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PROTECTIVE AND FUNCTIONAL POWDER COATINGS

CONTACT AND CAPILLARY PROCESSES IN SYSTEMS PROMISING
FOR BRAZING: EUTECTIC MELTS OF NIOBIUM

WITH COBALT, NICKEL, AND IRON-NONMETALLIC

Al,03;-SiO, AND AIN-TiN MATERIALS

V.S. Zhuravlev,!2 T.V. Sydorenko,! M.V. Karpets,!
and O.Y. Koval!
UDC 532.696.1:621.791.3:546.882

The contact and capillary processes that occur in the interaction of eutectic Nb melts containing Co,
Ni, and Fe with Al,0;-SiO, and AIN-TiN solid substrates at 1400-1450°C in 10-3 Pa vacuum have
been considered. The microstructure and phase composition of the interaction products in the
contact area have been examined, and thermodynamic analysis of potential reactions has been
performed. The effect of the solvent metal for niobium on these processes has been determined, and
explanation for the different wettabilities of the same substrates has been proposed in terms of the
properties (composition and structure) of the solid phase formed at the metal—ceramic interface. An
example of the potential application of these melts for brazing nonmetallic materials is provided.
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INTRODUCTION

One of the important applications of niobium is brazing and welding with nonmetallic materials and, in
particular, with aluminum oxide (single crystals and ceramics). Solid-phase welding is often performed with the use
of pressure or in the presence of a thin layer of liquid phase. In the latter case, the literature defines such
technologies as TLP (transient liquid phase), PTLP (partial transient liquid phase), etc. ‘Moderate’ chemical activity
of niobium relative to nonmetallic substrate components (oxygen, nitrogen, and carbon) prevents intensive
interaction with ceramics that can lead to rather thick and fragile layers of intermediate phases and erosion of the
contact surfaces of both ceramic and metal parts. This moderate interaction contributes to better adhesion of the
components (for example, in the niobium—oxide system). In this regard, the use of niobium should be considered
promising for strong high-temperature brazed joints in the ceramic (or other nonmetal)-metal systems.

The literature offers a relatively small number of theoretical and experimental papers devoted to this
problem [1-6]. Thus, the paper [1] describes solid-phase welding (without formation of a liquid film in the contact
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area) of niobium with alumina ceramics under pressure in a vacuum of 103 Pa (¢ = 1500°C, P =15 MPa, 1 = 15—
20 min). The joint strength in this case is relatively small (80-100 MPa). In later papers [2, 3], the welding
temperature and pressure were reduced and the length of isothermal holding was significantly increased (¢ =
=1400°C, P =10 MPa, T = 34 h and longer). However, even under such conditions, areas were revealed where the
materials failed to bond in the junction zone. The joint strength is not increased significantly and is no more than
100 MPa.

To intensify contact processes, a thin layer of liquid copper (PTLP technology) was introduced into the
junction zone. For this purpose, a copper layer 3 um thick was preliminary deposited onto a niobium or oxide material.
The liquid copper dissolved niobium and accelerated its interaction with the oxide. This method allowed the joint
strength to be increased to 240 MPa [2, 3]. The paper [2] also specified that ceramics could be bonded in this way at
lower temperatures as well (1150°C). It should also be noted that the above-mentioned research efforts focused on
joining ceramic materials with each other and used niobium as an intermediate thin (up to 150 um thick) layer.

Analysis of the contact areas in the above-mentioned compounds showed that copper collected in
intergranular microscopic hollows on the surface of niobium foil [4]. Copper is chosen as a liquid layer because it
does not form intermetallides with niobium nor does it make it brittle. Detailed studies on how niobium is wetted
with copper showed that this process was very sensitive to the oxygen content on Nb surface [5]. The contact angle
formed by copper on niobium is 35° in a vacuum of 10~* Pa and 14° in hydrogen (i.e., even small oxygen content
on the Nb surface significantly influences the contact angle) at 1200°C. Hence, the contact angle is 56° at 1.5 at.%
O on niobium and increases to 79° at 6.5 at.% O.

According to [6], the contact angle decreases to 20° in the Cu—1.4 at.% Nb-Al,O; system after significant
(hours) holding at 1150°C. At the same time, these data have not been confirmed by other researchers (including us)
and require further verification. This phenomenon is probably associated with the formation of nonequilibrium
receding contact angles due to partial evaporation of copper.

Note also that no recommendations have been developed so far regarding the optimum composition of
metal brazes for joining oxide and other nonmetallic materials in which niobium would be the capillary active
(adhesively active) element. Research papers that would study in detail the capillary and contact processes in the
‘solid oxide—niobium-containing melt’ systems have not been found either (except for the efforts mentioned above
and our paper [7]). It should also be noted that titanium is added to the metal melt [8] in most cases to ensure the
adequate wetting of nonmetals and that, as our previous studies [7] showed, silicon dioxide SiO, is very well wetted
by Ni-Nb melts.

In the above regard, the objective of this effort was to study contact and capillary processes in the systems

consisting of eutectic niobium melts containing cobalt, iron, and alloys of cobalt and nickel, on the one hand, and
solid oxides of the binary Al,0,-SiO, system and nitride ceramic materials (AIN, TiN, Si;N,, etc.), on the other.

EXPERIMENTAL PROCEDURE

We used electrolytic cobalt, nickel, and iron (99.99%) and vacuum-melted niobium (99.9%). Cobalt,

nickel, and iron were subjected to additional melting in a vacuum of 10-3 Pa. The Co—13.9 at.% Nb (20.3 wt.% Co,
tmert = 1237°C), Co—43.2 at.% Nb (55.0 wt.% Co, t,,.;; = 1378°C), and Co—61 at.% Nb (71 wt.% Co, t,,,;; = 1374°C)
eutectic alloys [9, 10] were preliminary fused from the respective components in alundum crucibles. The Fe—Nb
alloys were fused from Fe and Nb foils in Al,O5 crucibles in vacuum. In some instances, the foils were fused in the
wetting process.

The substrates to be wetted were polished (R, ~ 0.01 pm) leucosapphire (unoriented) plates, KI quartz
glass, VK-94-1 ceramics (Al,05-2.8 wt.% SiO,-2.4 wt.% MnO-0.5 wt.% Cr,05 [1]), and specially synthesized

ceramic materials such as mullite (3A1,0;-28i0,) and hard porcelain (Al,05-3.8 wt.% SiO,). The Al,0;-SiO,

phase diagram and substrate compositions are shown in Fig. 1.
We used advanced equipment [7] that allowed us to partially immerse a 20 mm % 5 mm x 0.5 mm plate into
the melt and extract it directly at the experimental temperature. The wetting process was monitored through the side
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Fig. 1. The Al,0;-Si0O, phase diagram and our compositions of wetted substrates (indicated by
arrows): 1) leucosapphire (unoriented), 2) VK-94-1, 3) mullite, 4) hard porcelain, 5) quartz glass

window, and the sample appearance was fixed using digital instrumentation. The method involving immersion and
partial extraction of the plate from the melt is used to measure both the advancing angles formed by the melt on the
pure test sample and the receding and advancing angles formed on the layers of products resulting from interaction
of the melt with the substrate (this, in turn, allowed us to assess the role of chemical reaction at the interface in the
melt spreading process and the degree of hysteresis in the wetting process). This procedure permitted us to define
the structural composition of the interaction products that formed directly at the experimental temperature.

The microstructure of the contact area between the metal melts and nonmetals was examined using optical
light image (OLI) microscopy and electron microprobe analysis with a Superprobe 733 microanalyzer in SEI
(secondary electron image) and X-ray (characteristic radiation of elements) modes. The phase composition of the
interaction products was analyzed using DRON-3 diffractometers. X-ray diffraction patterns were measured from
the surface of samples.

EXPERIMENTAL RESULTS AND DISCUSSION
Wetting and Contact Interaction in the Nb—Co, Nb—Fe, and Nb—Co—-Ni Eutectic Systems with Al,0;-Si0,

Oxide Materials. The experimental results on the wetting of oxide systems by Co—Nb eutectic melts at 1400°C are
presented in Fig. 2.

The contact angles formed by the Co—43.2 at.% Nb and Co—61.0 at.% Nb eutectics on sapphire at ¢ =
= 1400°C are 90-93°. The advancing and receding angles measured in partial immersion of the sapphire plate into
the melt and its extraction are virtually the same: ~90°. Hence, no significant hysteresis is observed in the wetting of
sapphire. The contact angle formed by the eutectic melt on quartz glass is small, 25-30°, and decreases to 20—15°
with increasing temperature (at a rate of ~5 K/min) to 1450°C and after isothermal holding for 30 min. Note also
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Fig. 2. Wetting of Al,0;-Si0, oxide systems by melts: Co—13.9 at.% Nb (I); Co—43.2 at.% Nb (2);
Co-61.0 at.% Nb (3) at 1400°C
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that increase in the niobium content of the melt from 43.2 to 61 at.% decreases the contact angles on SiO, by no

more than 10°, while the contact angle on sapphire does not change at all (this is also pointed out in [11]).

The wetting of oxide materials with an intermediate amount of SiO, improves with increase in its
concentration in the substrate. The degree of wetting mainly changes within the first 7-10 min in the isothermal
holding process at 1400°C, whereas subsequent (up to 30 min) holding causes only a slight decrease in the contact
angle. Increase in the experimental temperature to 1450°C hardly influences the contact angle.

Additions of Ni-Nb eutectic alloys to the Co—Nb melts slightly reduce the contact angle (to 84-86°) on
AlLO,. We have not revealed any effect of these additions in amounts of 50 mol.% on the melt solidification
temperatures, nor have we found any Co—Nb—Ni phase diagrams.

Wetting of Al,0;-Si0, Oxide Materials by the Fe—-Nb Eutectic Melts. According to the phase diagram, the
Fe—Nb system [10] has three eutectics: 1) Fe-10.4 at.% Nb (¢, = 1373°C), 2) Fe—40.2 at.% Nb (¢, = 1535°C),
and 3) Fe—65.6 at.% Nb (7., = 1400°C).

melt —

The Fe-10.4 at.% Nb and Fe-65.6 at.% Nb eutectic melts formed contact angles 6 =84 +3° on
leucosapphire and alumina ceramics at 1450°C after 15 min holding; i.e., no explicit composition dependence of the
contact angles was observed (however, note that the wettability of Al,O; slightly improves when the solvent for
niobium was changed from Ni to Fe).

The cold droplets were broken off at the interfaces with the substrate. No significant dissolution of
leucosapphire in the melt after isothermal holding at 1450°C for 15 min was observed. These alloys only partially
fused on quartz glass at 1450°C (this is probably due to the intensive interaction at the interface with the subsequent
formation of refractory niobium silicides). The Fe—65.6 at.% Nb eutectic alloy is silvery at the interface and, hence,
the formation of NbO,,; oxide compounds is unlikely.

X-Ray Diffraction of the Contact Areas between the Solidified Co—Nb Droplets and Quartz Glass. X-ray
patterns were measured from the surface of a metal droplet broken off from the oxide substrate. The experimental
results are summarized in Table 1.

Thermodynamic calculations of interaction in the Nb-SiO, system show that lower niobium oxides and

Nb,Si, and NbSi, silicides [9] are most likely to form:

38i0, + 11Nb = NbsSi; + 6NbO; AG®, 5o = —41.3 kl/mol-at. O; (1)
38i0, + 8Nb = NbsSi; + 3NbO,; AG®, s = —24.1 kl/mol-at. O; @)
15Si0, + 37Nb = 5NbSi; + 6Nb,Os; AG®; 590k = 8.4 kJ/mol-at. O. 3)

The structural composition of these interaction products (selected among isostructural phases) was refined
upon microradiography analysis of the interfaces between the Co—Nb alloy and quartz glass.

Microstructure of the Contact Areas between the Co—Nb Alloys and Oxide Substrates. Figures 3 and 4
show the microstructures of the contact areas between quartz glass and Co—13.9 at.% Nb and Co—61.0 at.% Nb
melts. The contact areas between the glass and Co—13.9 at.% Nb melt remained almost intact, and only slight
niobium absorption is observed at interfaces.

TABLE 1. Compositions of Compounds Formed at the Interface between the Co—Nb Droplets
and Quartz Glass at 1400°C

Nb content of the alloy, wt.% at.% Explanation of X-ray diffraction patterns
20.3/13.9 Co,Nb—-C15%—39.00 wt.%; NbO,—6.72 wt.%; Co-Ht*—54.29 wt.%
45.5/43.2 NbO—31.20 wt.%; NbO,—3.92 wt.%; Co,Nb-C14*—64.88 wt.%
71.0/61.0 NbO (Nb3Si)**—15.96 wt.%; CogNbsO (Nb3Co,Si)**—53.10 wt.%; Co,Nb—
C14*—30.95 wt.%

* Metal droplet components. ** Isostructural phases with the same lattice parameters in parentheses.
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Fig. 3. Contact area between quartz glass and Co—13.9 at.% Nb melt (# = 1400°C, T = 30 min) and
distribution of elements in it
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Fig. 4. Contact area between quartz glass and Co—61.0 at.% Nb melt (¢ = 1400°C, T = 30 min) and
distribution of elements in it

As seen, increase in the niobium content of the melt from 13.9 to 61.0 at.% enhances the interaction of
niobium with glass: new Nb phases that contain neither cobalt nor silicon are formed (they can be considered to be
NbO, phases). No significant accumulations that would contain silicon are found in Fig. 4. Therefore, we believe
that silicon did not form any silicides, but dissolved in the melt. Accordingly, we can refine the X-ray diffraction
results for quartz glass with the Co—61.0 at.% Nb melt (#=1400°C, t=30 min), where oxygen-containing
compounds CogNbO and NbO are the main components of solid-phase interaction at interfaces.
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Fig. 5. Contact area between mullite and Co—43.2 at.% Nb melt (¢ = 1400°C, T = 30 min) and
distribution of elements in it

Figure 5 shows the microstructure of contact areas between mullite and Co—43.2 at.% Nb melt. There is a
wide zone of intensive interaction between the melt and substrate. The interaction in this system is also peculiar in
that there are fine aluminum-containing particles. Hence, silicon dioxide is reduced from the mullite and aluminum
oxide remains in the form of fine disperse aggregates.

There is also a silicon cluster in the contact area of the system in question, which may be due to obstacles in
the removal of Si from the contact area to the melt. In addition, when wetted with the Co—Nb melts, mullite and
hard porcelain become blue and quartz glass does not change its color. This may indicate that there is weakly (more
weakly than SiO,) bound oxygen that oxidizes both niobium and cobalt in the mullite and hard porcelain (for
example, in closed pores). The degree of coloration (blue) depends on the amount of weakly bound oxygen in the
mullite contributing to the oxidation of cobalt. The vacuum melting of mullite significantly reduces, but does not
eliminate completely, the blue color of the sample.

Wetting and Contact Interaction in the ‘Co—Nb Eutectic Melt-Nitride Material’ Systems. The SizN,
ceramics are wetted by the Co—Nb melts in the way similar to the Ni-Nb melts: the melt spreads over a long time
(to 40 min and longer) and completely covers the ceramic sample like a film. Thermodynamic calculations show
that niobium silicide (NbsSi5), which is well wetted by the metal melt, is most likely to form at interfaces.

The wetting behavior of Co—Nb melts on AIN and TiN + 10AIN nitride materials at 1420°C is shown in
Figs. 6 and 7. Titanium nitride is wetted with the cobalt-—niobium melt much better than aluminum nitride. Our
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Fig. 6. Kinetic dependences for wetting of AIN by Co—61.0 at.% Nb melt (/) and Co—43.2 at.% Nb
melt (2) at 1420°C

Fig. 7. Kinetic dependences for wetting of the 90 mol.% TiN-10 mol.% AIN system by Co—-13.9 at.%
Nb melt (/) and Co—61.0 at.% Nb melt (2) at 1420°C

long-term kinetic dependence of the AIN wetting process indicates that the contacting phases also change their
composition at the interface, which agrees with the thermodynamic calculations. Aluminum nitride begins to
evaporate substantially at 1500°C (flogpN2 =3.918 at.%; —logp,; = +3.617 at.% [12]).

To estimate the likelihood of new solids to form at the melt—solid interfaces, influencing both wetting and
joint strength, we calculated changes in the Gibbs energy, AG®, for potential reactions between niobium and wetted

substrate:
AIN + 2Nb = Nb,N + AL AG®, 590 = +28.1 kl/mol-at. N, )

The calculations show that interaction between niobium and Si;N, by Eq. (4) is the most probable. The
small positive value in Eq. (5), such as AG®|500x = +28.1 kJ/mol-at. N, allows us to assume that AIN can dissolve in

the presence of Nb in vacuum conditions.

Some improvement in the wettability of TiN relative to AIN cannot be explained by the results of these
calculations since, according to Eq. (6), Gibbs energy AG®,5,qk has a high positive value: +70.8 kJ/mol-at. N. This
effect may be attributed to a wide homogeneity range of TiN. Hence, the following reaction can occur:

TiN + Nb = TiN;_; + X[Nlyp» @)

where [N],, is a solution of nitrogen in niobium. This equation indicates that TiN can lose the nonmetal (nitrogen),
and the metal-metal bonding contribution can increase on the substrate surface, which will improve the substrate
wetting with the metal melt.

In addition, according to Samsonov, TiN can lose nitrogen up to the formation of TiNj 5, under vacuum
alone at high temperatures [13, 14]. This, in turn, increases the metallic properties of the nitride formed and,
consequently, improves the degree of wetting.

The contact area between AIN and TiN brazed with a mixture of Co—43.2 at.% Nb and Ni—40.5 at.% Nb
eutectic powders in a 1 : 1 ratio is shown in Fig. 8 as a sample application of niobium melts. Figure 8 indicates that

TABLE 2. Gibbs Energies in the Formation of Nb Intermetallics with Ni, Co, and Fe (kJ/mol Nb) [15-17]

NiyNb, 950°C

NiNb, 980°C

Co;Nb, 1005°C

Co,Nb, 1005°C

Fe,Nb, 1005°C

—-161.4

-1254

-52.9

—49.3

—43.6
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Fig. 8. Contact area between AIN and TiN (a) brazed with a mixture of Co—43.2 at.% Nb : Ni—
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Fig. 9. Wetting of Al,0;-SiO, oxides (# = 1450°C, T = 30 min) by Co—43.2 at.% Nb (/) and Ni—
40.5 at.% NbD (2) melts

nickel and cobalt are evenly distributed in the brazed joint, which has dense structure. Under mechanical loading,
such a joint fails in the ceramic part in most cases.

Comparison of Wetting Behavior of the Co—Nb and Ni-Nb Melts on Al,0;-SiO, Oxide System and AIN-
Based Ceramics. The comparison results, in particular, for Al,0,-Si0, oxides at 1400°C are presented in Fig. 9.

In general, the results indicate that the Ni-Nb melts wet these materials better than Co—Nb. At the same
time, these results do not agree with the general thermodynamic considerations relating to wetting: the bonding
energy of Ni—Nb is greater than that of Co—Nb, as shown in Table 2, so Co—Nb melts should ensure better
wettability.

The answer, most likely, should be sought in terms of the properties, composition, and state of the products
resulting from the interaction between the droplet melt and solid wetted surface.

We previously found that Ni-Nb melts formed solids with lower oxygen content at interfaces with oxides
[7] than Co—NDb melts, which may lead to better wetting. At the same time, aluminum nitride ceramics are wetted by
the Co—Nb melts not worse than by Ni—Nb: the contact angles formed by the Ni—40.5 at.% Nb melt on the AIN +
(3-5%) Y,0; surface are 95-105° (¢ = 1400°C, © = 60 min) [18]. We performed refinement experiments to show
that the Co—43.2 at.% Nb melt formed contact angles of 95-110° in these conditions. Therefore, the solvent (Ni or
Co) has no effect on the wetting of AIN substrates.

Considering the appearance of blue color on the mullite and porcelain when they are wetted by the Co—Nb
melts, being indicative of cobalt oxide, we analyzed the NiO-SiO, and CoO-SiO, phase diagrams [9]. We
established that the oxide melt appeared in the NiO systems only at 1680°C, which is much higher than the wetting
temperature. In the systems containing CoO, the oxide melt shows up already at 1380°C, i.e., at temperatures below
the wetting temperature (¢ = 1400—1450°C). It is this factor (the appearance of oxide melt in the interaction products
in the contact area) that influences the composition, structure, and adhesion properties of the systems in question.
From an applied viewpoint, this result is important in choosing the composition of brazes, crucibles for metal
melting, etc.
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CONCLUSIONS

In general, the experimental results indicate that niobium can be used as an adhesively active element in

metal brazes to improve the degree of wetting and adhesion of the melts to oxide, nitride, and many other materials.

We have examined the production of a brazed joint for ceramic materials (in particular, AIN and TiN) using

niobium-containing brazes.
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