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Abstract: Titanium and Zircaloy-4 dissimilar alloys were brazed with a zirconium-titanium-copper-
nickel amorphous filler alloy, and the resulting joint structures as well as their corrosion properties
were examined. The microstructure of the brazed joints was investigated according to brazing
holding time at 850 °C, and the corrosion property was analyzed by potentiodynamic polarization.
During brazing, joints were produced by diffusion-induced isothermal solidification of the molten
filler alloy. At a relatively brief brazing holding time of 5 min, a large segregation zone consisting of
an active a-phase and a nobler intermetallic phase was generated in the joint center, which suffered
from micro-galvanic corrosion. The presence of alloyed titanium deteriorated the nobility of the
a-zirconium phase near the joint and induced galvanic coupling with cathodic base metals, resulting
in massive localized corrosion. This localized corrosion caused the pitting behavior at the applied
potential of —51.1~187.5 mV during anodic polarization. With a brazing holding time of 20 min, the
concentration of the alloying elements was homogenized to eliminate the electrochemical potential
difference and minimize the galvanic corrosion susceptibility of the joint region. This homogeneous
joint resulted in a highly passive corrosion behavior comparable to that of the titanium base metal.

Keywords: titanium; Zircaloy-4; brazing; dissimilar joint; amorphous filler alloy; microstructure;
corrosion

1. Introduction

Titanium (Ti) is the material of choice for applications involving corrosive environ-
ments, such as power generation and chemical processing, due to its high specific strength
and outstanding resistance to corrosion [1,2]. Zirconium (Zr) is also resistant to corrosion,
and has been widely used in the nuclear industry [3,4]. With the expanding use of both
materials, interest has grown in developing a composite of the two, potentially combin-
ing their distinct advantages [5,6]. Enhanced strength reportedly can be obtained from a
multilayered composite, due primarily to the hardening effect of interfacial Ti-Zr mutual
diffusion layers [5,7].

Brazing is an applicable solid-state process for joining dissimilar metals or alloys [8,9].
To braze Ti and Zr, Zr-rich amorphous alloys have been widely investigated as promising
fillers that contain Ti, with copper (Cu), nickel (Ni), iron (Fe), and/or aluminum (Al)
added as a melting-point depressant [9,10]. These alloys are considered the best choices for
high-temperature and corrosive environments, compared with other types of brazing filler,
such as Al- and silver-based alloys [10,11]. Based on their chemical compatibility with Ti
and Zr, investigations have been conducted on the brazing of Ti alloys for aerospace and
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chemical plant applications [10,12], and more recently, the brazing of Zr alloys in nuclear
applications [13,14].

Among various Zr-rich amorphous alloys, Zr-Ti-Cu-Ni quaternary systems with
multi-component eutectic compositions exhibit relatively low melting temperatures of
approximately 800 °C, which reduces the brazing temperature to below 850 °C [10,14].
Such a low brazing temperature would be promising for Ti-to-Zr dissimilar joining. This
allows us to prevent unwanted «—@3 phase transformation of Ti and Zr as well as grain
growth of both the base metals during brazing [10]. Intermetallic formations can be
minimized by reducing thermally activated interfacial reactions in the brazed joints [12].
Despite these advantages of the Zr-Ti-Cu-Ni amorphous alloys, the study has been limited
to the brazing of similar Ti or Zr alloys so far, and microstructural investigation has not
been performed on the dissimilar brazing between Ti and Zr alloys. To obtain the proper
properties of the Ti-to-Zr joints, the process parameters should be adjusted for the dissimilar
brazing, because the microstructural evolution of the dissimilar joints would be different
from that of the similar joints.

In addition to low brazing temperatures, the foremost requirement for Ti-to-Zr dissim-
ilar brazing is that the joints should be as resistant to corrosion as virgin base metals under
highly corrosive conditions [15,16]. The corrosion resistance of brazed joints depends heav-
ily on the composition of the brazing filler alloys used and the resulting microstructures, as
compositional and microstructural heterogeneities can make the joint area relatively more
active or passive [16,17]. In particular, the essential alloying elements (e.g., Cu and Ni) in
the Zr-rich amorphous alloys may form specific intermetallic phases such as (Ti,Zr),Cu
and (Ti,Zr);Ni during brazing, due to their limited solubility in both Ti and Zr [14,18].
This multi-phase microstructure can aggravate the galvanic corrosion susceptibility of the
Ti-to-Zr dissimilar joints.

The objective of the present study was to apply a Zr-Ti-Cu-Ni amorphous alloy
as a brazing filler for Ti-to-Zr dissimilar joining. Particular emphasis was placed on the
microstructural evolution at the interface to achieve high corrosion resistance by controlling
the joint microstructure. The microstructure of the brazed joints was characterized by the
brazing holding time at 850 °C, and the joint corrosion property was investigated by
potentiodynamic polarization.

2. Materials and Methods

The base metals used in this study were a commercially pure Ti plate (ASTM B265
grade 1) and a hot-rolled /annealed bar of Zircaloy-4 (ASTM B351, 1.385n—0.2Fe-0.1Cr-bal.
Zr [wt%]). The tensile strength and elongation of the base metals were 310 MPa and 27%
for Ti, and 530 MPa and 30% for Zircaloy-4, respectively. The specimens used for brazing
were machined into rectangular blocks with dimensions of 10 mm x 13 mm x 26 mm, and
the surfaces to be joined were polished and cleaned ultrasonically in ethanol and acetone.
The brazing filler alloy with a composition of 48% Zr, 16% Ti, 17% Cu, and 19% Ni in the
form of ribbons was produced by a melt-spinning technique [19]. The thickness of the
filler alloy was 30 um. The melting temperatures, i.e., solidus and liquidus, were 795 and
835 °C, respectively, based on differential scanning calorimetry (DSC; SETARAM Setsys
Evo. TG-DSC/DTA).

Infrared heating was employed to join the Ti and Zircaloy-4 specimens [9,14]. An in-
frared chamber was pre-vacuumed and purged with argon gas at a flow rate of 4 L/min.
The infrared heating began at a heating rate of 100 °C/min until the chamber reached
850 °C. The isothermal holding time varied from 5 to 20 min to investigate the time-
dependent microstructural evolution of the resulting joints. After turning off the power,
the specimen temperature dropped immediately as the furnace wall was not heated by the
infrared heating. During the brazing process, the specimens were compressively loaded
with 2 kg of pressure to keep all parts in place. Two brazed specimens were prepared for
each process parameter.
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After brazing, as-joined specimens were cut by a low-speed diamond saw and then
subjected to a standard metallographic procedure. Structural and quantitative chemical
analyses of the joints employed a field-emission scanning electron microscope (FESEM;
JEOL, JSM-7600) coupled with an energy dispersive spectroscope (EDS) at an operating
voltage of 15 kV and a spot size of 1 um. To compare the mechanical properties among
various regions in the brazed joints, Vickers micro-hardness testing was carried out with a
10 g load for 10 s at regular intervals of 20 pm. The low load value of 10 g was chosen to
measure the hardness values of very narrow joint areas and to avoid the influence from the
adjacent indents. Three tests were performed per sample.

Potentiodynamic polarization experiments were performed in an applied potential
range of —1.0 to 1.0 V (vs. a saturated calomel electrode) with a scan rate of 0.5 mV/s to
investigate the corrosion characteristics of the joined samples in a 3.5 wt% NaCl solution.
When pitting occurred, the experiments were stopped at a current density of ~30 mA /cm?.
Three experiments were performed per sample. The tests were conducted with reference
to the ASTM G5 standard [20], and the results were interpreted based on the ASTM
G3 standard [21]. The corroded surfaces were observed using an optical microscope.
To explore the nature of the galvanic corrosion of the joined samples, several model
alloys simulating the phases present in the joints were prepared using an arc-melting
technique [19]. For the model alloys, the open circuit potential (OCP) was measured using
a two-electrode electrochemical system.

3. Results
3.1. Microstructure and Hardness of the Joints

Figure 1 shows SEM backscattered electron images (BEIs) for the Ti-to-Zircaloy-4
dissimilar joints brazed by the Zr-Ti-Cu-N:i filler alloy at 850 °C. The Ti and Zircaloy-4 alloys
were successfully joined without any pore or void defects in the joint area. Four distinctive
regions were produced in the joint brazed for 5 min, as shown in Figure 1a, in which ZA
indicates the acicular zone near the Zircaloy-4 base metal, C the central solution zone,
S the segregation zone, and TA the acicular zone near the Ti base metal. As the brazing
holding time increased, the joints widened considerably with the coarser acicular zones
(ZA and TA), due to the enhanced mutual reaction between the molten filler alloy and the
base metals. The segregation zone (S) markedly decreased to form tiny isolated islands, as
shown in Figure 1b, and completely disappeared from the joint brazed for 20 min, as can
be seen in Figure 1c.

() | joint (b) joint |

(78 um) (97 pm)
Zircaloy-4 “\ 5
50 um
joint u
o)k
©) (150 pm) !

| re— |
50 um

Figure 1. SEM backscattered electron images (BEISs) for the Ti-to-Zircaloy-4 dissimilar joints brazed
at 850 °C for (a) 5, (b) 10, and (c) 20 min.
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The results of EDS-line scanning across the joints brazed for 5 and 20 min are presented
in Figure 2. They show that mutual diffusion between the Ti and Zircaloy-4 base metal
occurred during brazing, and that the diffusion distance increased considerably with
brazing holding time, which is consistent with the general law of a diffusion-controlled
process. In Figure 2a, the Zr content drops abruptly in the segregation zone (Zone S),
implying the formation of intermetallic phases rather than Zr and Ti solid solutions.
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Figure 2. EDS line-scanning profiles and micro-hardness distribution for Ti-to-Zircaloy-4 dissimilar
joints brazed at 850 °C for (a) 5 min and (b) 20 min.

Figure 3 shows enlarged images for the areas indicated in Figure 2a and the corre-
sponding EDS results are summarized in Table 1. The acicular zone near the Zircaloy-4
base metal, indicated by A in Figure 2a, was composed primarily of Zr-rich phases with
much less Cu and Ni. Based on the EDS elemental compositions, the proposed phase at
points 1 and 3 was «-Zr with different contents of Ti, while the small inclusion of Cu and
Ni at point 2 can be explained by the partial formation of a y-phase by a eutectoid reaction,
ie., p-Zr—o-Zr + vy (v: Zr-base intermetallic phases such as Zr,Cu and Zr;Ni) by taking
into consideration their limited solubility in o-Zr. Similar « + v two-phase structures in
the brazed joints were reported in previous studies [11,14,16,18,19,22]. Points 4 and 6 in
Figure 3b correspond to the segregation zone in Figure 1a and this zone contained consid-
erable amounts of Cu and Ni. As both the element pairs of Zr-Ti and Cu-Ni are not only
chemically compatible with, but completely soluble in, each other [23], this phase can be
regarded as having the formulae of [Zr,Ti],(Cu,Ni) intermetallic phases [14,24]. The central
solution zone, indicated by point 5 in Figure 3b, would be the 3-Zr phase alloyed with
considerable Ti. A previous study reported that the 3-phase appears at room temperature
when the Ti content exceeds 20 wt% in a Zr-Ti binary system [25]. Similar to the acicular
zone near the Zircaloy-4 base metal, the acicular zone near the Ti base metal, indicated by
C in Figure 2a, consisted of the -Ti phases, points 8 and 10 in Figure 3¢, and the y-phases,
which were produced by the eutectoid reaction.

Figure 4 depicts enlarged images for the areas indicated in Figure 2b and the corre-
sponding EDS results are summarized in Table 2. The constituent phases were almost
identical to those in the joint brazed for 5 min. The differences between them included the
absence of the segregation zone and the coarsening of the microstructure, which can be
attributed to enhanced mutual diffusion between the base metals.
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Figure 3. Enlarged images for the areas indicated in Figure 2a; (a) area A, (b) area B, and (c) area C.

Table 1. SEM EDS chemical compositions (at%) of the selected locations in Figure 3.

Point Zr Ti Cu Ni Fe Sn Phase
1 95.2 3.7 - - - 1.1 o-Zr
2 75.8 6.1 6.4 11.7 - - o-Zr +y
3 77.0 20.7 1.5 - - 0.7 o-Zr
4 53.9 18.1 14.8 124 0.8 - [Zr, Ti]o (Cu,Ni)
5 67.7 30.8 15 - - - B-Zr
6 40.6 32.2 9.1 16.7 1.3 - [Zx,Ti],(Cu,Ni)
7 37.7 47.1 55 9.7 - - o-Ti +y
8 31.2 66.9 1.1 0.8 - - o-Ti
9 31.8 55.8 5.8 5.4 1.2 - o-Ti+y
10 8.0 92.0 - - - - o-Ti

| e y~a— |

: — ——
10 pm

10 um

Figure 4. Enlarged images for the areas indicated in Figure 2b; (a) area D, (b) area E, and (c) area F.

Table 2. SEM EDS chemical compositions (at%) of the selected locations in Figure 4.

Point Zr Ti Cu Ni Fe Sn Phase
1 90.2 9.5 - - - 0.3 o-Zr
2 81.3 6.1 5.7 6.9 - - o-Zr +y
3 84.2 15.8 - - - - oZr
4 58.9 38.7 24 - - - B-Zr
5 424 423 4.6 10.7 - - o-Ti+y
6 427 54.3 2.1 1.0 - - o-Ti
7 29.3 70.7 - - - - o-Ti
8 29.8 58.8 5.0 5.7 0.7 - o-Ti+y

The micro-hardness distribution across the joints is presented in Figure 2. Regardless
of the brazing holding time, the joints exhibited greater hardness values compared with the
base metals. This can be attributed to the hardening effects of the Ti-Zr mutual diffusion
layers. The ZA and TA zones in Figure 1 indicate relatively high hardness values due
to the formation of fine y-phase particles, as shown in Figures 3 and 4. The hardness of
the C zones was slightly lower than that of the ZA and TA zones, as this zone had no
second-phase particles and was only solution-hardened [25].
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3.2. Potentiodynamic Polarization Results

To study the effect of joint structure on the corrosion property, the joined samples
were subject to a potentiodynamic polarization test. The Ti and Zircaloy-4 base metals
were compared, and three tests were performed per sample. Figure 5 displays the obtained
polarization curves. The joined samples exhibited distinctly different responses to polar-
ization according to brazing holding time. The polarization behavior of the joined sample
brazed for 20 min was comparable to that of the Ti base metal. A passive region was clearly
observed in the anodic branch, implying the formation of a stable and passive oxide film
after a certain amount of general corrosion. However, the joined samples brazed for 5
and 10 min showed pitting corrosion with a dramatic increase in current density due to a

small increase in the applied potential. This polarization behavior was similar to that of
the Zircaloy-4 base metal.

Joined sample (5min) Joined sample (10min)
12+ 1.2}
08} 0.8}
= =
c =
[:}] [:}]
© °
o o
10" 10* 10°% 10+ 102 1010 10 10°® 10 102
Current density, Alcm? Current density, Alcm?

Joined sample (20min)

Potential, V

10710 10°% 10°% 10 102
Current density, Alcm?

Ti base metal Zircaloy-4 base metal

Potential, V
Potential, V

L L L

10® 10*

10770 10°%

102 10710 108 10% 10 102

Current density, Alcm? Current density, Alcm?

Figure 5. Polarization curves for the samples brazed for different holding times (5, 10, and 20 min)
and the base metals.
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Table 3 summarizes the corrosion potential (Ecorr), corrosion current (Ieorr), and the
pitting potential (Ep;;) determined by the polarization curves in Figure 5. Although the
deviations were observed, the Zircaloy-4 base metal generally possessed a relatively small
negative Eqorr (samples 2 and 3 in Table 3) compared with the other samples. For the joined
samples, the Eqorr values were —456.7 to —281.3 mV, which were comparable to that for
the Ti base metal. Unlike the Ecorr values, the difference in I.orr values was not significant
from sample to sample, varying by only a few nanoamperes. For the samples with pitting
corrosion, the Ep;; was the lowest in the joined sample brazed for 5 min (—51.1~187.5 mV);
this value increased to 145.8~307.7 mV as the brazing holding time increased to 10 min.
Eventually, pitting did not occur in the joined sample brazed for 20 min.

Table 3. Corrosion potential (Ecorr), corrosion current (Ieorr), and the pitting potential (Epit) deter-
mined by the polarization curves in Figure 5.

Ecorr Icorr E it
Sample (mV) (nA) (mV)
Joined sample 1 —416.7 13.3 1875
(5 i) 2 —2813 3.6 511
3 —350.6 1.2 115.1
Joined sample 1 ~390.6 8.9 145.8
(10 orin) 2 _317.7 23 153.0
3 —3945 13.8 307.7
Joined sample 1 —378.1 14 -
(20 o) 2 —3403 42 -
3 —456.7 1.0 -
. 1 —4231 35 -
T 2 —262.2 38 -
base metal 3 —409.7 77 _
, 1 _564.6 7.9 91.8
Zircaloy-4 2 ~229.2 5.0 375.0
base metal 3 2917 6.9 119.2

4. Discussion
4.1. Microstructural Evolution of the Joints during Diffusion Brazing

As shown in Figures 1 and 2, the joint structure changed gradually as the brazing
holding time increased from 5 to 20 min due to an enhanced mutual reaction between the
molten filler alloy and the base metals. The joint thickness almost doubled, from 78 to
150 um. Based on these microstructural features, the observed structural evolution and
growth mechanism of the Ti-to-Zircaloy-4 dissimilar joints brazed by the Zr-Ti-Cu-Ni filler
alloy can be explained by isothermal solidification through a diffusion reaction between the
molten filler alloy and the base metals during brazing, as illustrated in Figure 6 [12,14,24].

Upon heating to the brazing temperature (850 °C), the filler alloy with an initial
composition of Ag, as depicted in Figure 6a, began to melt and a thin liquid layer formed
at the beginning of brazing. Because the Zr-Ti-Cu-Ni amorphous filler alloy provided
a much lower melting temperature compared with that of conventional (Ti,Zr)-(Cu,Ni)
binary alloys, a molten filler alloy required for brazing can be obtained at a much lower
temperature. This low melting temperature is illustrated by the dashed line in the imaginary
phase diagram in Figure 6a. Simultaneously with the melting of the filler alloy, the Ti and
Zircaloy-4 base metals began to dissolve into the molten filler alloy, as expressed by Stage
(A) in Figure 6b. This inward dissolution of the base metals changed the composition of
the molten alloy in the vicinity of the Ti base metal toward the Ti-rich By, point in Figure 6a.
Similarly, the composition of the molten alloy near the Zircaloy-4 base metal became richer
in Zr, with less Cu and Ni. This compositional change increased the liquidus temperature
of the molten alloy to the brazing temperature, indicated by Tg in Figure 6a, initiating
isothermal solidification of the molten filler alloy at the liquid/solid interface, as expressed
by Stage (B) in Figure 6b. The primary phases, which were solidified isothermally, were
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the o-Ti and «-Zr rather than 3-Ti and (3-Zr, respectively, because the brazing temperature
(850 °C) was lower than the {3 transus of Ti and Zr (882 and 863 °C), as shown in Figure 6a.

(A) Melting of filler (B) Beginning of
(b) isothermal solidification

Multi-component
N, eutectic
\

\

N \/ ,'*

A}
L| ¢
Isothermal \\ |B:] 4

soligification Y, Il
5 4d

(C) Isothermal solidification (D) Homogenization
(a — B transformation)

(Ti,Zr) (Cu,Ni) —

()

Temp. (°C)
1200 o

(E) Cooling (E-1) Cooling (Ti side)

(B — a + v transformation)
LR

863
700

[18/111/

Ti Zr I IRl e o=

200 4

Figure 6. (a) Imaginary phase diagrams for a (Ti,Zr)-(Cu,Ni) binary system (solid line) and a Zr-
Ti-Cu-Ni amorphous filler alloy with a multi-component eutectic composition (dashed line), (b) a
schematic showing the isothermal solidification of the Ti-to-Zircaloy-4 dissimilar joints by the molten
Zr-Ti-Cu-Ni amorphous filler alloy, and (c) a phase diagram for Zr-Ti binary system (T: melting
temperature of the filler alloy, Tg: brazing temperature). The imaginary phase diagram means
the simplified one, which is expressed by a binary system, although the real compositions are in a
quaternary system.

When these x-phases with a composition of Bg nucleated to grow into the joint, the
excessive Cu and Ni elements beyond their solubility in the ax-phases should be taken
away from the solidification front. As a result, the Cu and Ni elements segregated in the
middle of the residual molten alloy at the early stage of brazing. As the brazing proceeded,
these segregated elements diffused gradually into the growing o-phases and the base
metals. However, outward diffusion of Cu and Ni through the x-phases was sluggish,
because x-phases have a close-packed atomic structure and the solubility of Cu and Ni in
the a-phases is limited (=102 ppm for Ni and 5 x 10% ppm for Cu in Zr at 830 °C) [26].
Accordingly, the segregation of Cu and Ni at the central region was rate-controlled by
their diffusion into the x-phases. When the brazing holding time was relatively brief,
the residual liquid contained greater amounts of Cu and Ni, producing massive segrega-
tion at the central region by cooling from Stage (B) or (C) in Figure 6b. During cooling,
the residual liquid solidified into a fine dendritic structure by the eutectic reaction of
L—oc +y, as anticipated in the imaginary phase diagram in Figure 6a. This inhomogeneous
segregation was clearly visible in the joint structure brazed for 5 min, as can be seen in
Figure 3b. With a longer isothermal holding after Stage (C), the segregation zone was
reduced progressively, due to the increased outward diffusion of Cu and Ni elements.
The enhanced dissolution of the base metals also attenuated the concentration of enriched
Cu and Ni in the joint. Finally, isothermal holding for 20 min resulted in a joint structure
free from such segregation, as shown in Figure 1c.

Together with the outward diffusion of the filler elements (Cu and Ni), the mutual
diffusion of the main constituent elements of the base metals (Ti and Zr) was driven by the
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concentration gradient during brazing, as can be seen in the EDS line-scanning profiles in
Figure 2. Both Ti and Zr are completely soluble with each other based on the Ti-Zr binary
phase diagram provided in Figure 6c, because they have the same hexagonal close-packed
structure and their atomic radii are almost identical [26]. It can therefore be expected
that the Ti and Zr elements would actively diffuse toward their counterparts at a brazing
temperature of 850 °C. The continuous concentration profiles across the joint in Figure 2
were associated with this active diffusion reaction between the base metals. It was also
confirmed that the Ti element diffused toward the Zircaloy-4 base metal, with a large
diffusion depth of 100 um at a brazing holding time of 20 min.

As the Ti base metal was alloyed with the Zr element introduced by the diffusion
reaction, the 3 transus of Ti decreased considerably, as shown in the Ti-Zr binary phase
diagram in Figure 6¢c. Likewise, the 3 transus of Zr was also lowered by the diffused Ti
element. As a result, the {3 transus of both base metals fell below the brazing temperature
(850 °C) by prolonged isothermal holding, and the isothermally solidified o-Ti and -
Zr phases were transformed to the 3-Ti and (3-Zr phases, as expressed by Stage (C) in
Figure 6b. This phase transformation from « to 3 activated the outward diffusion of the
filler elements, because the solubility of Cu and Ni in 3-phases is much higher than that in «-
phases, as confirmed by the (Zr or Ti)-(Cu or Ni) binary phase diagrams [23]. Consequently,
the Cu and Ni elements segregated in the middle of the joint could be transported far from
the joint center and the segregation zone could be eliminated completely, as expressed by
Stage (D) in Figure 6b. With a further increase in the brazing holding time, the mutual
diffusion depth of the Ti and Zr elements was extended and the Cu and Ni elements
became increasingly homogenized across the joint. In Ti-to-Zircaloy-4 dissimilar joining,
the Cu and Ni elements diffused more deeply into the Ti base metal because the solubility
of Cu and Ni in 3-Ti is higher than that in 3-Zr [23]. As a result, the acicular zone near the
Ti base metal (Zone TA) was thicker than that near the Zircaloy-4 base metal (Zone ZA), as
shown in Figure 1c.

When the joint was cooled to room temperature after isothermal holding, the 3-phase
areas near the base metals were transformed into o + y two-phase structures, as expressed
by Stage (E) in Figure 6b. During cooling, the x-phase, which is the equilibrium phase at low
temperatures, nucleated from the 3-phase and excessive Cu and Ni elements were expelled
from the growing a-phase cells or aciculae. The Cu and Ni elements then concentrated
in an intercellular region. Finally, this region was decomposed into fine lamellar o + y
structures by the eutectoid reaction of 3-phase— x-phase + y phase, as expressed by Stage
(E-1) in Figure 6b. Due to the formation of these fine y-phases, the acicular zones near
the base metals (Zones TA and ZA) exhibited the highest hardness values, as shown in
Figure 2b. In the central region, the 3-Zr phase was stabilized by a considerable amount of
alloyed Ti. As shown in Figure 6c, the 3 transus can be reduced to 600 °C by alloying the
Zr and Ti elements and the metastable 3-phase can be preserved even at room temperature
without changing into the a-phase during cooling. This result matches that of a previous
report in which the 3-Zr phase appears at room temperature when the Ti content exceeds
20 wt% in a Zr-Ti binary system [25]. The Vickers micro-hardness in this central solution
zone (Zone C) was approximately 300 Hy, as shown in Figure 2b, which is comparable to
the value of the 3-Zr phase reported in literature [25].

4.2. Corrosion Behavior of the Joints

As shown in Figure 5 and Table 3, variation in brazing holding time led to a significant
difference in corrosion properties of the Ti-to-Zircaloy-4 dissimilar joints. Severe pitting
corrosion behavior was observed in the joined samples brazed for 5 and 10 min, while
the joined sample brazed for 20 min exhibited a clear passivation region in the anodic
polarization curve. To clarify the corrosion behavior of the joints in detail, corroded surfaces
were examined after the polarization test; corresponding optical microscopy images are
presented in Figure 7. In the sample brazed for 5 min, severe localized corrosion occurred
in two regions, as shown in Figure 7a. First, the central segregation zone, which is indicated
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by S in Figure 1a, served as a preferred corrosion site. Similar localized corrosion in the
segregation zone has been reported in brazed joints of Ti alloys [12,27]. As shown in
Figure 3b and Table 1, the segregation zone consisted of fine dendritic structures containing
intermetallic phases with a formula of [Zr,Ti],(Cu,Ni). These kinds of intermetallic phases
are typically considered electrochemically nobler than a Zr-base alloy matrix [19,28]. To
verify the effects of such intermetallic phases, the electrochemical stability of model samples,
such as Zr,Cu and Zr;Ni, was examined through an OCP measurement. The model
samples were prepared using an arc-melting technique [19]. As shown in Figure 8a, the
investigated intermetallic phases exhibited higher OCP values compared with the Zircaloy-
4 base metal, indicating superior electrochemical nobility. Due to this potential difference, a
micro-galvanic cell would be generated between the intermetallic phases and «-Zr dendrite.
The a-Zr phase was anodic to the nobler intermetallic phases and the interfacial region
suffered from the preferential micro-galvanic attack, as shown in Figure 9a. As a result,
the intermetallic particles were detached from the matrix through a material loss at the
interfacial region, as expressed in Figure 9b. This corrosion behavior in the segregation
zone can be confirmed from the corroded morphology in Figure 7b.

= T
(@) i -Ziraloy 4

100 pm B y 100 uym

Figure 7. Surface optical microscopy images for corroded samples brazed for (a) and (b) 5, (c) 10,
and (d) 20 min.
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Figure 8. Open circuit potential (OCP) versus time for the model samples such as (a) Zr,Cu and
Zr,Ni, and (b) Zr-1Sn, Zr-15n-2Ti, and Zr-1Sn-4Ti.
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(a) (b) Detachment of
Intermetallic intermetallic phase
phase

oL o

Interfacial
corrosion attack

Figure 9. Schematics showing (a) a micro-galvanic attack on the interfacial region between inter-
metallic phases and an a-Zr dendrite and (b) a detachment of intermetallic phases.

In addition to the central segregation zone, the Zircaloy-4 base metal side (Zone ZS)
adjacent to the joint area was severely corroded during the polarization test, as shown
in Figure 7a. The intermetallic phases did not appear to be responsible for such massive
corrosion, as the corroded region did not possess as many intermetallic phases as the
central segregation zone, as can be seen in Figure 3a. In this case, the intermetallic phases
acted as small cathodic sites against the large anodic «-Zr area during the polarization test.
This phenomenon produced a significant discrepancy with the experimentally observed
massive corrosion in the ZS zone. The localized corrosion may also be a product of the
composition of the x-Zr phase in the ZS zone. As indicated by point 1 in Table 1, the
a-Zr phase near the joint was alloyed with the Ti element coming from the joint area
through a diffusion reaction. Although corrosion resistivity increases with Ti concentration
in Zr-Ti binary alloys [29], the electrochemical nobility of the x-Zr phase can deteriorate
with the addition of Ti when the alloy contains a small amount of tin (Sn), which is an
essential element of Zircaloy-4 [19]. The possibility of variation in the electrochemical
nobility was evaluated through OCP measurements using several Zr-base model alloys,
including Zr-1Sn, Zr-15n-2Ti, and Zr-15n-4Ti, as shown in Figure 8b. The results clearly
show that the OCP values of the Zr-15n alloy decreased considerably with an increase
in Ti content. In this respect, the presence of Ti enabled the x-Zr phase in the ZS zone to
be more active than the joint area as well as the base metals far from the joint. Because
the electrochemical potential difference provided a driving force for galvanic corrosion,
the ZS zone showed anodic behavior with massive localized corrosion, as depicted in
Figure 7a. Because the joined sample was produced by a mutual diffusion reaction during
brazing, a concentration gradient of the Ti element was induced in the vicinity of the joint,
as shown in Figure 2a, and the Ti content was relatively high near the joint. Accordingly,
the interfacial region between the ZS zone and the joint became galvanically unstable
first during the polarization test and localized corrosion was initiated at this point. This
instability was further aggravated by the presence of the nobler intermetallic phases, as
indicated by arrows in Figure 7b. The corrosion initiated near the joint progressed toward
the Zircaloy-4 base metal side and ceased at a specific region, where the concentration
of the alloyed Ti was insufficient to generate galvanic corrosion, as shown in Figure 7a.
Such galvanic corrosion was highly localized by the areal effect of the narrow ZS zone in
the joined sample brazed for 5 min. As shown in Figure 2a, the compositional gradient
across the joint was relatively steep, due to the limited diffusion reaction during the brief
brazing holding time. Consequently, macroscopic galvanic coupling developed between
the narrow anodic ZS zone and the much wider cathodic base metal surface, resulting in
severe material loss in the depth direction, as shown in Figure 7a.

When the brazing holding time was increased to 10 min, the central segregation
zone was reduced considerably (Figure 1b), and localized corrosion was not observed
within the joint area, as shown in Figure 7c. However, highly localized corrosion still
occurred in the ZS zone, indicating that alloyed Ti in the «-phase made the zone more
susceptible to galvanic corrosion, similar to the case of the joined sample brazed for 5 min.
However, the joined sample brazed for 20 min exhibited passive polarization behavior
(Figure 5), and no evidence of localized corrosion was observed after the polarization
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test, as shown in Figure 7d. For this joined sample, the brazing holding time was long
enough to homogenize the concentration of the alloying elements across the joint through
an enhanced mutual diffusion reaction. The Sn content in the o-Zr phase diminished
considerably in the ZS zone of the joined sample brazed for 20 min (point 1 in Table 2).
Due to the relatively homogeneous distribution of the alloying elements, the ZS zone was
expected to exhibit a negligible potential difference from the base metals and be highly
resistant to galvanic corrosion. When the mutual diffusion depth of the alloying elements
was extended significantly up to 100 um, the compositional gradient in the vicinity of the
joint became moderate, as shown in Figure 2b. This alleviated the areal effect from galvanic
corrosion, minimizing the galvanic corrosion susceptibility of the resulting joint. All these
factors resulted in the highly passive corrosion behavior of the joined sample brazed for
20 min depicted in Figure 7d.

5. Conclusions

A Zr-Ti-Cu-Ni amorphous alloy was proposed as a low-temperature brazing filler
alloy for Ti-to-Zircaloy-4 dissimilar alloy joining, and its brazing characteristics were
examined with respect to the produced joint structures and their corrosion properties. The
joint structure was evolved by a mutual diffusion reaction between the molten filler alloy
and the base metals at a brazing temperature of 850 °C. When the brazing holding time was
brief (5 min), a large segregation zone was generated in the joint center due to the limited
diffusion reaction, while the joints brazed for longer periods (10 and 20 min) typically
consisted of a predominant « + y acicular structure with a central 3-phase solution zone,
which was produced by complete isothermal solidification of the molten brazing filler alloy.
The joined sample brazed for 20 min showed corrosion resistance comparable to that of
the Ti base metal, whereas massive localized corrosion was observed in the joined samples
brazed for 5 and 10 min. Distinct pitting behaviors were detected during the polarization
experiments at the applied voltages of —51.1~187.5 mV for the joined sample brazed for
5 min, and 145.8~307.7 mV for the joined sample brazed for 10 min, respectively. The
central segregation zone consisting of the active x-phase and nobler intermetallic phase
suffered from micro-galvanic corrosion. The Zircaloy-4 base metal side adjacent to the joint
served as a preferred corrosion site, when the brazing holding time was relatively brief (5
and 10 min). The presence of alloyed Ti weakened the nobility of the x-Zr phase, causing
a significant difference in electrochemical potential between this anodic zone and the
cathodic base metals. The resulting galvanic coupling was the major driving force for the
severe material loss observed in the Zircaloy-4 base metal side. In contrast, after a brazing
holding time of 20 min, the concentration of the alloying elements was homogenized
sufficiently to eliminate the electrochemical potential difference and minimize the galvanic
corrosion susceptibility of the joint region. This homogeneous joint structure resulted in a
highly passive corrosion behavior of the joined sample brazed for 20 min.
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