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Abstract. The work considers the CuCrZr/316L(N) bimetallic joint, which is obtained by
diffusion bonding using hot isostatic pressing (HIP) and is a design element of the plasma-
facing components (PFC) of a thermonuclear reactor. A comparative analysis of the specified
bimetallic joint with a nickel interlayer obtained by different methods and without it has been
carried out. A study of the structure and elemental composition of the bimetallic joint was
made, where the brittle zirconium phases were identified in the interface zone for all the
considered variants. The results of microhardness testing are obtained, demonstrating the
presence of a sharp transition of hardness values by more than two times at the interface of
two metals. A series of rupture tests of the bimetallic samples was carried out and almost
identical values of the rupture stress were obtained for all the considered bimetallic joint
variants. The fracture of the samples during the testing at temperatures up to 150°C occurred
on the base metal and at higher temperatures — on the bimetallic joint.
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1. Introduction

The low-alloy copper dispersion-hardening alloys, such as CuCrZr, have a number of
advantageous characteristics: tensile strength up to 500 MPa at room temperature; maximum
operating temperature up to 300°C; values of the thermal and electrical conductivity
coefficients at the level of 75-90% of pure copper; corrosion resistance. These characteristics
have determined the scope of application of such alloys: products and components operating
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under the high thermal/electrical and mechanical loads and having active cooling, which
allows for maintaining a relatively low operating temperature. One of such applications is the
PFC of the thermonuclear reactor [1], which are multilayer structures made of dissimilar
metals, including CuCrZr. The density of the heat flux from the plasma on the surface of the
PFC reaches 20 MW/m?. At the same time, the distributed mechanical loads on the PFC from
electromagnetic forces are the consequence of the magnetic trap holding the plasma, reaching
about 180 kN/m. The CuCrZr alloy in the composition of the PFC acts as a heat-sink layer,
which is cooled by water and bonded using brazing with a shielding layer
(beryllium/tungsten) on the one hand [2] and by diffusion bonding or explosion bonding with
a structural layer (AISI 316L(N)) on the other hand [3,4,5]. For a certain PFC design, the
CuCrzr/316L(N) bimetallic joint is located at the water/vacuum boundary (Fig. 1), which
leads to strict requirements for the leak tightness of the joint: no more than 1x10™* Paxm?/s at
room temperature.
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Fig. 1. The cross-section of the various variants of the plasma-facing components with the
CuCrZr/316L(N) bimetallic joint

Loss of the bimetallic joint leak tightness under the influence of the operational loads
will lead to a loss of the vacuum of the reactor plant and the need for challenging
maintenance. The information about such cases is unknown since the PFC of this design has
never been used in thermonuclear reactor installations before. However, now there are known
cases of destruction considered by the bimetallic joint under the influence of the thermal
stresses during the manufacture of the PFC [6,7]. The destruction of the bimetallic joint with a
loss of leak-tightness occurred due to the propagation of a crack in the CuCrZr layer along the
interface zone.

The well-known feature of the CuCrZr/316L(N) bimetallic joint is a layer with the
zirconium phases, which appear in a copper alloy along an interface zone [6-8]. At the same
time, the crack noted earlier spreads during the destruction of the bimetallic joint precisely
along with the specified layer with zirconium phases [6,7]. The literature notes a method for
optimizing the CuCrzZr/316L(N) bimetallic joint by introducing an intermediate layer of
nickel into the joint [10-12]. The purpose of this work is to study the effect of the nickel
interlayer on the chemical composition and characteristics of the CuCrZr/316L(N) bimetallic
joint.

2. Materials and Methods
In this work, the study of the CuCrZr/316L(N) bimetallic joint samples with and without a
nickel interlayer, made by the diffusion bonding using HIP, was carried out. Four variants of
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the nickel interlayer were used, differing in the thickness and in the method of the production.
Thus, the following types of the CuCrZr/316L(N) bimetallic joint were studied:

1. Without an intermediate layer.

2. With an intermediate layer of nickel foil with a thickness of 25 um.

3. With an intermediate layer of nickel foil with a thickness of 50 um.

4. With an intermediate layer in the form of the nickel coating with a thickness of 15 pm
on a billet made of CuCrZr.

5. With an intermediate layer in the form of the nickel cover with a thickness of 15 pym
on both CuCrZr and 316L(N) blanks.

The chemical composition and the type of the used materials are presented in Table 1.

In order to obtain the bimetallic blanks, the initial blanks of materials after the chemical
etching were placed in a capsule, where a vacuum of no worse than 10 kPa was created. The
capsules are processed in a Quintus QIH gas-static press 0.31x0.890-1500-1250 M in the
following modes: 150 MPa, 980°C, exposure time 2 hours. Next, the finished bimetallic
blanks were “extracted” from the capsule, and the quality of the bimetallic joint was tested by
ultrasound control.

The metallographic studies were carried out on the grinds etched in solution
(13% K,Cr,07+17% H,S04) using the Olympus GX-51 optical microscope with a SIAMS 800
image analysis system and a JEOL JSM-6510LV scanning electron microscope with an E2v
X-ray spectral analysis prefix. Microhardness measurements were carried out on the EMCO-
TEST DuraScan 50 microhardness meter.

Bimetallic samples were made for the rupture test, which allows conducting the testing
according to a special loading scheme. Previously, the bimetallic fabricated parts were heat-
treated (HT) in order to obtain optimal CuCrZr mechanical properties [13]: solution annealing
(SA) at 980°C for 30 minutes, followed by water quenching, and then aging (A) at 480°C for
2 hours, followed by air cooling. The rupture tests of the bimetallic samples were performed
on a universal testing machine Instron 8802 with an Instron SFL 3119-408 climate chamber.
The samples assembled with the equipment were heated in the atmosphere. The maximum
temperature on the existing equipment is 600°C. The heating time to the maximum
temperature was about 2 hours.

3. Research results
Figure 2 shows the micrographs of the sections of the several bimetallic joint variants at
magnifications of 100 and 1000 times. The other variants of the bimetallic joint with a nickel
interlayer differ visually only in the thickness of the intermediate layer. The average grain size
of CuCrZr in all analyzed bimetallic samples is 20-30 um, and the maximum grain size does
not exceed 170 um.

The CuCrzr/316L(N) bimetallic joint (without an interlayer (Fig. 2, a-b) contains a
typical line of phases with a size of 1-2 um located on the CuCrZr side along with the
interface. The CuCrZr/316L (N) bimetallic samples with a nickel interlayer in the form of a
foil (Fig. 2, c-d) have a more evident visual interface between the base metals and the
intermediate layer, in comparison with the bimetallic joint, which is having a layer in the form
of an electrochemical coating (Fig. 2, e-f). This is due to the fact that the electrochemical
coating initially has a metallurgical contact with one of the base metals, and the diffusion
processes move faster in this case. All the variants of the CuCrZr/316L(N) bimetallic joint
with a nickel interlayer do not contain an evident continuous phase line, as in the case of the
bimetallic joint without an interlayer but contain separate phases and larger phase lines. These
phases are located at the interface of the nickel interlayer and CuCrZr.

An additional study of the CuCrZr/316L(N) bimetallic samples with and without a
nickel interlayer after the performed HT (SA + A) showed that there are no changes in the
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size and density of the phases located in the bimetallic joint zone, and there is no increase in
the size of CuCrZr grains.

Table 1. The chemical composition and the type of the used materials
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Fig. 2.The micrographs of the CuCrZr/316L(N) bimetallic joint:

(a) Without an intermediate layer (magnification 100 times); (b) Without an intermediate
layer (magnification 1000 times); (c) With an intermediate layer in the form of a nickel foil,
25 pum (magnification 100 times); (d) With an intermediate layer in the form of a nickel foil,

25 um (magnification 1000 times); (e) With an intermediate layer in the form of a nickel

coating on both materials, 15 pm (magnification 100 times); (f) With an intermediate layer in
the form of a nickel coating on both materials, 15 um (magnification of 1000 times)

Figure 3 shows the results of the microhardness testing of the CuCrzZr/316L(N)
bimetallic joint for the several analyzed variants. The results for both variants of the
bimetallic joint with a nickel layer in the form of a coating turned out to be almost equivalent,
so they are summarized further. The measurements were carried out in sections with a step
between shots of about 50 pm.
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Fig. 3. The results of the microhardness testing of the CuCrZr/316L(N) bimetallic joint: (a)
Without an intermediate layer; (b) With an intermediate layer in the form of a nickel foil, 25
um; (¢) With an intermediate layer in the form of a nickel foil, 50 pm; (d) With an
intermediate layer in the form of a nickel coating of 15-30 pm.

The hardness of the CuCrZr and 316L(N) differs by more than two times and changes
almost abruptly at the interface: on the average, 70 HV for CuCrZr; on average, 180...200 HV
for 316L(N). The hardness of CuCrZr after HT (SA + A) is on average 105 HV, the hardness
of 316L(N) after is slightly reduced to 160-180 HV. At the same time, the hardness of
316L(N) in the bimetallic joint with a nickel interlayer is on average greater than the hardness
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of 316L(N) in the bimetallic joint without an interlayer. This fact is probably related to the
diffusion of nickel into steel, but this issue requires a separate study. In the current work, the
properties of 316L (N) are not analyzed detailed and more attention is paid to CuCrZr, as a
weaker metal in the CuCrZr/316L(N) bimetallic joint. The hardness of the nickel interlayer,
which was measured for the bimetallic joint with a nickel foil of 50 microns (Fig. 3, ¢) is
about 135 HV. Figure 4 shows a photo of the bimetallic sample with a nickel foil of 50 um
after microhardness testing.

TS ekl e
S Ngb, é'{}’ "f.: " ‘_“‘;",l.!:
Fig. 4. The photo of the CurZr/316L(N) bimetallic sample with an intermediate layer in the
form of a nickel foil of 50 um after microhardness testing

In the structure of the base metal of the analyzed samples, no local increase in hardness
was detected since the presence of the large hardening phases or a structure deformed due to
mechanical hardening was not detected. In turn, it is impossible to carry out the measurements
in the zone of the location of the zirconium phase line using a microhardness tester, due to the
small size of the phases and their location near the interface of two metals with different
hardness.

Figure 5 shows the results of the X-ray spectral analysis (XRSA) of the
CuCrzr/316L(N) bimetallic joint along the line across the interface.

For the CuCrZr/316L(N) bimetallic joint without a nickel interlayer (Fig. 5, a), a peak
of zirconium concentration is observed on the CuCrZr side near the interface. On the side of
316L(N), there is a slight increase in the concentration of chromium with a decrease in the
concentration of nickel. In the work [7], the structural and phase composition of the boundary
layer of 316L(N) in the CuCrZr/316L(N) bimetallic joint was analyzed and the presence of
o-ferrite and o-phase was revealed. In the current work, the boundary layer of 316L(N) was
not analyzed and more attention is paid to the CuCrZr layer, as the weakest material in the
bimetallic joint. For all the variants of the CuCrZr/316L(N) bimetallic joint with a nickel
interlayer, a similar peak of the zirconium concentration on the CuCrZr side is observed.



Analysis of CuCrZr/316L(N) bimetallic joint with and without nickel interlayer for plasma-facing components

Intensity, w3

100 =

0
80
0

1]

Intensity, w.%

191

100

—{u
e

-7

Intensity, w.%

—7r
=i ——Ni

—eFe =a—Fp

R e e * ar T o

20 30 35 40 0 10 20

Distance, um Distance, im

(d)

—=Jr

Intensity, w.56
T "

0 10 20 30 40 50 60 ] o 5 10 15 2 25
Distance, jim

——Cu
——Cr

—/r

Intensity, w.%
g

——Ni

——Fe

20 25 30
Distance, ym

15

10 35 40

Fig. 5. The results of the XRSA of the CuCrZr/316L(N) bimetallic joint: (a) Without an
intermediate layer; (b) With an intermediate layer of nickel foil of 25 um; (c) With an
intermediate layer of nickel foil of 50 um; (d) With an intermediate layer in the form of a
nickel coating on CuCrZr of 15 um; (e) With an intermediate layer in the form of a nickel
coating on CuCrZr and 316L(N), 2x15 um

Special attention is paid to the analysis of the chemical composition of the zirconium

phases in the bimetallic joint without an interlayer because in the literature there are different
hypotheses about their chemical composition: intermetallides, carbides, or nitrides of
zirconium [7-9]. The results of the XRSA of the CuCrZr layer with zirconium phases are
shown in Fig. 6. There are intersecting peaks of the concentration of zirconium and nitrogen,
which gives an opportunity to suggest the chemical composition of the phases as zirconium
nitride.
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The micro-XRSA of the individual zirconium phases allowed us to clarify the
assumptions about their chemical composition for all analyzed variants of the bimetallic joint.
Figure 7 shows the electronic images of the studied phases, and Table 2 shows their elemental
composition. The results for both variants with a nickel foil, as well as both variants with a
nickel coating, were identical, so they are summarized further. According to Ni-Zr diagram,
the chemical composition of the phases of the zirconium nickelides is identified. Table 2
presents the results of the micro-XRSA for all bimetallic joint variants.

5um

_ e W ?\‘-..‘,.

Spect um 2

10 um
Fig. 7. The analysis of the chemical composition of the zirconium phases:
(a) the bimetallic joint without an interlayer; (b) the bimetallic joint with a foil interlayer;
(c) the bimetallic joint with an interlayer in the form of a coating

In the case, where the nickel foil is used as an interlayer, Ni5Zr intermetallic phases are
formed in the bimetallic joint zone. In the case of a nickel coating, Ni7Zr2 phases are formed
and the location density of phases in the bimetallic zone is higher, which indicates a greater
amount of zirconium involved in the formation of this layer. Nickel is initially applied to the
surface of CuCrZr in the form of a coating, which leads to a faster interaction with zirconium
during the HIP.

The rupture tests of the bimetallic samples were performed at three temperature levels.
The test results are presented in Table 3.
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Table 3. Test results of bimetallic samples

The test results at a given temperature (averaged)
The type of the RT 150°C 600°C
bimetallic joint
CuCrzr/316L(N) ththure Fracture ththure Fracture ththure Fracture
SI\SIGPS:’ zone sl\;lesg, zone SI\SIGPS:’ zone
The
Without interlayer 431 CuCrzr 367 CuCrzr 115 bimetallic
joint
Foil with a The
thickness of 426 CuCrzr 368 CuCrzr 128 bimetallic
25 um joint
§ Foil with a The
= | thickness of 425 CuCrZr 373 CuCrZr 133 bimetallic
2 50 um joint
= Foil with a The
= tT(S:k;riS(S) Ol 4 | cucrzr | 369 | cucrzr | 112 | bimetallic
fg) CuCrZr joint
S | Foilwitha
< | thickness of The
15 pm on 422 CuCrzr 371 CuCrzr 118 bimetallic
CuCrZr and joint
316L(N)

The value of the rupture stress for all the variants of the bimetallic joint at room
temperature and 150°C differ by no more than 2%, and at 600°C — up to 20%. At the same
time, higher values of the rupture stress at elevated temperatures are observed for the variants
with an intermediate layer of nickel foil. However, the increased spread of the values at the
maximum temperature is probably a consequence of lower test statistics (2-3 samples of each
type). The fracture types of the samples for all the bimetallic joint variants are the same: the
fracture of the base metal at the temperature of up to 150°C and the fracture of the joint zone
at the maximum temperature. For example, the bimetallic samples without the intermediate
layer after testing are shown in Fig. 8. Samples with a nickel interlayer have a similar view.

RT 150°C 600°C
Fig. 8. The photos of the bimetallic samples after the rupture tests

The results of the XRSA of the fracture surface on the tested samples at the maximum
temperature indicate fracture along with the layer with the inclusions of the zirconium phases:
a similar spectrum is observed with an evident zirconium peak on both parts of the tested
sample. For example, Fig. 9 shows the analyzed spectrum of the fracture surface of the
bimetallic samples with and without nickel interlayer.
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Fig. 9. The XRSA of the fracture surface of the bimetallic samples with and without nickel
interlayer: (a) the surface of the CuCrZr part of the sample without nickel interlayer;

(b) the surface of the 316L(N) part of the sample without nickel interlayer; (c) the surface of

the CuCrZr part of the sample with nickel interlayer; (d) the surface of the 316L(N) part of

the sample with nickel interlayer

Probably, the fracture of the bimetallic samples and the cases of the destruction of the

bimetallic joint in the PFC (as indicated in the introduction) are the results of the same
feature. However, unlike the PFC, where all the HT operations are performed in a vacuum,
the heating of the bimetallic samples before testing is performed in the atmosphere.
Therefore, it is necessary to exclude the influence of the oxidation of the surface of the
samples on the feature of the fracture during the rupture tests. For this purpose, two series of
additional rupture tests were performed. In the first case, a corrosion-resistant nickel coating
was applied to the surface of the bimetallic samples. The thickness of the coating of 30 um
was selected experimentally for specific heating conditions. These samples were tested at a
maximum temperature of 600°C. In the second case, the samples were heated before testing in
the atmospheric furnace to a target temperature of 600°C and cooled after 0.5 hours of
exposure. Further, the samples were tested at room temperature. Both types of samples after
the testing are shown in Fig. 10.

Regardless of the presence of surface oxidation during heating, the fracture of the
samples during the rupture tests occurred as before: on the bimetallic joint at maximum
temperature; on the base metal at room temperature.
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Fig. 10. The photos of the bimetallic samples after the additional tests:
(a) sample with corrosion-resistant nickel coating tested at 600°C; (b) sample pre-heated at
600°C and tested at room temperature

4. Discussion of results

The comparative analysis performed by the metallographic methods demonstrates a clear
difference between the considered variants of the CuCrZr/316L(N) bimetallic joint with a
nickel interlayer and the variant without an interlayer. Instead of an evident layer of zirconium
nitrides in the bimetallic joint without an interlayer, invariants with a nickel interlayer, there
are separate phases and short lines of zirconium intermetallides. However, these changes in
the structure do not significantly affect the analyzed characteristics of the CuCrZr/316L(N)
bimetallic joint.

For all the considered variants of the bimetallic joint, the hardness values change more
than twice at the interface between CuCrZr and 316L(N) by a "jump” (sharply). Such an
interface between two metals with these differences in properties can itself be a stress
concentrator that weakens the bimetallic joint, which may be one of the reasons for the
destruction of the joint in samples/components. The layer of the zirconium phases also
weakens the bimetallic joint. Moreover, the results of the rupture tests of the bimetallic
samples demonstrate a clear dependence of the type of fracture of samples on the temperature
conditions of the test. With an increase in the temperature, the type of fracture changes from
the viscous fracture in the base metal to fracture in the bimetallic joint. Probably, in this case,
the influence of the "ductility failure”, which is peculiar to most copper alloys, is observed
[14]. In a certain range of elevated temperature, the ductility properties of CuCrZr decrease,
which, together with the previously mentioned structural features of the CuCrZr/316L(N)
bimetallic joint (an interface with a sharp transition of hardness; a layer with zirconium
phases), leads to an increase in the stress level in the bimetallic joint of the
components/sample and subsequent destruction along the joint. Taking into account all the
above, it is impossible to single out and evaluate separately the level of influence of each
structural feature of the CuCrZr/316L(N) bimetallic joint on its characteristics without
additional research.

Based on the results of the conducted work, we can suggest, that the intermediate layer
of nickel, obtained by each of the considered methods does not lead to the significant changes
in these features of the bimetallic joint. Although, the value of the microhardness of the nickel
layer, which was tested for 50 um interlayer of foil, was the intermediate value between
CuCrZr and 316L(N). Therefore, the nickel interlayer provides a smoother transition of the
hardness values in the CuCrZr/316L(N) bimetallic joint. In other works, a positive influence
of the nickel interlayer on such characteristics of bimetallic joint as impact strength is noted
[12]. Probably, under the dynamic loads, the nickel interlayer of the bimetallic joint performs
the role of a "damping" layer. With reference to the current work, it is planned to conduct
additional mechanical tests of the CuCrzZr/316L(N) bimetallic samples with and without a
nickel interlayer, as well as to perform a more detailed study of the previously listed features
of this bimetallic joint.

5 Conclusions
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The method of optimizing the CuCrZr/316L(N) bimetallic joint by introducing an
intermediate layer of nickel does not lead to a significant change in the characteristics of the
bimetallic joint, defined as design criteria for the PFC. The nickel interlayer affects the
chemical composition of the bimetallic joint, however, it does not completely exclude the
formation of brittle phases of zirconium along with the interface. The conducted tests of the
bimetallic samples with and without a nickel interlayer demonstrated almost identical results
for the compared variants. At the same time, all the bimetallic samples during the tests at the
elevated temperature up to ~600° fracture in the bimetallic joint. Probably, the known cases of
the destruction of the bimetallic joint in the PFC and the specified cases of the fracture of the
bimetallic samples are associated with the same features of the considered bimetallic joint.
Therefore, the urgent task is to conduct further studies of the features of the CuCrZr/316L(N)
bimetallic joint and find out the decision for its optimization.
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