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Abstract: Transient liquid phase (TLP) diffusion bonding of DZ40M cobalt-based superalloy was
carried out using a self-made NiCrCoWB intermediate layer. The typical microstructure of the joint
was investigated. The effect of holding time on the microstructural evolution and the tensile strength
of the brazed joints was studied. The tensile strength of the joints TLP bonded at 1160 °C for 60 min
reached the maximum value of 487 MPa, which was 88.6% of the base metal strength. The diffusion
of boron and the evolution of the eutectic zone were numerically studied. The time needed for
isothermal solidification completion was calculated and predicted, which was well in accordance
with the experimental results.

Keywords: DZ40M; TLP diffusion bond; isothermal solidification; boride

1. Introduction

DZ40M cobalt-based superalloy possesses a better high-temperature resistance, high-
temperature strength, and better resistance to oxidation and corrosion compared with the
traditional X-40 superalloy [1,2]. It is an ideal material for aeroengine turbine blades and
combustion chamber fabrication. However, since turbine blades are in complexed stress
conditions and high service temperature environments, they often fail due to oxidation,
cracking and other problems. Since replacing the damaged blades with new ones is
extremely expensive, repairing the defective parts with an appropriate approach is thus
urgently needed to extend their service life, which can save a lot of costs [3,4]. Blade repair
technology has been developed for a long time, but the difficulties of this technology are
still troubling the engine manufacturers. Conventional fusion welding approaches are
often inappropriate for bonding superalloys, because of the heat affected cracking. In
the existing brazing methods, the high melting point of the braze used is easy to cause
the damage of the blade alloy matrix. Diffusion welding requires complex fixtures and
extensively long time of heating and pressurization, which limits its applicability [5-8]. In
contrast, transient liquid phase (TLP) bonding is an optimization technology for bonding
difficult-to-weld superalloys currently, and it combines the advantages of brazing and
diffusion bonding [9-11].

During the TLP process, a complete isothermal solidification can be achieved by the
optimizing bonding parameters such as bonding temperature and bonding time, which
is necessary to obtain proper mechanical properties of a TLP joint [12,13]. According to
Wikstrom et al. [14], isothermal solidification of the liquated filler metal occurred during
holding at the bonding temperatures, the extent of which increased with increase in time.
The microstructure and properties of TLP bonded nickel-based superalloy GTD-111 was
studied by Pouranvari et al. [12]. They found that when the isothermal solidification was
not complete, the change of eutectic composition in the joint area was the main reason for
the decline of the joint performance. Bakhtiari et al. [15] studied the effect of TLP bonding
temperature on microstructural and mechanical property of joints made using FSX-414
superalloy. They used MBF-80 as the intermediate layer for the TLP bonding. They found
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that there was a critical temperature that minimized the isothermal solidification time, and
if the bonding temperature was higher than the critical temperature, the time required for
a complete isothermal solidification increased.

TLP bonding has been widely used in the joint and repair of the superalloys. How-
ever, few research activities have been performed on the effect of TLP bonding of DZ40M
superalloy. Therefore, this paper will adopt the transient liquid phase diffusion bonding
technology to achieve the repair of DZ40M cobalt-based superalloy. The intermediate
layer used is a self-made NiCrCoWB intermediate layer. In this way, the effect of bonding
parameters on the joint interfacial microstructure and mechanical properties was studied.
The mathematical modeling of TLP diffusion bonding of DZ40M was also carried out. The
effect of the holding duration on the EZ layer thickness, boron concentration distribution,
isothermal solidification rate, etc., was discussed from the perspective of numerical mod-
elling. In particular, the time required for a complete isothermal solidification of the TLP
bonded joints was estimated.

2. Materials and Methods

Cobalt-based superalloy DZ40M is a directionally solidified material with a [001]
orientation. Table 1 shows the chemical compositions of the base metal and the self-made
NiCrCoWB intermediate layer.

Table 1. Chemical composition of base alloy and used intermediate alloy (wt.%).

Alloy Co Cr Ni W C B Ta Ti Zr Mo Al
Base alloy Bal. 255 107 7.8 04 0015 03 01 02 03 09
intermediate layer 10 25  Bal 8 - 4 - - - - -

The heating equipment (Shenyang Xinlantian Vacuum Technology Co., Ltd., Shenyang,
China) is a vacuum brazing furnace. The highest heating temperature of furnace is
1500 £ 1 °C, and the highest vacuum degree is 5 x 103 Pa. The DZ40M cobalt-based
superalloy was cut into 8 x 8 x 2 mm?3 and 4 x 4 x 4 mm?® blocks and 22.5 x 15 x 6 mm?
strips with a wire electro discharge machine (Haitai CNC Machine Tool Co., Ltd., Taizhou,
China), polished using 80, 240, 600, and 800 grade silicon carbide papers, followed by
ultrasonic cleaning in acetone for 10 min. The intermediate layer powder is mixed into a
paste with binder, and spread evenly on the surface to be welded. The thickness of the
intermediate layer is controlled to be consistent in each test. The tensile specimen and
the metallographic specimen are assembled in the form of columnar crystal continuity, as
shown in Figure 1a. Since the tensile specimen of the bonding part is 45 mm in length,
it is easy to tilt during the bonding process, so it is necessary to design a fixture to fix
the bonding part, as shown in Figure 1b. After putting the samples into the furnace, the
furnace cavity was vacuumed up to 5 x 1073 Pa. The heating rate was set as 10 °C/min
until it reached the designated heating temperature and then held for various periods of
time. The cooling rate was set as 10 °C/min. After the bonding process was completed, the
bonding parts were cut and the bond surface was ground and polished.

(b) i

Figure 1. (a)Sketches of the assemblies sample, (b) Graphite fixture for fixing sample.
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For the interfacial microstructure and fracture observation, scanning electron mi-
croscopy (SEM, Quanta 200 FEG (FEI, Hillsboro, America) HELIOS NanoLab 600i (FEI,
Hillsboro, IL, USA)) with an energy dispersive spectrometer (EDS) was adopted. Empyrean
Intelligent X-ray diffraction (XRD) (PANalytical B.V., Almelo, Netherlands) was used to
detect the phase structure of the braze filler powders, bonded samples and the fracture sur-
faces. The tested diffraction angle ranges from 20 to 100°. For tensile tests, the Instron—5569
electronic universal testing machine (Shimadzu, Kyoto, Japan) was used to evaluate the
reliability of the sealed joints. Three brazed samples were prepared for tensile tests and the
average value was recorded as the tensile strength of each brazing parameter. The highest
and lowest values have been shown by error bars.

3. Results and Discussion
3.1. Microstructure of DZ40M in As-Cast and Aged State

Figure 2 shows the typical microstructure of DZ40M in as-cast. It shows from Figure 2a
that the carbide skeleton structure is formed in the matrix of FCC cobalt-based solid solution
phase, which plays a bearing role on the alloy matrix. The EDS data show that the carbide
is composed of the Phase A, B, and C. As shown in Table 2, Phase A is rich in Cr and has
a small amount of Co. According to the previous study, it can be known that Phase A
is the primary carbide of M;Cz. M;C3 is a metastable phase with a triangular lattice of
simple orthogonal structure, easy to decompose at high temperature. Phase B contains a
certain amount of W, so it is presumed to be MgC carbide. M¢C carbide has three kinds of
morphology: granular, acicular and thin film. When it precipitates in the grain boundary
or inside grain, it can improve the durability of the alloy, as shown in Figure 2c. Phase C
contains a considerable amount of Ta, Ti, and Zr, which can be speculated to be MC carbide.
It is the important second phase in DZ40M.

Figure 2. Typical microstructure of (a) matrix; carbide skeleton (b) carbide precipitation phase and (c) punctate M¢C carbide.
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According to Sims [1], under high temperature conditions, some primary carbides in
cobalt-based superalloys are prone to thermodynamic instability and decomposition, and
fine secondary carbides are precipitated at the same time. The coarse primary carbides
limit the plastic toughness of DZ40M, while the fine carbides can strengthen the fine crystal
and ensure the plasticity of the base material. Therefore, in this paper, pre-bonding heat
treatment is carried out on DZ40M at 1120 °C/5 h. Figure 3 shows the typical microstructure
of DZ40M in aged state. The coarse M;Cj carbide disappeared and there was white meshed
phase in the matrix. Mp3Cg carbides distributed along grain boundaries and white spotty
MgC carbides were observed in Figure 3b.

Figure 3. Typical microstructure of DZ40M in aged state: (a)integral view; (b) proeutectoid carbide.

3.2. Typical Microstructure of TLP-Bonded Joints of DZ40M

Figure 4 shows the typical microstructure of TLP-bonded joints of DZ40M at
1120 °C/30 min. From Figure 4a, a large number of eutectic structures remain in the
centerline of the joint, indicating that complete isothermal solidification of the joint has
not been achieved under this processing parameter. 3 typical areas can be observed, i.e.,
eutectic zone (EZ), isothermal solidification zone (ISZ) and diffusion affected zone (DAZ).
In EZ, dark gray Phase B was observed, in which light gray Phase C and lamellar black
Phase A were distributed, which exhibits a binary segregation morphology nature [12].

Table 2. EDS chemical analysis (at.%) of different positions in Figure 2.

Position Cr Ni Co W Ta Ti Zr Phase
A 85.65 1.22 9.41 3.70 - - - M;Cs3
B 30.32 5.95 37.20 26.50 - - - MeC
C 2.54 1.08 3.19 7.45 31.94 14.38 39.41 MC

EDS compositional analysis of other elements (Table 3) suggests that the intermetallic
phase is a Ni rich boride, and the second phase is identified as a Ni-solid solution. Accord-
ing to Bakhtiari [16], Phase A may be Cr-Ni rich boride, and Phase B may be Ni rich boride.
The initial forming phase of the center line of the joint during cooling is a nickel-based solid
solution (Phase C). Insufficient time for the diffusion of boron from the liquid interlayer
to the base metal caused B element to gather near the centerline. Because the solubility
of B in Ni is very low (only 0.3 at.%), B is easily precipitated in the form of borides. Near
DAZ, flocculent Phase D was observed in Figure 4c. In the process of bonding nickel-based
superalloy by Zhang [17], the precipitation phase of My3(C,B)s, which is similar to that of
Phase D, was formed near DAZ. Therefore, it is speculated that Phase D is Cr rich boride
and Co rich boride. DAZ mainly consists of acicular phase E and granular phase F. The
EDS data show that the acicular phase is Co rich boride and the granular phase is Cr rich
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boride referring to [18]. In order to further determine the phase composition of the welded
joint, X-ray diffraction tests were carried out for fractures with a connection temperature
of 1120 °C and a connection time of 30 min as shown in Figure 4f. The results show that
Co(s,s), Ni(s,s), Cr;B, CrsBs, NigBs, and Co,B appeared in the joint. Analyzed with EDS
results, Phase E may be Co,B, and Phase F may be CrsB3 and Cr,B.

3 *__Co(s,s) O—— Co2B
; A—CrB 0 —Ni(s,s)
) ’—CrSB3 . Ni,B;
=
E’ .
>
= 0
S 0 .
= o & A
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Figure 4. Typical microstructure of TLP-bonded joints of DZ40M at 1120 °C/30 min: (a) integral
view; (b) EZ; (c) the left of DAZ; (d) the right of DAZ; (e) enlarged view of DAZ and (f) XRD pattern
of the joint.

Figure 5 shows the typical microstructure of TLP-bonded joints of DZ40M at
1160 °C/30 min. From Figure 5a, there is no eutectic phase in the joint. There are mainly
some granular phases in DAZ as shown in Figure 5b. According to Table 3 and relevant
literature, it can be judged that the phase is Cr rich boride. This indicates that the nee-
dle phase Co rich boride gradually disappears when the bonding temperature rises to
1160 °C. The melting point of Cr-B compound is higher than that of Co-B compound
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indicated by the Co-B and Cr-B phase diagram, which explains why the needle phase Co
rich boride gradually dissolves while the granular phase Cr rich boride still exists after the
temperature rises.

Table 3. EDS chemical analysis (at.%) of different positions in Figure 4.

Position Ni Co Cr \%Y Ti Mn Phase
A 31.24 8.61 54.31 4.66 0.46 0.68 Cr-Ni rich boride
B 7550 11.33 1246 - 0.33 0.38 Ni rich boride
C 69.85 12.05 16.26 0.96 0.43 0.44 Ni-based solid solution
D 8.85 3944 47.04 3.49 0.46 0.72 Co and Cr rich boride
E 1231 5744 27.20 2.12 - 0.49 Co rich boride
F 13.56 12.93 64.79 8.29 0.44 - Cr rich boride

Figure 5. Typical microstructure of TLP-bonded joints of DZ40M at 1160 °C/30 min: (a) integral
view; (b) DAZ.

3.3. Microstructural Evolution of the Brazed Joint

Figure 6 shows the microstructural evolution of TLP-bonded joints of DZ40M brazed
for various durations. When the holding duration was 30 min, the commensal phase at the
interface disappeared completely. With the extension of insulation time, the thickness of
the diffusion zone tends to increase. The thickness of the diffusion zone is mainly related
to the degree of element diffusion in the middle layer, and the diffusion distance of B
dominates the formation of the diffusion zone. The diffusion coefficient is a commonly
used index to measure the diffusion ability of a solute in a matrix which can be represented
by the following equation [19]:

D= szxp(?{—?) €))

where Dy is the diffusion constant, Q is the diffusion activation energy of solute in the
matrix, R is Avogadro’s constant, and T is the temperature.

Based on the results above, we tried to propose the bonding mechanism of TLP-bonded
joints of DZ40M, as shown in Figure 7. In the initial stage, interlayer the concentration of
B in the interlayer was approximately uniformly distributed, but B near the base metal
diffused into the base metal, resulting in a high melting point on both sides of the interme-
diate layer. Therefore, melting occurred first in the center of the intermediate layer, and
then the liquid phase spread to both sides until the mesosphere was completely melted.
Afterwards, B diffused from liquid intermediate layer to solid base material.
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Figure 6. Effect of various durations on microstructure of the joints: Integral microstructure of the joints brazed at 1160 °C
for (a) 5 min;(b) 30 min;(c) 60 min; (d) 120 min.

However, because the diffusion rate of B in the liquid phase is much higher than that
in the solid phase, a large amount of B was enriched on the solid base material surface.
At the solid-liquid interface, the melting point of the base material decreased and melted,
and the solid-liquid boundary expanded towards the base material as shown in Figure 7b.
When the content of B on the solid base material surface was not enough to reduce the
melting point of the base material, the diffusion reached equilibrium and the solid-liquid
interface did not expand. At this point, the intermediate layer reached the maximum
liquid width. At the same time, the high melting point elements in the base material (such
as Co, Cr, W, etc.) also diffused into the liquid phase, leading to the melting point of
the intermediate layer liquid increasing continuously. As the intermediate layer near the
base material contained more elements with high melting point and its melting point was
higher, so it was preferred to solidify, as shown in Figure 7c. The solid-liquid interface
advanced from the base material to the middle, isothermal solidification began, and the
cobalt solidified isothermally from the faying surfaces into the melt. Boron was gradually
segregated due to the low solubility of cobalt base solid solution. When the segregation of
B reached a certain extent of concentration, the elements of Co and Cr will react with B to
needle and spherical borides.

If the holding time was not enough, the residual liquid phase in the joint were con-
verted into eutectic layer, as shown in Figure 7d. The microstructure of EZ can be under-
stood by considering the solidification sequence of the remaining liquid during cooling. In
the present system, on cooling, the initially formed phase is the Nickel-based solid solution
in the form of dendrites growing from liquid/solid interface. During this process, B, solute
elements with partition coefficient less than unity, are rejected into the liquid, enriching
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the liquid composition to the point where the primary solidification path intersects the
moncovariant eutectic line separating solid solution and Ni boride. The solidification path
then follows the eutectic line as the solid solution and nickel boride form simultaneously
from the liquid by a monovariant eutectic reaction. Because the eutectic temperature of
Cr-B binary eutectic system exceeded 1600 °C, it is impossible to form Cr-rich borides as
the microcosmic component of binary eutectic system. The formation of nickel boride lead
to the precipitation of Cr, which increased the content of Cr in the liquid phase. This is
because the solubility of Cr in nickel boride (~10.11 at-%) is lower than that in solid solution
(~18 at-%). Therefore, the liquid will concentrate to the ternary eutectic point and form
ternary Cr boride, Ni boride, and C solid solution eutectic components at this point during
the subsequent cooling process. This solidification path can be summarized as follows:

L—L + Ni(s,s)—L + Ni(s,s) + Ni borides—Ni(s,s) + Ni borides + Cr borides

If enough, the joint completed isothermal solidification as shown in Figure 7e. At this
point, some Co rich boride granular phase and black secondary M3C¢ precipitated phase
appear in the joint.
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Figure 7. Schematic of the microstructure evolution mechanism of the brazed joint: (a) melting stage; (b) extension stage;
(c) isothermal solidification stage; Typical microstructure of the brazed joint: (d) incomplete isothermal solidification;

(e) complete isothermal solidification.
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Figure 8 shows the tensile strength variation brazed with various holding duration
at 1160 °C. With the increase of holding duration, the tensile strength of the joint tends
to increase. When the holding duration was short, too many eutectic phases formed in
the joint. When extending the holding duration, the eutectic phase gradually disappeared,
which led to the increase of the joint property. When the heat preservation time was 60 min,
the joint realized isothermal solidification and achieved the maximum tensile strength of
487 MPa. Theoretically speaking, the longer the holding time was, the more beneficial it
was to realize the uniformity of joint tissue, and the higher tensile strength was. However,
when the holding time was 120 min, the tensile strength of the joint decreased slightly
to 434 MPa. This can be due to grain coarsening when the holding duration extended to
120 min, which normally weakens the joint strength [20].

500 .
—_ /
(44
& T
2 /
5 400
Qﬁ T
=
E O
w T
300
= /
5
—

200

5 30 60 120

Holding Time (min)
Figure 8. Tensile strength of TLP joints, with holding time 5; 30; 60 and 120 min.

Figure 9 shows the fracture morphologies of TLP-bonded joints of DZ40M brazed
with different holding duration at 1160 °C. In Figure 9a, when the holding duration was
5 min, the cleavage plane appeared, accompanied by many rock-like patterns, indicating a
brittle fracture. Binary eutectic phase is the weak part in the joint indicated by the EDS data
shown in Table 4. When holding for 30 min, there were many river patterns in the joint
fracture, indicating that the joint was quite brittle as shown in Figure 9b. The EDS data
show that there were many borides located in DAZ in the fracture, making the DAZ a weak
location for the joint. A small part of dimple morphology was observed in the fracture
with holding time of 60 min, as shown in Figure 9c at position A and radial patterns were
observed at position B. There were rock-like patterns of intergranular fracture at other
locations. It could be judged that there was a mixed ductile and brittle fracture for this case.
Meanwhile, when holding for 120 min, a herringbone ridge pattern was observed in the
fracture, which shows a ductile fracture nature.
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Figure 9. SEM images of fractured surface of TLP joints, with holding time (a) 5; (b) 30; (c) 60 and (d) 120 min.

Table 4. EDS chemical analysis (at. %) of different positions in Figure 9.

Position Ni Cr Co W Al Phase
1 68.14 16.73 13.17 1.25 0.70 Ni-based solution
II 14.33 7.09 66.99 10.56 1.02 Co rich boride
1II 11.42 52.77 27.29 7.57 0.93 Cr and Co rich boride
I\Y% 10.16 70.12 14.84 3.70 1.15 Cr and Co rich boride

3.4. Modeling Isothermal Solidification

The brittle eutectic phases with low melting point in the joint will damage the mechan-
ical properties of the joint. Therefore, it is the focus of TLP diffusion bonding of DZ40M to
determine the appropriate process to achieve complete isothermal solidification of the joint.
Isothermal solidification depends on the diffusion of melting point depressant elements in
the solid phase, so it is slow and usually takes several hours or even a day to complete.

In this study, the thickness and isothermal solidification time of EZ were analyzed
by using a computational modeling method. To build a mathematical model, a few
assumptions were made [21]:

(1) TLP bonding is a one-dimensional diffusion process and the diffusion direction is
perpendicular to the interface between the middle layer and the base material.

(2) The diffusion coefficient is constant and is not affected by the change of solute
concentration during bonding.

(3) The solid/liquid phase interface maintains local equilibrium and the concentration
follows the concentration of the equilibrium phase diagram.
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(4) The solid /liquid phase interface remains stable and flat, and no phase precipitation
is formed.

(5) Since the solute diffuses slowly in the solid phase, the base material is assumed to
be a semi-infinite solid.

Fick’s second law was used to analyze solute diffusion in TLP [22]:

oC 2%C
o~ Paez

2

According to initial conditions (x > 0, t = 0, C = 0) and boundary conditions (x = 0,
t>0, C = (p), the general form of solute distribution [23] can be solved:

C:A—i-Berf( (©)

i)
4Dt
where A and B are constants determined by specific boundary conditions; D is the diffusion
coefficient of solute in the matrix; t stands for isothermal solidification time. For the TLP
system of DZ40M, when x — oo, erf(c0) = 1

C(co,t) = A+B=Cy ()

where Cj, is the initial solute concentration in the base metal. Let us assume that the
solid /liquid interface moves to x = X(t) after time ¢. Hence,
X(t)

C(X(t),t) =A+B(——=) =C 5
where C,; is the solute concentration of the solid phase at the solid/liquid interface.
According to the hypothesis (3), the above equation is true for all values of t. Therefore,
X(t) must be proportional to t1/2 [24]:

X(t) = kV/aDt (6)

where k is a constant that accounts for the moving boundary. Solving Equations (3)—(6)
results in the following relation:

C(x,t) =Cpm @)

szL — CM CocL - CM X
T af® -1 ef -1 (@)

Since k is an unknown constant, more equations are needed to solve k. The mass
balance at the solid /liquid interface gives the following relationship [24]:

(€ ) = (292 Yk = x ®

where (C, — C,1) is the concentration difference between the liquid side and the solid

side of the solute element and can be approximated as the concentration difference within

the distance of Ax. d);—gt) represents the moving speed of the solid-liquid interface. Since

Ax is small, the process can be approximately uniform. D( acg;c,t) ) is the diffusion flux of
the solute element within Ax. Solving Equations (3)—(6) and Equation (8) results in the

following relation that can be used to determine the dimensionless constant k [24]

k(l + erf(k))\/E . C“L — CM (9)
exp(—k?) "~ Cra—Car

From the base material composition of DZ40M, Cy; = 0.015%. The Cj, and C,p,
of MPD elements can be obtained from the phase diagram, as shown in Table 5. The
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interface constant k was calculated, and the results are shown in Table 5. Therefore, from
Equation (7), the variation rule of the concentration distribution of B in the joint with time
was obtained and the cloud diagram of B concentration change at 1160 °C is shown in
Figure 10.
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Figure 10. Effect of various durations on the concentration distribution of element at 1160 °C for (a) 1 s; (b) 10's; () 20 s and

(d) 100 s.

The concentration of B in the joint center decreased rapidly within 1-10s. At the 100's,
B in the joint dropped to a certain value, and the scope of the diffusion layer was expanded,
but homogenization was not fully realized. Figure 11 shows the concentration distribution
curve of B at a time interval of 4 s at 1160 °C. The concentration of B in the joint center
decreased rapidly at the initial stage of the insulation time, but decreased slowly after 20 s.

Zhou et al. [25] proposed that the maximum liquid phase width had the following
relationship with the initial thickness of the mesosphere:

— (041 0 (11 (Co—Cra)
(2dmax) = (2d0)pM (1 + L > (10)

where pg and pjs are the densities of the intermediate layer and base material; Cy is the
initial concentration of B in the intermediate layer, which is 4 wt.% as shown in Table 1;
2d is the initial thickness of the intermediate layer and its size is 100 um. Therefore, the
maximum liquid phase thickness at 1160 °C were obtained, as shown in Table 5. Assuming
that the holding time of each test was ¢, the distance X(ts) moved by the solid/liquid phase
interface was the thickness of ISZ, while the remaining liquid phase solidified into eutectic
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Solidification growth rate (um*s)

phase during the cooling process and formed EZ. Therefore, the thickness of EZ, Wz, was
calculated by the following equation:

Wgz = z(dmax — X(i’)) = 2(dy o (1 + (CO_CLIX)) — kV/4Dt) (11)
oM Cra

where D is the diffusion coefficient, which can be represented by Equation (1). According
to Khazaei et al. [26], the diffusion constant is approximately 0.14 m?/s and the diffusion
activation energy is 229 KJ/mol. Therefore, the diffusion coefficient of B in cobalt-based
superalloy at 1160 °C was calculated, as shown in Table 5.

20

18 C=18.6%

Concentration of Boron/ at.%

400 300 200 -100 0 100 200 300 400
Distance/pm

Figure 11. Effect of time on the concentration of Boron at 1160 °C.

Figure 12a shows the rate of movement at the solid /liquid interface, namely the rate
of isothermal solidification, obtained by taking the derivative of X(t) with respect to t.

(b)

140
0.8

2
07 7120
0.6 =100
0.5 o
3 & 80
0.4 2 60
0.3 Q
02 4 40
0.1 = 20
0y 20 40 60 g0 100 Y0 400 800 1200 1600

t(s) t(s)

Figure 12. Effect of holding time on (a) the solidification growth rate and (b) the thickness of EZ.

The rate of isothermal solidification dropped to a small value after a certain time
and remained stable. The variation curve of EZ thickness with holding time at 1160 °C
was drawn, as shown in Figure 12b. With the increase of time, the slope absolute value
of the curve was smaller, which means that the liquid phase isothermal solidification
rate decreased. From Equation (6), the isothermal solidification time can be expressed
as follows:

X2(t)
4D

(12)
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According to the data in the Table 5, the time required to complete isothermal so-
lidification of DZ40M joint were obtained. The calculation results show that when the
bonding temperature was 1160 °C, the isothermal solidification time was 27.9 min. The
experimental results show that there were a lot of eutectic phases in the joint when the
holding time was 5 min. When the holding time was 30 min, the joint completed isothermal
solidification, which indicated that the calculated results were within the reasonable range
of the practical results.

4. Conclusions

TLP diffusion bonding was carried out on DZ40M by using the self-made Ni-25Cr-
10Co-8W-4B (wt.%) intermediate layer. The effects of different process parameters on the
interfacial microstructure and mechanical properties of the joint were investigated. The
time needed for isothermal solidification completion was calculated and predicted. Main
conclusions are as follows:

(1) When bonding at 1120 °C the interface was divided into four regions: EZ, ISZ,
DAZ and BM. EZ mainly included Cr rich boride, Ni rich boride, and Ni-based solid
solution. The phases in DAZ mainly included Co-Cr rich boride. The typical interfacial
microstructure of the joint is: DZ40M/Co-Cr rich boride/(Ni, Co, Cr) s,s/Ni-based solid
solution + Ni-Cr rich boride/(Ni, Co, Cr) s,s/Co-Cr rich boride/DZ40M.

(2) At 1160 °C, the eutectic phase disappeared completely, and the joint realized a
complete isothermal solidification. Different holding time was achieved at 1160 °C. With
the holding time extended to 30 min, complete isothermal solidification of the joint was
achieved.

(3) The tensile test showed that the joints bonded at 1160 °C for 60 min possessed the
highest shear strength of 487 MPa, which reached the 88.6% of base metal strength. The
elimination of the eutectic phase in EZ and tiny needle-like borides in DAZ contribute to a
robust bonding joint.

(4) The diffusion of B elements in the TLP process was calculated and simulated using
the one-dimensional semi-infinite diffusion model. Since the concentration gradient of B
reached a local equilibrium after 20 s, the isothermal solidification rate also dropped to a
stable value. The completion time of isothermal solidification bonded at 1160 °C predicted
by the model was 27.9 min, which was consistent with the experimental results.

Table 5. The result of the data required for simulation.

T/°C Cra/wt.% Curwt.% k Apax/pm D/m?.s—1 t/min
1160 3.124 0.177 0.02997 61.244 6.2877 x 1010 27.9
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