. It is reported [9] that ab-
sence of cuniti phases impairs the Sme of the alloy, 
while ti(ni, cu) presence does not have any effect at 
all on the alloy shape-memory effect. It is noted that 
the quantity of cuniti phase decreases with increase 
of brazing time that has a positive impact on the 
shape-memory effect of brazed joints. In brazed joints 
produced with application of ticuni system alloy as 

brazing filler metal, Ti2(ni,cu) brittle intermetallics 
forms on the interface of brazing filler metal — base 
metal, which makes determination of the shape-mem-
ory effect difficult. Titanium presence in Cusil-ABA 
brazing filler metal promotes improvement of base 
material wetting, but formation of cuniti phase im-
pair the shape-memory effect of the produced brazed 
joint. at brazing by ticusil® brazing filler metal (with 
a higher titanium content), ticu2 intermetallic phase 
forms in the brazed seam, which has a weaker influ-
ence on the shape-memory effect, but at the same time 
the brazed seams are characterized by a much weaker 
shape-memory effect, compared to base metal (niti-
nol) in the initial state [9]. However, brazing remains 
the most promising method of joining shape-memory 
materials.

the problem of passive oxide formation may arise 
both in welding, and in brazing of Ni‒Ti alloys. Its 
formation can be avoided by application of active 
fluxes and low-temperature brazing filler metals of 
Sn‒Ag or Au‒Sn system (from 200 to 300 °C). As 
an alternative, a barrier coating from nickel or gold 
can be used before brazing, which may improve the 
brazed joint quality [12].

a high concentration of titanium, which readily 
forms resistant oxide films on the surface of the stud-
ied niti alloy under atmospheric conditions, requires 
application of flux, where the effective components 
are fluorides and AgCl, LiCl compounds. Proceed-
ing from the obtained results, the authors [18] decid-
ed using a flux consisting of 25 AgCl‒25KF‒50LiCl 
(wt.%), which improves wetting by silver brazing fill-
er metal bag-7 (table 3) of niti surface at high-tem-
perature brazing in air atmosphere.

When making brazed joints, the authors [18] used 
nitinol “metallization”, which consists in application 
of flux and brazing filler metal (10 mg) on the surface, 
heating in an electric furnace up to the temperature of 
1000 °C and subsequent cooling. Slag was removed 
from the specimen surface by a wire brush. after such 
a preparation, the flux was applied on the “metal-

Table 2. Intermetallics in tixXy system (X = Ag, Cu, Ni) [16]

element compounds

ag agti agti2 ‒ ‒ ‒ ‒

cu cu4ti cu2ti cu3ti2 cu4ti3 cuti cuti2

ni ni3ti niti niti2 ‒ ‒ ‒

Table 3. Brazing filler metals and melting temperature [18]

Brazing filler 
metal (grade)

chemical elements, wt.%
Solidus, °С Liquidus, °С

ag cu Zn Sn ni

bag-7 56.5 20.3 16.3 6.9 – 623 655
a-1 59 23 15 1 2 668 710
a-2 60 30 – 10 – 738 761
a-3 60 28 – 10 2 739 766
a-4 60 30 10 – – 650 745
a-5 60 28 10 – 2 715 755
A-6 61 24 15 – – 685 717
a-7 59.5 23.5 15 – 2 688 724
a-8 60.2 23.5 15.3 1 – 655 718



23

producing nitinoL brazed jointS (reView)                                                                                                                                                                                                    

                                                                                                                                                                               

lized” specimens, they were mounted with an overlap 
of 2.5 mm, 100 g load was applied for fixing the spec-
imens, and in such a position they were placed into an 
electric furnace. brazing temperature is in the range 
of 700 to 900 °C.

In brazed nitinol specimens produced with appli-
cation of BAg-7 brazing filler metal at the tempera-
ture of 900 °C and of A-1 at 930 °C, formation of a 
reaction layer was observed on brazing filler metal — 
base metal interface (figure 5, shown by arrow 1).

ti and ni weight ratio (in at.%) in it is equal to 
1:3, so that it is identified as TiNi3 intermetallic. the 
authors [18] regard the following as the specific fea-
tures of formation of nitinol brazed joints. first of all, 
a significant liquation of tin is found at application of 
BAg-7 brazing filler metal, leading to reaction layer 
enrichment in a large quantity of this element (from 
25 to 35 wt.%) that is much higher than its concen-
tration, compared to brazed specimens at application 
of A-1 brazing filler metal. Secondly, titanium and 
oxygen peaks are observed on the reaction layer-base 
metal interface. In other words, titanium oxide is 
present in these areas, that corresponds to inclusions, 
observed in the interphase zone (shown by arrow 2). 
Application of A-1 brazing filler metal, alloyed by tin 
up to 1 % and by nickel up to 2 % ensures maximum 
strength of brazed joints on the level of 300 mpa, 
while other brazing filler metals demonstrated max-
imum strength, which is lower than 200 MPa [18]. It 
is noted that Sn and Zn lower the melting temperature 
of brazing filler metals and improve base metal wet-
ting. At Ni introduction into the brazing filler metal an 
increase of the amount of the melt and improvement 
of base metal wetting at brazing are observed. there-
fore, it may be assumed that increase of liquid metal 
amount results in removal of titanium oxide from the 
interface and increase of brazed joint strength.

NITINOL BRAZING TO OTHER METALS
earlier study of the potential of Sma application in 
engineering structures, such as adaptive serrated noz-
zle (aSn) shows that joining nitinol to titanium-based 
alloys is an extremely complicated process, which 
requires systemic studies and development of effec-
tive joining methods [9]. Vacuum brazing advantag-
es are known and they consist in ensuring absence of 
oxygen in furnace atmosphere, and producing clean 
sound defectfree seams. however, application of vac-
uum furnaces is not rational for adaptive serrated noz-
zle manufacturing, so that local heating is to be used. 
brazed joints, produced in this study, do not quite 
meet the requirements made, that is why optimization 
of the brazing process is required in order to improve 
the joint properties. It is shown that application of 

interlayers at vacuum brazing improves the brazed 
joint properties. however, mechanical properties of 
brazed joints are much lower than those required for 
an adaptive serrated nozzle. further optimization of 
the process and studying the influence of alloying ele-
ments and brazing systems will allow improvement of 
brazed joints [9]. A noticeable improvement of brazed 
joint quality is achieved at application of brazing fill-
er metals, containing not more than 25 at.% nickel, 
and alloyed by titanium. further research is required 
to study and more precisely determine the titanium 
impact in the brazing filler metals [9].

examples of the produced joints of nitinol with 
Ti‒6Al‒4V alloy and corrosion-resistant steel are 
presented in works [9, 19, 20]. Application of silver 
brazing filler metal BAg-8 allowed producing a perma-
nent joint of maximum shear strength that is equal to 
219 MPa [19]. Vacuum brazing of nitinol to Ti‒6Al‒4V 
alloy was studied at application of brazing filler metals 
of Ti‒Cu‒Ni, Ti‒Cu‒Ni60 systems and Ti‒Ni67 alloy. 
maximum shear strength of brazed joints was achieved 
at application of TiCuNi60 brazing filler metal, and it 
was equal to approximately 30 MPa [9]. Thus, correct 
selection of the brazing filler metal chemical compo-
sition largely depends on the quality of a permanent 
joint of nitinol with titanium and its alloys. note that 
intermetallic phase formation occurs irrespective of the 
joint type and joining method.

Studies of wetting, microstructure and strength 
of brazed dissimilar joints of ti50ni50 nitinol with 
Ti-15-3 alloy (β-Ti alloy type, which is readily de-
formed and contains in wt.%: 3al, 3cr, 3Sn, 15V, 
Ti) at application of BAg-8 (72Ag‒28Cu) (wt.%) and 
ticusil® (68.8Ag‒26.7Cu‒4.5Ti) (wt.%) brazing fill-
er metals showed [21] that wetting of Ti50Ni50 base 
metal by 72Ag‒28Cu eutectic brazing filler metal is 
greatly improved at addition of 4.5 wt.% ti to the al-
loy. Only active ticusil® brazing filler metal readily 
wets the substrates of both the base metals at infrared 
brazing. the structure of ti-15-3/bag-8/ti50ni50 
brazed joint produced at T = 800 °C with soaking 
for 300 s, consists of cu2ti intermetallics, which 
crystallize against the background of silver-based sol-

Figure 5. brazed joint microstructure: a — with bag-7 brazing 
filler metal; b – with A-1 brazing filler metal. Arrow (1) points to 
tini3 intermetallic, arrow (2) — to titanium oxide [18]
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id solution. now at increase of brazing temperature up 
to 850 °C (τ = 300 s), just a matrix forms which is en-
riched in ag. formation of cu(ti,V) reaction layer on 
the contact boundary with ti-15-3 titanium alloy and of 
(cuxni1–x)2ti phase is attributed by the authors to ac-
tive wetting of both the substrates and diffusion pro-
cesses [21]. The best results of brazed joint strength 
at application of bag-8 and ticusil® brazing filler 
metals are 197 and 230 mpa, respectively. the short-
comings of these joints include crack formation on the 
interphase of brazing filler metal–Cu(Ti, V) reaction 
layer and along the central zone of ti2ni intermetallic 
compound.

formation of (cu, ni)2ti phase is also observed, 
when brazing dissimilar joints of nitinol with nick-
el-based superalloy of Hastelloy C-276 grade (con-
taining in wt.%: 55 Ni, 14.5–16.5 Cr; 15–17 Mo; 
4–7 fe; 3–4.5 w). at nitinol brazing to austenitic cor-
rosion-resistant steel a phase with a high content of 
Fe and Cr forms on the interphase of brazing filler 
metal-base metal [12]. As formation of the reaction 
layer is a process controlled by diffusion that is due 
to a gradient of concentrations, by temperature and 
time, these parameters in combination with the select-
ed brazing filler metal are highly important at brazing.

During laser brazing of niti to corrosion-resistant 
steel using AgCuZnSn II brazing filler metal shown 
in table 1, the low heat input promoted low values 
of ultimate strength of 190–210 MPa [22]. At appli-
cation of greater heat input, strength was increased to 
320–360 MPa. Considering that the ultimate strength 
of Ni‒Ti base metal in the initial condition was high-
er than 1100 mpa, the considerable loss of the joint 
strength was caused by the brazing process. Similar 
results were obtained at application of agcuZnSn I 
brazing filler metal (see Table 1) [12]. As stated by the 
authors, mutual diffusion of ag, cu, Zn and Sn chem-
ical elements occurs. these elements diffuse from the 
filler metal both into the base metal — NiTi, and into 
stainless steel, while ti and ni from nitinol base met-
al, and fe, cr and ni from the steel diffuse into the 
filler metal. 

at infrared brazing of joints of nitinol with 
Ti‒6Al‒4V titanium alloy containing wt.%: 5.76 Al, 
4.03 V, 0.28 Fe, 0.06 C, using copper-silver brazing 
filler metal BAg-8 (in the form of 50 μm thick foil), 
good wetting of Ti‒6Al‒4V titanium alloy and some-
what poorer wetting of nitinol is observed [19]. In 
keeping with AWS specifications, BAg-8 brazing fill-
er metal contains 71‒73 % silver, the balance being 
copper, and it is characterized by a eutectic structure 
(Tm = 780 °C) [23, 24]. Investigations showed that af-
ter infrared brazing at the temperature below 850 °C, 
a hypoeutectic structure forms in the seam, which is 

based on two solid solutions: silver-based and cop-
per-based one. Silver does not react with either of the 
base metals, and forms no intermetallic compounds, 
but copper reacts with titanium with formation of 
ticu4, ti3cu4, ticu and ti2cu intermetallic phases on 
the interphase of brazing filler metal–titanium alloy 
(Ti‒6Al‒4V) and of CuNiTi phase on brazing filler 
metal – nitinol interface. titanium partially dissolves 
in Ti‒6Al‒4V titanium alloy that improves wetting of 
both the metals. at increase of brazing temperature to 
900 °C (for more than 60 s) and abrupt change of the 
microstructure occurs, which is due to formation of 
a large quantity of ti2ni phase. the average strength 
of the specimens, brazed by infrared radiation at the 
temperature of 800 °C, is equal to approximately 
200 mpa. although the presence of cuniti interme-
tallic phase has a positive effect on wetting ti50ni50 
base metal substrate by molten brazing filler metal, it 
has a negative influence on the strength of Ti50Ni50/
bag-8/Ti‒6Al‒4V brazed joint [19]. Maximum shear 
strength values on the level of 343 mpa were obtained 
at infrared brazing at the temperature of 950 °C (soak-
ing for 60 s) [24].

PRODUCING JOINTS 
WITH INTERLAYER APPLICATION 
AND WITHOUT BRAZING FILLER METAL
Investigations in the field of nitinol brazing and weld-
ing have been performed for many years. these stud-
ies are still relevant and require development of an 
affordable and inexpensive joining method, which 
will ensure joint formation without brittle phases at 
development of specific functional elements of vari-
ous structures.

the problem of producing strong and reliable 
structures can be solved by application of interlayers 
from pure metals on the material to be brazed. Se-
lection of optimal interlayer compositions, which al-
low avoiding formation of brittle intermetallic phases 
between titanium and nitinol is an important task of 
today [10]. Application of the respective ductile in-
terlayer can be a good choice for prevention of excess 
diffusion and compensation of thermal deformations 
which are due to mismatch of the coefficients of ther-
mal expansion. performed research showed that mu-
tual diffusion takes place at niobium contact with the 
ordinary forged nitinol, leading for formation of the 
liquid phase, which actively wets both pure niobium 
and NiTi [5, 25‒31].

performed research was the base for development 
of a new reactive process of brazing titanium nicke-
lide by application of pure niobium, which provides a 
strong metallurgical bond with the base metal (quasib-
inary Ni38Ti36Nb24 eutectic) and opens up possibil-
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ities for creation of prototypes of superelastic cellular 
honeycomb shapes from ordinary titanium nickelide. 
this method allows implementation of complex 3D 
truss structures, honeycomb panels, and built-in ther-
mally activated multifunctional structures based on 
Ni‒Ti alloy [14].

pseudoelasticity of shape-memory niti alloys 
is a unique property of the material, which may be 
characterized by complete recovery of the preformed 
shape of the component by changing the conditions 
of thermal or mechanical loading after deformation. 
unlike elastic deformation of such ordinary materials 
as steel, nitinol capabilities are 20 times higher than 
the elastic deformation rate which is due to increased 
temperature, or stress, and it promotes diffusion-free 
transformation of austenite crystalline lattice into 
martensite and vice versa. Such alloys are often used 
as components of implants or stents, so that extreme-
ly high requirements are made to their reliability and 
biocompatibility with the human body [5]. From the 
view point of producing the joints, vacuum brazing is a 
particularly acceptable method for making joints from 
components, which preserve maximum pseudoelas-
ticity. In such a study [5], it was shown that the pro-
cess of vacuum brazing at the temperature of 1180 °C 
(τ = 6 min) using pure niobium, is readily combined 
with heat treatment, and it is performed in one cycle 
of heating in the furnace. nitinb eutectic forms in the 
central zone of the brazed seam, which contains up to 
23 % niobium (Figure 6, Table 4, zone 3).

eutectic composition correlates with other studies, 
where it was determined that niobium concentration is 
within 20–26 % [5, 25]. Titanium-based hypoeutectic 
dendrites containing 7 % niobium are observed be-
tween the base material and eutectic (figure 4, table 4, 
zone 1), which corresponds to niobium solubility in 
NiTi at brazing temperature of 1180 °C [5]. Moreover, 

it was proved that the fraction of ductile hypoeutectic 
NiTiNb-phase increased significantly with longer soak-
ing time (figure 7), and the brazed seam is much wider 
(100–150 μm), compared to the width of the niobium 
foil in the initial condition (50 μm).

maximum tensile strength (1022 mpa) of niti-
nol specimen was achieved at brazing temperature 
of 1180 °C with 6 min soaking. Fracture occurred 
through the eutectic phase and in the hypoeutectic 
dendrite zone (figure 7, d, e). Of considerable interest 
is investigation of the influence of soaking time and 
heat treatment on niti structure and pseudoelasticity 
of brazed joints. the authors note that nb, nbZr1, cu 
and AuCu65 are promising for application as brazing 
filler metals. They provide partially pseudoelastic be-
haviour in NiTi/NiTi brazed joints [5].

Nititnol wires (300 μm diameter) can be brazed 
with application of niti and nb powders as brazing 
filler metals [29], which are mixed with polyvinyl al-
cohol and water in a certain proportion (to obtain a 
suspension) and are applied on the contact surfaces of 
two parallel wires. a liquid phase forms between niti 
and Nb at the temperature of 1170 °C due to a eutec-
tic reaction (in keeping with NiTi‒Nb17 quasibinary 
diagram), which wets the base metal wires, filling the 
gaps between. Overheating by 10° (up to 1180 °C) 
and soaking for 4 min promote good wetting and for-
mation of a tight brazed seam, containing a eutectic 
component (figure 8).

the seam structure contains round grains of a 
phase enriched in Nb (N′), rod (R) and platelike (L) 
eutectic (figure 8, b). moreover, faceted phase parti-

Figure 6. Seam structure with regions where local elemental com-
position was determined in niti brazed joint produced using pure 
niobium (50 μm) as brazing filler metal (Tm = 1180 °C, τ = 6 min) [5]

Table 4. chemical heterogeneity of brazed joint of niti with pure 
niobium [5]

Studied zone
element (wt.%)

ni ti nb

1 (hypoeutectic dendrites) 45.1 47.9 7
2 (niti) 49.5 50.5 –

3 (eutectic) 37.3 39.4 23.3

Figure 7. Microstructure of NiTi brazed joint produced under vacuum at brazing temperature of 1180 °C and at different soaking (a‒c) 
and fracture surface (d) and cross-section of the specimen in the fracture zone (e) [5]
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cles are present, which are enriched in titanium (f). 
It is reported that the rod-type eutectic forms, when 
the volume fraction of nb phase in niti–nb eutec-
tic is below the critical volume (close to 30 %) for 
platelike eutectic [29]. The authors of [29] found that 
phase transformation of b2 into b19’ slows down af-
ter heat treatment at 520 °C for 30 min, both for NiTi 
wire, and for the eutectic region of the brazed seam. It 
confirms the presence of a greater transformation bar-
rier for B19′ phase transformation. R phase transfor-
mation takes place predominantly on the interface of 
niti and eutectic region (brazed seam metal) during 
crystallization. a separate nb-based phase largely 
promotes formation of an elastic deformation field. 
thus, a high fraction of r-phase transformation is in-
duced in this region.

The authors of [30] lay a metallurgical basis for a 
reliable method of joining niti shape-memory alloys 
and superelastic alloys. It is based on application of 
pure niobium as a depressant, which causes contact 
melting with niti at acceptable temperatures. butt 
specimens were brazed by pure niobium at 1180 °C 
for 6 min, cooled in the furnace and annealed at 
350 °C for 90 min before testing. Brazed specimens 
failed at a pressure of a little less than 800 mpa, creat-
ed by the impact of loading. the stress-strain curve for 
the joined butt specimens of superelastic niti plates 
(3 mm) shows that the brazing filler metal strength is 
equal to approximately 800 MPa [30]. This fact can 
have far-reaching consequences for niti application 
in complex aerospace structures, and it will allow ex-
pansion of niti application with various materials, 
including ceramics. It is shown that the quasibinary 
eutectic nature of equilibrium of NiTi‒Nb system is 
the base for a reliable brazing technique, when joining 
niti sections with pure niobium application.

alloys based on nitinb system are well-known as 
those with a wide hysteresis and with shape memory. 
they have important applications as joining materi-
als. proceeding from the existence of a quasibinary 
NiTi‒Nb eutectic region in this ternary system, a new 

brazing method was developed to form metallurgi-
cal bonds between functional regions of nitinol [31]. 
when niti and pure nb come into contact at a tem-
perature above 1170 °C, spontaneous melting occurs, 
which leads to formation of a liquid phase which is 
extremely active. It not only wets the niti surface, 
but, obviously, dissolves the oxide precipitates, elimi-
nating the need for fluxes, while ensuring an effective 
capillary flow into the joint gaps. The melting pro-
cess is regulated by diffusion, and it is limited by nb 
diffusion coefficient in the liquid phase. The brazing 
filler metal in the liquid state crystallizes at cooling 
with formation of a microstructure which contains 
predominantly ordered niti and disordered solid 
solution of niobium (bcc lattice). mechanical testing 
showed that the brazed joints are strong, ductile and 
biocompatible with the human body. at appropriate 
aging after brazing, the functional characteristics of 
niti base alloy can be recovered. microalloying of 
niobium filler metal by zirconium or tungsten showed 
a high potential for brazed seam strengthening. for 
applications, where biocompatibility is not a prob-
lem, niobium can be replaced by pure vanadium as 
the brazing filler, which has sufficient rupture strength 
and can potentially be superior to the analogs with ni-
obium [31].

Of particular importance are dissimilar joints de-
signed for medical applications [32]. Successful join-
ing of dissimilar metal tubes will allow selective ap-
plication of unique biocompatible materials, such as 
stainless steel and shape-memory materials (niti) for 
locally providing certain properties of medical devic-
es — implants. application of a new process of au-
togenous laser brazing, which uses the heat accumula-
tion mechanism to produce joints of dissimilar tubular 
specimens (without brazing filler metal) from nitinol 
and stainless steel (1 mm diameter) ensures the appro-
priate strength, composition and microstructure. the 
influence of laser parameters on the thermal profile 
and joining mechanism is studied experimentally and 
by numerical modeling. the joint strength obtained 

Figure 8. Sem micrographs: a — joined parallel niti wires; b — eutectic region in a polished brazed region. r and l — eutectic 
microstructure of the rod and platelike, respectively; N′ — Nb-rich rounded phase, F — Ti-rich faceted particle [29]
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using this process reaches 500 MPa [32] that is close 
to the stresses of phase transformation of niti base 
material, as well as to rupture strength of tempered 
stainless steel. It is shown that this process is prom-
ising for application, but it requires additional studies 
as regards the particular tubular parts.

CONCLUSIONS
analysis of published sources shows the relevance 
and importance of studies, related to producing per-
manent joints of nitinol — a promising shape-memo-
ry material, which needs to be joined in structure fab-
rication in different industries, including aerospace, 
medical sectors, etc.

features of different methods of joining this mate-
rial were high-lighted, and temperature-time parame-
ters of the process of brazing niti intermetallic alloy 
in a similar combination and in combination with oth-
er materials were revealed. It is shown that at brazing 
nitinol in the ambient atmosphere brazing filler metals 
based on Ag‒Cu‒Zn‒Sn‒Ni system and AgCl‒KF‒
LiCl flux have proven themselves well, ensuring the 
maximum joint strength of ~ 300 mpa.

at vacuum brazing (10‒3 Pa) by brazing filler met-
al of Ag‒Cu system the strength is in the range of 
360–600 MPa that is due to the overlap value. At the 
same time, note that the eutectic brazing filler metal 
based on Ag‒Cu system is alloyed by titanium in or-
der to improve base metal wetting.

when producing permanent dissimilar joints of ni-
tinol with titanium alloys, the following brittle phases 
form in the brazed seam: ti2ni, (cuxni1‒x)2ti, cu2ti, 
cu(ti, V), which promote cracking on the interphase 
of brazing filler metal-reaction layer and along the 
central zone of ti2ni intermetallic compound, impair-
ing the joint quality. their formation in the joint zone 
can be avoided using brazing filler metal of a certain 
composition or interlayers, which improve the nitinol 
brazed joint properties at vacuum brazing. It should 
be specially noted that vacuum brazing of niti using 
pure niobium leads to a high quality and strength of 
the joints (close to 800 mpa). more over, at brazing 
nitinol using brazing filler metals, the following ma-
terials are promising: Nb, NbZr1, Cu and AuCu65, 
which promote partially pseudoelastic behaviour of 
niti/niti brazed joint.

at the same time, it should be noted that the pro-
cess of producing permanent joints by brazing re-
quires performance of further systemic studies with 
application of up-to-date computational and exper-
imental methods, which will allow preserving the 
main properties of shape-memory alloys and will 
ensure the appropriate service properties of brazed 
products.
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PWI has developed technological processes and filler metals for brazing, including promising materi-
als of new generation intermetallic, dispersion-strengthened alloys, carbon materials, titanium-based 
alloys, dissimilar copper-tungsten joints, molybdenum-graphite (stainless steel) and hard-to-weld 
materials to produce brazed joints in various industries.
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