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ARTICLE INFO ABSTRACT

Keywords: In this work, two molybdenum-graphite X-ray targets for computed tomography/angiography devices were
Brazing manufactured with usage of Ti-40Zr-8.5Nb-1.5Be filler metal and 1400 °C — 20 min brazing mode. To confirm the
Molybdenum efficiency of the proposed brazing method, a mechanical test and simulated heating of the anodes were carried
?;frﬁﬁge out, as well as a study of the evolution of the brazed joint under operating conditions. The brazed joint of the
Anode anodes showed stability and maintained integrity after tests. However, it is revealed that the long-term heat

treatment of the brazed Mo/graphite joint leads to an increase in the amount of carbides in the seam, and also
converts the seam into a refractory state by suppressing the formation of beryllium eutectic, while the cyclic
heating mainly affects the recrystallization of the seam phases, leading to phase fragmentation. Shear strength
tests after simulated heating show that the failure of the Mo/graphite joint occurs in the graphite element with
cracking due to the infiltration of the filler metal into graphite through the open porosity. Infiltrates could
provoke the occurrence of stresses during cyclic heating/cooling because of the difference in the CTE of graphite
and carbide phases. Nevertheless, the joints remained integrity and showed a minimal strength of 23.4 + 2.5 MPa

Shear strength

(after 20 heating cycles of 350 < 1400 °C) and 26.1 + 6.4 MPa (after vacuum annealing of 1400 °C — 8 h).

1. Introduction

In medicine, computed tomography and angiography are used to
examine the blood vessels and tissues of the human body. The manu-
facture of such complex medical equipment requires the use of special
materials, which work in a complex thermally stressed state, almost at
the limit of their capabilities. The main energy-stressed element in such
radiographic devices is an X-ray tube. In high-power X-ray tubes, the
main body of the target is produced in the form of a disk with a diameter
from 60 to 238 mm made of a molybdenum alloy with W-Re coating and
a brazed graphite backed heat accumulator, which also acts as a radia-
tion heat dissipator [1]. Currently, molybdenum or its alloy — TZM (Mo-
0.5Ti-0.1Zr-0.02C w.p.) can be combined with graphite with usage of
various filler metals, including Cu-1Cr, Ag-27Cu-3Ti, Cu-10Ti, Ni-10Ti
[2,3] or alloys of the Ni-Cr, Ti-Zr binary system [4,5]. However, the filler
metals based on copper, silver or nickel cannot be used for
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manufacturing a heat-resistant Mo/graphite brazed joint, since these
elements have a low melting point and do not form refractory carbides.
The accumulation of these elements in the brazed seam will lead to
secondary melting under the operating conditions of the X-ray target.
Thus, the most common method of manufacturing molybdenum-
graphite targets for X-ray tubes is currently contact-reactive brazing
with pure zirconium [6,7] at high (1600-2000 °C) temperatures, which
ensures the formation of refractory zirconium carbide and Zr-MoyZr
eutectic with a high melting point in the seam. But a high brazing
temperature can lead to degradation of the mechanical properties of
molybdenum or the TZM alloy [8,9]. In order to decrease the degrada-
tion of metal disk mechanical properties, a method of two-stage X-ray
target manufacturing can be used [10]. At the first stage, a thin mo-
lybdenum plate joins a graphite disk by contact-reactive brazing with
zirconium. At the second stage, with usage of Ti-25Cr-3Be or Ti-8.5Si
filler metals and brazing temperatures of about 1200 °C, the plate is
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connected to a metal main body disk. Lower brazing temperatures
prevent degradation of the molybdenum disk mechanical properties and
reduce residual thermal stresses, which improves reliability and extends
the service life of the X-ray tube. However, this process is quite
complicated, since it requires more procedures compared to single-stage
brazing.

In the previous work, a powder filler metal Ti-40Zr-8.5Nb-1.5Be wt
%, made of a rapidly quenched tape, was developed for the molybde-
num/graphite joining [11]. The developed filler metal mainly contains
elements that can form refractory carbides (TiC, ZrC, NbC), which is
necessary to obtain a Mo/graphite joint, that can withstand high tem-
peratures. The main role of the beryllium additive in the filler metal was
to reduce the melting point and the brazing temperature. A lower
brazing temperature has a favorable effect by reducing the molybdenum
recrystallization degree and reducing post-brazing residual thermal
stresses. Previously, it has been shown, that the application of Ti-40Zr-
8.5Nb-1.5Be filler metal is promising for the manufacture of X-ray tar-
gets at a reduced (1400 °C) brazing temperature. Rapidly quenched filler
metals show excellent results when used for high-temperature applica-
tions [12-14]. However, since such alloys contain elements that are
contributing to amorphization, there is a risk of brittle intermetallic
compounds forming in the brazed joint. Therefore, the actual use of the
developed brazing technology requires a complex set of experiments
confirming the performance of the X-ray target, including the temper-
ature conditions imitation and the investigation of the brazing seam
microstructure evolution. Several works show that the brazed seam of a
molybdenum disk/graphite heat accumulator works in a gradient ther-
mal field. At the periphery of the X-ray target, the temperature of the
brazed seam can reach 1400 °C during normal operation and up to
1500 °C during the exhaust process [15,16]. Typical conditions for a
brazed seam in such a product are thermal cycling from the range of
350-450 °C (warm start) to 1350-1400 °C with a heating time of
10-30 s. This thermal cyclic load strongly effects the microstructure of
the brazed seam and its mechanical properties. Several authors note that
post-brazing heating of the brazed joint can cause the formation and
growth of the fragile phases in a seam, which reduce the strength of the
joint [17-19]. The “shock” heating can also be very dangerous for
brazed joints of brittle materials, such as graphite and ceramics, since it
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can lead to the formation and growth of cracks in the base material or/
and the residual stress accumulation due to the penetration of the filler
metal into the open porosity [20-22]. Thus, the study of the “shock”
heating effect on the microstructure and properties of brazed joints is
relevant for energy-stressed equipment, since a decrease in the strength
of the joint or softening of the base material under operating conditions
can lead to failure.

The aim of this work was the experimental brazing of X-ray targets
with a novel Ti-40Zr-8.5Nb-1.5Be filler metal, as well as an investigation
of the brazed joint evolution under different heating conditions. The
results of this work can be useful in studying the effect of thermal load
on the evolution of the brazed seam microstructure and its mechanical
properties for energy-stressed equipment and become another step to-
wards the implementation of the proposed brazing method for the
manufacturing of X-ray targets.

2. Materials and experimental procedures
2.1. Bragzing of X-ray targets and samples of Mo/graphite joint

Commercial molybdenum with Mo purity >99.9 wt% and graphite of
the MPG-6 grade were used as initial materials. The MPG-6 grade
graphite is a widely used material, that can be used in energy-stressed
equipment with good thermal and mechanical properties: density of at
least 1.6 g/sm>, thermal conductivity >94 W/m - °K and heat capacity
>0.7 kJ/kg - °K [23,24]. In this work, two anodes of an X-ray tube with
diameters of 100 and 120 mm were manufactured, as shown in Fig. 1a,b
and d. Targets of the selected diameter have a low complexity of
experimental manufacturing, compared to large anodes, since the
probability of defects forming in the seam decreases with a reduction of
the brazed area. Prior to brazing, the graphite disks were dried at
1200 °C for 2 h in a vacuum in order to prevent desorption of residual
gases during brazing. Additionally, the graphite parts had the triangular
notches with a depth of 0.2 mm and a step of 0.5 mm to increase the joint
area and the strength of the brazed seam (Fig. 1c). To study the evolu-
tion of the brazed seam microstructure and the mechanical properties of
the molybdenum/graphite brazed joints, the samples in the form of a
parallelepiped with a size of 10 x 10 mm and a height of 12 mm
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Fig. 1. Photo of 100 mm Mo/graphite X-ray target without (a) and with graphite part before brazing (b); Scheme of X-ray target brazing assembly (c); Brazed

100 mm molybdenum/graphite X-ray target (d).
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obtained in the previous work were used [11].

The method of manufacturing Mo/graphite samples and X-ray tar-
gets was the same: brazing with powder filler metal Ti-40Zr-8.5Nb-
1.5Be with a particle size of 50-350 pm at a temperature of 1400 °C
with an exposure time of 20 min. The choice of a powder filler metal
with a large particle size is associated with the the high reactivity of the
filler metal components. A large particle powder (50-350 pm) has a
relatively low specific surface, which reduces the chance of obtaining
oxide inclusions in the brazed joint. Brazing was carried out in the
Xerion XVAC1600 furnace with a heating speed of 20°/min, cooling —
with the speed of the furnace, the residual pressure not higher than
6103 Pa. During the brazing, a load of 50 N was applied to the graphite
disk in order to prevent the parts from shifting during brazing (Fig. 1b).

2.2. Simulation of the X-ray target working condition and a study of the
Mo/graphite joint evolution

After brazing, the 100 mm anode was balanced on a Schenck pasio
15 balancing machine with further tests: 5 acceleration cycles up to
5000 rpm with a rotation of 1 min and a rapid stop for 2 s, while the
120 mm anode was subjected to simulated heating. Heating of the
120 mm anode and Mo/graphite joint samples was performed in AELTK-
12 electron beam installation (accelerating Voltage 60 kV) in a vacuum
of ~107° Pa. A photo of the simulated heating preparation for the X-ray
target and Mo/graphite samples is shown in Fig. 2.

The thermal load on the 120 mm X-ray target was chosen taking into
account the exposure chart for the Varex G-2090Tri X-ray tube with an
almost equal target size (127 mm) [25] and included: soft heating of the
anode with a power of 3 kW of a continuous beam with an exposure of
10 min, followed by sequential thermal cycling: 10 kW — 30 s (3 cycles),
15 kW - 35 s (3 cycles) and 20 kW — 40 s (3 cycles). Between every cycle
—15 min break was made for radiation cooling of the target. The electron
beam was applied to the surface of a molybdenum disk with a focal track
diameter of 100 mm at a frequency of 150 revolutions per second and
was created by the deflecting system of an electron gun (Fig. 2a),
simulating the rotation of the anode. After simulated cyclic heating, the
anode was cut by EDM (Electron-discharge machining) for the micro-
structural study and further vacuum annealing at a temperature of
1400 °C with an exposure of 2 h in order to simulate long-term
operation.

Simulated «shock» heating of Mo/graphite samples was carried out,
in order to imitate the most severe operating conditions of the anode
brazed joint and study the evolution of brazed joint microstructure. To

Electron beam
trajectory
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select the electron beam power with the chosen exposure time of 14 s.,
one of the samples had a thermocouple in the area of the brazed seam
(Fig. 2b). Thermal cycling with an electron beam was carried out with
various powers of the electron beam: 500, 600, 700 W. The experiment
data showed that to simulate the temperature of the peripheral region of
the X-ray target (temperature more than 1400 °C), an electron beam
power of at least 600 W with an exposure of 14 s is required for a sample
of such configuration (Fig. 2c). With the selected power, the remaining
samples were heat-treated for 5, 10 and 20 cycles, as shown in Fig. 2d.
The simulation of long-term operation conditions of the X-ray target was
performed by annealing samples of the Mo/graphite joint at 1400 °C
with exposure for 2 and 8 h in a vacuum furnace SSHVE-1.25/25.
Summary data on operations with anodes and samples of the Mo/
graphite joint is shown in Table 1.

2.3. Microstructure study and shear strength test

The microstructural study of brazed X-ray targets and Mo/graphite
joint samples was made in a Carl Zeiss EVO 50 scanning electron mi-
croscope with an INCA X-act EDX microanalysis detector to identify the
elements of the brazed seam. The phase composition of the brazed seam
was determined with usage of diffraction patterns obtained by the “XSA”
beamline of the Kurchatov synchrotron radiation source (wavelength
A = 0.07930 nm) [26]. The samples for XSA were a Mo/graphite joint
plate with a thickness of 0.1 mm. Before structural analysis, the samples
were annealed at 350 °C for 2 h in a vacuum furnace in order to reduce
the internal stress induced by cutting and grinding. The shear strength
test of the Mo/graphite brazed joint samples was performed in a special
assembly on the Instron-5980 testing machine. The scheme of loading
and testing of samples in the assembly is shown in the previous work
[11].

3. Results and discussion
3.1. Microstructural analysis of a brazed X-ray target seam

After brazing, balancing and rotation test, the X-ray target with a
diameter of 100 mm was applied to study the microstructure. The
microstructure of the X-ray target fragments and the results of the EDX
analysis of the seam phases are shown in Fig. 3 and Table 2.

The filler metal shows a good capability to fill the notches and
infiltrate through the porosity of graphite to a depth of ~150 pm,
providing a strong bond. According to Fig. 3, Table 2 and previous
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Fig. 2. Photos of the electron beam trajectory on a 120 mm Mo/graphite X-ray target (a); A Mo/graphite joint sample with an inserted thermocouple (b) and a
temperature versus time chart during an electron beam exposure of different power (c); Sample of Mo/graphite brazed joint under simulated heating conditions at a

beam power 600 W and 14 s exposure.
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Table 1
Summary: operation with brazed X-ray targets and Mo/graphite joints.

Journal of Manufacturing Processes 69 (2021) 142-151

Brazed anode/diameter

Mo/graphite brazed joint

100 mm 120 mm Thermal cycling Annealing
(350 < 1400 °C)/ 1400 °C/
amount of cycles exposure,
h
Balancing + rotation 5000 rpm Thermal cycling 3 kW (600 s), 10 kW (30s), 15 kW (35 s), Thermal cycling + annealing 1400 °C — 5 10 20 9 s
(5 cycles) 20 kW (40s) 2h
Molybdenum disk Molybdenum @

Brazed seam

Graphite heat
accumulator
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Filler metal
infiltration
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Fig. 3. Cross-section image of the 100 mm anode after brazing, balancing and EDM (a), the microstructure of the molybdenum disk/graphite accumulator joint at

point A (b), the enlarged microstructure at point B (c).

Table 2
- Element composition of phases at points 1-4 from Fig. 3 in a Mo/graphite
brazed joint.

Points Atomic percentage of elements

C Ti Zr Nb Mo
1 0.0 61.3 4.5 7.0 27.2
2 0.0 75.7 6.8 6.0 11.5
3 51.4 41.7 5.8 1.1 0.0
4 39.3 6.7 51.9 2.1 0.0

research data at the work [11], the brazed seam visually consists of 3
phase: titanium carbide (Point 3), zirconium carbide (Point 4) and a
B-(Ti,Mo) solid solution (Points 1 and 2). The distribution of molybde-
num in the case of the brazed anode was not uniform: to the center of the
Ti-Mo grain, its concentration was maximum (about 27.2%), while to
the edge it decreased to 11.5%. The beryllides obtained in the previous
study on the grain boundaries of the $-(Ti,Mo) solid solution were not
visually detected. It is also worth noting that the distribution of carbides
differs from that obtained earlier: in the anode seam, carbides crystallize
to the entire depth of the brazed joint, preventing the formation of clear
boundaries between Ti-Mo solid solution grains. Since in the previous
research beryllides were formed only between the grains of the tita-
nium-molybdenum solid solution, their absence may be related to the
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formation of the BeoC phase, since the carbides have a uniform distri-
bution in the seam. The titanium and zirconium carbides with the size
around 5-20 pm located in matrix of the §-(Ti,Mo) solid solution. The
obtained joint microstructure assumes high strength and high fracture
toughness, as it is similar to a composite structure.

3.2. Microstructure analysis of the X-ray target brazed joint after
simulated heating

Simulated thermal cycling of an anode with a diameter of 120 mm
was carried out, in order to demonstrate the possibility of the brazed
joint of X-ray target operate at high temperatures. During the exposure
to an electron beam, the anode was strongly heated (Fig. 4).

After the simulated thermal cycling, the brazed joint maintained
integrity and had no external defects. Due to the temperature gradient
along the entire length of the brazed joint, it is most advisable to study
the seam zone with the greatest thermal influence, closer to the pe-
ripheral zone of the Mo/graphite joint of the X-ray target. Molybdenum
and graphite have different coefficients of thermal expansion (CTE). In
addition, due to the temperature gradient, different expansion of the
molybdenum disk and the graphite accumulator is possible. In this re-
gard, the brazed joint can experience heavy loads, so cracks can form in
the seam, which are aggravated by the presence of carbides. Cyclic
heating of the anode will allow to find out whether the seam can resist
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Fig. 4. Photos of an X-ray target during of electron beam exposure: a) 3 kW — 600 s; b) 10 kW — 30s; ¢) 15 kW - 35 s; d) 20 kW — 40s.

the development of cracks and how carbides affect the integrity of the
seam. Fig. 5 shows the microstructure of the X-ray target brazed joint
fragment after the simulated cyclic heating and after cyclic heating +
annealing at 1400 °C with an exposure time of 2 h.

As can be seen from Fig. 5, the brazed joint has a rare porosity,
probably due to releasing of residual gases from graphite during brazing.
The microstructure of the joint remains stable and represents a matrix of
the Ti-Mo alloy with inclusions of titanium and zirconium carbides, as

before the application of thermal loads. The overwhelming size of the
carbide inclusions after thermal cycling does not exceed 10 pm. After
additional annealing at 1400 °C for 2 h of the anode fragment, the
structure of the joint was preserved (Fig. 5¢) and the size of the carbides
inclusions did not change, but it was noticed that in the braze/graphite
interface a structure called spinodal decomposition in the TiC-ZrC sys-
tem is formed (Fig. 5d) [27], which indicates that mutual diffusion oc-
curs in the carbide phases during prolonged exposure.

Molybdenum disk

Brazed seam

1

Graphite heat
accumulator

Maximum
heating
zone

DIES

Molybdenum

Spinodal
decomposition

Fig. 5. The cross-section image of the 120 mm anode after brazing and imitation heating (a); microstructure of the molybdenum disk/graphite accumulator joint in
the maximum heating zone after the simulated cyclic heating (b); enlarged microstructure at area C (c); microstructure of brazed joint after imitation cyclic heating +

annealing 1400 °C — 2 h at area D (d).
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3.3. Study of the Mo/graphite joint evolution during simulated heating

Since the peripheral zone of the X-ray target brazed joint is heated to
a maximum temperature close to 1400-1500 °C during normal opera-
tion, the study of the microstructure and phase composition of the seam
after thermal treatment is necessary in order to predict changes of its
properties and evaluate its performance characteristics. The previous
experiment on the anode showed the stability of the brazed seam
structure, however, at maximum temperatures, the structure can
change. Fig. 6 shows the distribution of elements in the seam after
simulated cyclic heating (350 < 1400 °C).

As can be seen from Fig. 6a, the seam initially has a heterogeneous
structure with a predominant concentration of titanium near graphite,
while zirconium is present in the center of the brazed seam. Both tita-
nium and zirconium may indicate where the carbide phases are located,
since EDX have a low sensitivity to carbon. Grains of the $-(Ti,Mo) solid
solution are present throughout the entire brazed joint zone. However,
after the simulated cyclic heating, a redistribution of components is
observed: the elements are more evenly located inside the seam,
reaching almost uniform distribution after 20 heating cycles (Fig. 6d).
The size of each phase decreases, and the carbides infiltrate the entire
depth of the seam, which leads to the formation of a structure with a
B-(Ti,Mo) solid solution matrix with carbide inclusions. This redistri-
bution of components may indicates the process of the brazed seam
fragments secondary melting. The mechanism of beryllium influence on
the eutectic crystallization of the molybdenum/graphite joint during
brazing is described in detail in the previous work [11]. Under simulated
heating conditions, the reverse process of eutectic melting is observed:
as can be seen in the Mo-Be and Ti-Be phase diagram, there is a eutectic

ZrLat

TiK:
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reaction at the Mo and Ti corner [28,29]. Based on this, a eutectic melt is
likely to form in the Mo-Ti-Be triple system according to the following
reaction (1):

B — (Ti,Mo) + (TiBe,, MoBe,)—>L (€D)]

which leads to the appearance of a liquid near the junction zone
between beryllides and a p-(Ti,Mo) solid solution. If this liquid has a
connection to graphite/carbides, then dissolution of carbon may occur
in it, and carbides may form during cooling of the joint. The illustration
of described process shown in Fig. 7.

In this repeated process of melting and solidification, more dispersed
phases appear and the elements are evenly distributed inside the seam
due to the rapid cooling of the sample, as can be seen in Fig. 7b,d. Thus,
the partial melting of the seam is a mechanism of the phases dispersion
in brazed joints at operating temperatures above the melting point of the
(TiBeg, MoBey) + p-(Ti,Mo) eutectic.

The liquid in the joint can be the reason of the degradation of its
mechanical properties during high-temperature application, so the
study of the evolution of the phase composition during the operation of
the X-ray target becomes an important issue. The long-term thermal
annealing (1400 °C and 8 h) demonstrates a slightly different structure
of the brazed joint (Fig. 8).

As can be seen from Fig. 8a,b, when comparing the thermally un-
treated microstructure, the amount of titanium carbide in the brazed
joint increases significantly, and the size of the p-(Ti,Mo) solid solution
grains decreases. At the same time, it should be noted that the content of
molybdenum in p-(Ti,Mo) is higher than in the joint after brazing, and
reaches 47 at. % (Table 3). This increase leads to an increase in the
temperature of the solidus and liquidus of the $-(Ti,Mo) solid solution,

al

Mo La1 Zrial

TiKal

Nb Lal

Fig. 6. Element mapping of the Mo/graphite brazed joint sample: a) initial distribution; b—d) 5, 10 and 20 cycles of the simulated heating from 350 °C to a 1400 °C,

respectively.
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{ ¥ B-(Ti.Mo) +(TiBe,MoBe2)
= eutectic |

Carbides
TiC, ZrC

10 pm
g

Beryllium
eutectic

Thermal
cycling

Dispersed B-(Ti,Mo)
+ carbides

Fig. 7. Illustration of the recrystallization process in the brazed seam during the simulated cyclic heating: a,c) initial microstructure; b,d) microstructure after

20 cycles (350 < 1400 °C) of the simulated heating.

Mixed B-(Ti,Mo)
+ ZrC zone

Molybdenum
Sk

TiC dominant layer
Graphite

1 00wirn

Fig. 8. SEM micrographs of the Mo/graphite brazed joint: a) microstructure of the Mo/graphite joint before annealing; b) General view of the joint microstructure

after annealing 1400 °C - 8 h; c) enlarged fragment of seam from b).

Table 3
Element composition of phases at points 1-4 from Fig. 7 in a Mo/graphite brazed
joint.

Points Atomic percentage of elements

Ti Zr Nb Mo
1 45.6 2.2 6.1 46.1
2 46.5 2.3 6.5 44.7
3 46.4 2.2 6.0 45.4
4 45.9 2.1 6.0 46.0
5 44.9 2.2 5.9 47.0

which favorably affects the heat resistance of the seam and is suitable for
high-temperature use.
To study the change in the phase composition of the joint, X-ray
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spectra for Mo/graphite brazed joints after 20 heating cycles of
350 < 1400 °C and vacuum annealing of 1400 °C - 8 h were obtained
(Fig. 9).

The analysis of the diffraction pattern showed that after 20 cycles of
heating (350 < 1400 °C), the qualitative composition of the brazed seam
does not change and includes: titanium carbide (TiC), zirconium carbide
(ZrC), a B-(Ti,Mo) solid solution and beryllides (TiBes, MoBes). How-
ever, after heat treatment at a temperature of 1400 °C with an exposure
of 8 h, the phase composition of the seam changes, and the peaks
responsible for beryllides disappear. Thus, it has been established that
under conditions of prolonged annealing, due to the diffusion of carbon
in the brazed seam, the crystallization of titanium and molybdenum
beryllides is suppressed, which transforms the joint into a refractory
state. During the crystallization of the refractory Ti-Mo phase and car-
bides, the appearance of a liquid during thermal cycling is impossible,
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Fig. 9. Diffraction pattern of the Mo/graphite brazed joint (a) and magnified images of the pattern parts (b-d) encircled by rectangles 1-3; (the highlighted lines

correspond to beryllides).

since carbides have high melting points, as well as a p-(Ti,Mo) solid
solution. The absence of beryllides has a positive effect on the thermal
stability of the joint, but a high carbide content in the joint can reduce
the strength of the seam, since they are very brittle. In the case of arising
thermal stresses due to the rapid heating of the X-ray target periphery,
the cracking of the seam may happen. Therefore, the mechanical
strength test of thermally threated joints must be carried out.

3.4. Mechanical properties of the thermally treated Mo/graphite joint

Due to the rotation of the X-ray target, the loads occur in the brazed
seam. Changes in the microstructure of the joint due to carbon diffusion/
growth of carbides can embrittle it and significantly reduce its me-
chanical characteristics. This can lead to the detachment of the graphite
heat accumulator and failure of the anode. The destruction of the target
during operation is unacceptable, as it can lead to damage to the X-ray
tube and the surrounding equipment. Therefore, mechanical shear
strength tests was carried out for brazed molybdenum/graphite joints
with different heat treatment. The results of the average shear strength
of the molybdenum-graphite brazed joint are shown in Table 4, as well
as the typical sample image and microstructure of the seam after the
sample failure is shown in Fig. 10.

As can be seen from Fig. 10, the failure of the sample occurred as
follows: the cracking starts in the graphite, then the crack spreads to the

Table 4
Average shear strength of the Mo/graphite joint.

tops of the notches and then parallel to the brazed joint (Fig. 10b). The
failure leads to the formation of a thin layer of graphite above the brazed
seam (Fig. 10a). After mechanical tests, the cracks perpendicular to the
joints were also found in the seam (Fig. 10b). The cracking occurred in
the carbide layer of the joint, while the Ti-Mo solid solution effectively
resisted its growth. Such cracks may indicate the presence of perpen-
dicular tensile stresses in the joint due to the temperatures gradient and
mismatch in CTE of graphite and molybdenum.

The picture of Mo/graphite samples failure indicates that the
strength of the joint after the considered heat treatments is higher than
the strength of graphite, and the crack propagation in the seam itself is
the least energy-efficient than in graphite. Previously, it was shown that
the filler metal infiltrates to a graphite at the depth of about 150 pm. In
these infiltrates, most likely, the formation of titanium/zirconium car-
bides occurs. Since the CTE of graphite and titanium/zirconium carbides
is not equal, stresses may occur during cyclic heating/cooling due to
volumetric changes, which apparently lead to the formation of micro-
cracks in the graphite and loss of strength in the layer close to the brazed
seam. Thus, the change in the microstructure of the brazed joint during
the selected thermal treatment does not lead to a significant degradation
of the joint mechanical properties. Instead, there is a deterioration in the
mechanical properties of graphite in the near-surface layer to the seam.
In this case, it is necessary to avoid high open porosity and prevent deep
penetration of the filler metal into the graphite, since this will lead to

Heat treatment

After brazing [11]

Thermal cycling: 3501400 °C/number of cycles

Vacuum annealing, h

5

10

20

2

8

Average shear strength, MPa

28.0 £ 0.9

24.6 + 2.4

2524+ 21

23.4+25

26.6 + 2.6

26.1 £ 6.4
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Fig. 10. Cross-section image of the Mo/graphite joint sample after the shear strength test (a), the microstructure of the brazed seam after the shear strength test (heat
treatment: 1400 °C - 8 h.) (b), the enlarged microstructure of the joint with a crack (c).
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