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Abstract: The development of welding technology for zirconium alloy has great significance on the
safety, stability, and reliability of the operation of the nuclear reactor. In this work, vacuum diffusion
bonding of Zr-4 alloy was studied at the diffusion temperature ranging from 760 to 820 ◦C with
holding times of 30–90 min. The effects of diffusion bonding temperature and holding time on the
interfacial microstructure and mechanical properties of the diffusion bonded Zr-4 alloy joints were
investigated in detail, and the relationship between the interfacial microstructure and shear strength
of the diffusion bonded joints was discussed. The results show that the interface bonding ratio of
the diffusion bonded Zr-4 joint gradually increased from 74% to 95% with the increasing of bonding
temperature. In addition, the grain size of the base material became a larger and brittle second phase
composed of Zr(Cr, Fe)2 and eutectic α-Zr + Zr(Fe, Cr)2 formed in the joint with the increase of the
temperature as well as the extension of the bonding time. The highest shear strength of 349 MPa
was obtained at 800 ◦C for 30 min under 7 MPa, and the crack of the joint was primarily propagated
along with the base material rather than the bonded interface.

Keywords: Zr-4 alloy; diffusion bonding; shear strength; interfacial microstructure

1. Introduction

To meet the growing demand for nuclear energy [1–3], the development of nuclear
energy equipment has become particularly important [4–7]. Zirconium (Zr) and its alloys
are primarily used as the fuel cladding in nuclear reactors and the structural materials of
water reactors due to their low thermal neutron absorption cross-section, high corrosion
resistance, and moderate mechanical properties [8–11]. Therefore, the development of a
reliable technique to join Zr alloys is indispensable to its engineering applications. To date,
many scientists have focused on zirconium alloy welding technology, which includes vac-
uum electron beam welding (EBW), tungsten inert gas welding (TIG), pulsed laser welding
(LBW), and pressure resistance welding (RPW) [12–16]. J.G. Lee [13] and M.K. Lee et al. [14]
have brazed Zr-4 alloy with multi-component alloy at high temperatures of 920 ◦C and
890 ◦C, respectively. However, the high brazing temperature tends to make large welding
deformation. As a result, it is difficult to control the accuracy of the internal flow channel
size of the component. Moreover, the long-period crevice corrosion tendency of the brazed
Zr-4 alloy joint would be increased owing to the incomplete penetration structure [17].
Additionally, the metallurgical transformation is facile to occur in the heat-affected zones,
resulting in the formation of intermetallic compounds and the reduced performance of
joints [16,18]. The EBW [12] and TIG [15] methods are successfully employed to weld Zr-4
alloy and stainless steel, but the molten and heat-affected zones have an irreversible nega-
tive impact on the mechanical performance of the internal fuel core [19]. In the integrated
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manufacturing of new fuel elements with multi-layer densely joined structures [20–22],
the spacing between welding joints is small and the welding joints are overlapped and
influence each other. Considering the larger structural size of the fuel element, higher
requirements for penetration control accuracy, and greater difficulty in deformation control,
the use of traditional fusion welding methods for integrated manufacturing can no longer
effectively meet the existing needs, and the above technical problems will be more promi-
nent and lead to major challenges to the subsequent development of new fuel elements.
Under this circumstance, it is urgent to develop a new welding method and process to
meet this coming challenge.

With the development of emerging joining technologies, the diffusion bonding tech-
nology using micro-interface solid-phase joining [23,24] as a precision joining method
is very suitable for rapid prototyping and integrated manufacturing of a large number
of densely welded multi-layer superimposed components. To effectively decrease the
adverse effects on the structure and performance of components after heating and reduce
the difficulty of controlling the deformation size of the overall structure of precision com-
ponents at the same time, the low-temperature diffusion bonding technology of zirconium
alloys has got greater emphasis. Taouinet et al. [25,26] have directly bonded Zr-4 alloy
to 304 L stainless steel at 1050 ◦C, and the typical interfacial microstructure was divided
into three characteristic zones including reaction phases of α-Zr, α-(FeCr), Zr(Fe, Cr)2, and
Zr2 (Fe, Ni). The diffusion zone at the bonded joint has a large thickness value of 700 µm,
which is conducive to buffering the difference of mechanical properties between the two
materials and improving the bonding performance of the joint. Additionally, the Ni and Ta
as the hybrid interlayer, which was employed to prevent the formation of brittle Zr(Fe, Cr)2
and Zr2 (Fe, Ni), was also used to bond Zr-4 alloy to 304 L stainless steel at 850–1000 ◦C [16].
The shear strength of the bonded joint first increases and then decreases with the increase
of the bonding temperature, and the maximum shear strength of 194 MPa was obtained at
950 ◦C. Until now, there are few studies on the diffusion bonding of zirconium alloy itself,
so the microstructure and properties of the self-diffusion bonded joints of zirconium alloys
still need further study.

In this work, the microstructures and properties of zirconium alloy after vacuum heat
treatment at different temperatures were studied to preliminarily determine the bonding
temperature range. The vacuum diffusion bonding of Zr-4 alloy without interlayer was
carried out at a range of bonding parameters. The effect of diffusion temperature and
holding time on the microstructure and mechanical properties of the diffusion bonded
joints was investigated. Therefore, it is possible to explore the best process parameters
of the diffusion bonding of zirconium alloy, which can provide the provision of technical
reserves and process support for the precise diffusion bonding of new fuel elements.

2. Materials and Experimental Procedures

Commercially, Zr-4 alloy (containing 1.5 wt.% Sn, 0.2 wt.% Fe, and 0.1 wt.% Cr) is
used as the base material in this study. It is well accepted that the high temperature is
conducive to increasing the interface bonding rate of diffusion bonded joint, while it is
harmful to the mechanical properties of Zr-4 alloy due to the crystal grain coarsening.
Therefore, it is urgent to find a balance between the interface bonding rate and the grain
coarsening of the base material. To measure the degree of grain coarsening during vacuum
diffusion bonding, the vacuum heat treatment experiment of Zr-4 alloy was firstly carried
out to simulate the diffusion bonding process and explore the effects of temperature on the
morphology and performance of the Zr-4 alloy.

To prepare the sample for the vacuum heat treatment experiment, the zirconium alloy
was cut into a block of 70 × 30 × 2 mm3 by a wire-cut electric discharge machine, and then
it was polished and ultrasonicated in acetone for 15 min to remove surface impurities and
greases. The processed base material was finally put into a vacuum furnace with a degree
less than 1 × 10−3 Pa. As for the heating process, the sample was heated to the target
temperature with a heating rate of 10 ◦C/min, and the temperature is decreased to 400 ◦C
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with a cooling rate of 5 ◦C/min after the thermostatic process. Then, the furnace is cooled
to room temperature and the sample was taken out for subsequent characterization. The
zirconium alloy with the dimension of 50 × 50 × 2 mm3 was polished and ultrasonicated
in acetone for vacuum diffusion bonding. The diffusion bonding assembly is assembled in
the form of overlap, and the overlap length is 2 mm (Figure 1). The heat cycle of diffusion
bonding is the same as that of the previous heat treatment, and the applied pressure is 7 MPa.
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Figure 1. Schematic diagram of the diffusion bonding assembly.

The heat-treated and diffusion-bonded samples for microstructure observation were
cut by a wire-cut electric discharge machine. The cross-section of the sample was taken
from the center of the diffusion bonded joint. The surface of the cross-section was polished
and then etched by HF (15%)-HNO3 (45%)-H2O (40%) solution for 65 s. Scanning electron
microscope (SEM, JSM-7800F) combined with an energy dispersive spectrometer (EDS) was
used to characterize the microstructure and fracture morphology of the prepared samples.
In addition, X-ray diffractometer (XRD, D8-ADVANCED) was used to detect the phase
structure of base material and fracture surface of the joint. The shear test was completed by
the MTS E45.105 electronic universal testing machine, and the indenter moving speed of
the testing machine was 0.02 mm/s.

3. Results and Discussion
3.1. Effect of Heat Treatment on the Microstructure and Properties of Zr-4 Alloy

Figure 2 shows the microstructure of Zr-4 alloy under different heat treatment tem-
peratures with a holding time of 60 min. Clearly, the grain size gradually increases with
the increase of the heat treatment temperature. Meanwhile, the second phase with white
color is precipitated in the matrix phase as observed in Figure 2, and its quantity and size
increase with the increase of the heat treatment temperature. The chemical composition
of the second phase is listed in Table 1 and the possible phase should be Zr(Cr, Fe)2 as
reported in [25,26]. Furthermore, the second phase tends to scatter and distribute at the
grain boundary and intragranular as the bonding temperature reaches 780 and 800 ◦C,
while it is mainly distributed at the grain boundary as the temperature reaches 820 ◦C.
The reasons for this change can be explained by the increase of the diffusion distance of
Cr atoms in the Zr-4 alloy and the gradual segregation of elements to the grain boundary
as the temperature rises.

Table 1. Chemical composition and possible phase of each point marked in Figure 2d (at. %).

Point Zr Sn Cr Fe Possible Phase

A 37.52 00.38 18.63 43.47 Zr(Cr, Fe)2
B 31.09 0.23 23.24 45.44 Zr(Cr, Fe)2
C 43.20 0.47 17.61 38.72 Zr(Cr, Fe)2
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different temperatures.

To further determine the effect of heat treatment on the Zr-4 alloy, the grain size was
calculated and the results are shown in Figure 2f. The grain size did not change significantly
after heat treatment at 760 and 780 ◦C, and the grain size increased significantly to about
44.9 µm after heat treatment at 820 ◦C. It is widely accepted that the grain size of alloy will
increase with the increase of heat treatment temperature, which will lead to a decrease
in strength. In the temperature range of 760 to 820 ◦C, the Zr-4 alloy base material still
retains high strength of 385.3 MPa after thermal cycling, which is slightly lower than that
of the base material (389 MPa). Furthermore, the crystal grains are not severely coars-
ened. Therefore, it is reasonable to set the diffusion bonding temperature in the range of
760 to 820 ◦C for diffusion bonding of Zr-4 alloy.

3.2. Analysis of the Interfacial Microstructure of Zr-4 Alloy Diffusion Bonding Joint

Figure 3 shows the microstructure of the diffusion bonded joints prepared at different
bonding temperatures for a holding time of 60 min under a pressure of 7 MPa. It can be
seen that there are many un-bonded regions and voids at the bonding interface when the
diffusion temperatures were 760 and 780 ◦C. When the temperature reaches 800 or 820 ◦C,
the voids are significantly reduced. It can be concluded that the joint is well bonded at
800 and 820 ◦C, and there are very few un-bonded regions or voids appeared as observed in
Figure 3c,d. At the same time, it can be observed that there are second phases precipitated
at the joint interface when the bonding temperature is above 800 ◦C.

To further evaluate the bonding interface of the Zr-4 alloy, the micro-metallographic
theoretical calculation method was used to preliminarily calculate the interface bonding
ratio of the prepared bonding interfaces, and the calculated results are shown in Table 2.
As the bonding temperature increases, the interface bonding ratio shows an upward trend.
The interface bonding ratio is higher than 92% when the bonding temperature is above
800 ◦C, indicating that the diffusion interface can form a good joint.

Table 2. Interface bonding ratio of the joints prepared at different bonding temperatures.

Bonding Temperature (◦C) 760 780 800 820

Interface Bonding ratio 74% 83% 92% 95%
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Figure 3. SEM images of the microstructure of the joint diffusion bonded at different temperatures
(7 MPa/60 min): (a) 760 ◦C, (b) 780 ◦C, (c) 800 ◦C, and (d) 820 ◦C.

EDS was used to further determine the chemical composition of the second phase
precipitated at the diffusion interface of Zr-4 alloy, as analyzed in Figure 4 and Table 3. The
dark gray phase (points A and D) is the main component, which can be reasonably classified
as α-Zr. Of note, its atomic ratio is very close to that of the Zr-4 alloy. The white phase
(points B and C) segregated on the grain boundary and interface is the precipitated second
phase. The atomic ratio of the elements in point C is close to the phase of Zr(Cr, Fe)2, which
is in line with the reported results in the literature [26]. Additionally, the proportion of Fe
in point B is lower than that in point C. According to the previous reports [15,26], it can be
determined that the corresponding phase in point B should be eutectic α-Zr + Zr(Fe, Cr)2.
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Table 3. Chemical composition and possible phase of each point marked in Figure 4b (at. %).

Point Zr Sn Cr Fe Possible Phase

A 92.52 01.76 01.66 04.06 α-Zr
B 47.87 00.78 12.72 38.63 Eutec. α-Zr + Zr(Fe, Cr)2
C 43.70 00.75 12.69 42.86 Zr(Cr, Fe)2
D 95.01 02.29 01.01 01.69 α-Zr
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Zr-4 alloy mainly contains three alloying elements, which are Sn, Fe, and Cr. Sn has
a higher solubility in Zr [27] and generally forms a solid solution with Zr, so it rarely
participates in the precipitation of the second phase. As for Fe and Cr, the solubility of Cr
in Zr is lower than Fe, so the diffusion of Cr in Zr is more difficult. Thus, the content of
Cr (12.72 at. %) in the second phase is much lower than Fe (38.63 at. %). According to
the Cr-Zr binary phase diagram [28], Cr mainly exists in the form of α-ZrCr2 in Zr when
the temperature is below 836 ◦C (higher than the bonding temperature). The maximum
atomic ratio of Fe in the second phase is 42.86 at. %. Based on the Fe-Zr binary phase
diagram [29], it is found that Fe mainly exists in Zr2Fe and ZrFe2 when the Fe atomic
ratio is greater than 32 at. % and the temperature is around 800 ◦C. Moreover, Zr2Fe will
eutectoid decompose into ZrFe2 and Zr3Fe at a temperature below 775 ◦C. Since Cr and
Fe can form a continuous solid solution in the solid-state, the existence of Zr(Cr, Fe)2 as
the second phase is reasonable, and the main phase of the Zr-4 alloy is α-Zr. In part of the
second phase, the atomic ratio of Zr is very large, indicating that the existence of eutectic
α-Zr + Zr(Fe, Cr)2 is also reasonable. The Vickers hardness of Zr(Cr, Fe)2 is 1390 HV,
which is much higher than that of Zr-4 alloy (~220 HV) [25]. Therefore, excessive brittle
Zr(Cr, Fe)2 presented in joint will significantly reduce its plasticity, and it is likely to
be the source of cracks, resulting in brittle fracture of diffusion bonding joints. Under
this circumstance, retarding the formation of Zr(Cr, Fe)2 is beneficial to improving the
performance of the joint.

Figure 5 shows the microscopic metallographic and SEM pictures of the interface of
the diffusion joint prepared under the condition of 800 ◦C/7 MPa with different holding
times. It can be seen that the amount of the second phase in the joint is gradually increasing
with the increase of diffusion time. The formation of a large amount of the second phase
leads to a high probability of the occurrence of voids after precipitation at the interface.
Therefore, the holding time should not be so long that the second phase appears in large
quantities. To further confirm the crystal phase in the joint, the XRD patterns of Zr-4 base
material and the bonding interface bonded at 800 ◦C/7 MPa/60 min were measured as
shown in Figure 6. The diffraction peak of the second phase is undetected due to its low
content (Figure 3) and all peaks in the two patterns belong to α-Zr. Thus, there are very
few second phases in the joint, which are undetectable by XRD.
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3.3. Influence of Diffusion Bonding Process Parameters on the Mechanical Properties of the Joints

Figure 7a shows the influence of different bonding temperatures and holding times
on the shear strength of the joint under a pressure of 7 MPa. It can be seen that the shear
strength of the diffusion bonded joints first increases and then decreases as the bonding
temperature increases. When the bonding temperature is 800 ◦C, the shear strength is
as high as 321 MPa, which reaches 82.5% of the Zr-4 base material (389 MPa). Based
on the previous analysis, there are pores and un-bonded parts at the interface when the
bonding temperature is 760 and 780 ◦C and the interface bonding ratio is relatively low.
Therefore, their shear strength is low and the minimum value is only 67 MPa. As the
bonding temperature increased to 820 ◦C, the grain size of the Zr-4 alloy and the amount
of the second phase precipitated in the interface both increase significantly, resulting in the
decrease of shear strength compared with the joint bonded at 800 ◦C.
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(a) bonding temperature and holding time, and (b) deformation rate of the joints.

As for the joint bonded in different holding times, the shear strength of the diffusion
joint continues decreasing as the diffusion time increases. When the holding time is 30 min,
the maximum shear strength of 349 MPa is obtained, reaching 89.7% of the Zr-4 base
material. Additionally, the grain size of the Zr-4 alloy and the amount of the second phase
are both increased when the holding time is extended to 90 min, which is harmful to the
joint performance. As expected, the measured shear strength of the joint prepared with the
holding time of 90 min is decreased to 305 MPa. Therefore, the prolongation of holding
time is harmful to the performance of the bonded joint. Furthermore, it can be found that
the fluctuation of shear strength induced by the holding time was smaller than that induced
by bonding temperature.

To further explore the influence of bonding temperature on the shear strength of
diffusion bonding joints, the deformation rate of diffusion joints at different bonding
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temperatures is analyzed, and the results are shown in Figure 7b. The joint deformation
rate is gradually increasing with the increase of bonding temperature. When the bonding
temperature reaches 820 ◦C, the joint deformation rate is close to 25%, which would also
cause the decrease of shear strength due to the distortion of the bonding structure.

3.4. Analysis of Fracture Morphology of the Diffusion Bonded Joint

To clarify the influence mechanism of diffusion bonding process parameters on the
shear strength of the joint, the morphology of the fracture surface after the shear test was
analyzed. Figure 8 shows the fracture morphologies of the diffusion bonding joint prepared
at different bonding temperatures. By observing the fracture position of the joint, two
typical fracture types could be distinguished, which are broken at the interface of the joint
(Figure 8a) and in the base material (Figure 8c). At a low bonding temperature (760 ◦C), it
can be seen from Figure 8a,b that there are large un-bonded regions that appeared in the
fracture and its morphology remains as the original α-Zr structure. This is consistent with
the result that the joint prepared at this temperature has a low interface bonding ratio. Due
to the un-bonded areas existing in the fracture surface, the actual bearing area is reduced
during the shear experiment. Therefore, the crack initiates earlier in the un-bonded region
and the specimen is fracturing along the interface at the joint, resulting in the low shear
strength of the joint. The results confirm that the diffusion bonded Zr-4 alloy joint does not
achieve an effective joining with the bonding temperature of 760 ◦C.
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Figure 8. Fracture morphologies of the joint bonded at different temperatures (7 MPa/60 min):
(a,b) 760 ◦C, (c) 800 ◦C, and (d) 820 ◦C, and insert pictures are the physical pictures of the broken joints.

When the bonding temperature is increased to 800 ◦C, there are few un-bonded regions
in the joint and the fracture occurs at the base material as shown in Figure 8c. It also found
that dimples are presented in the fracture surface, indicating a gradual transition to ductile
fracture. When the bonding temperature is 820 ◦C, some tear ridges can be observed in
Figure 8d, accompanied by a river-like pattern. The river pattern surrounded by lots of
tear ridges is short and curved with few tributaries, which confirms that the fracture is a
quasi-cleavage fracture. This change of fracture model mostly results from the increase
of crystal size (Figure 2f) and deformation rate of the joint prepared at high temperatures



Crystals 2021, 11, 1437 9 of 11

(Figure 7b). With the increase of the bonding temperature, the shear strength of the bonded
joint is increased as a result of the high interfacial bonding ratio. However, the total
thickness of the joint is greatly decreased due to the considerably large deformation rate
at an excessively high bonding temperature, leading to the fracture occurring at the base
material. Moreover, the strength of the Zr-4 alloy substrate was slightly decreased because
of the growth of grain size. Thus, it can be concluded that too low (760 ◦C) and too high
(820 ◦C) bonding temperatures both are detrimental to the mechanical properties of the
joint. The former will induce the formation of un-bonded regions in the joint, and the latter
will induce the increase of grain size, the formation of the brittle second phase, and the
decrease of the thickness of joints.

The comparative analysis of fracture morphologies under different holding times
is also conducted as shown in Figure 9. Figure 9a,b (30 min) shows the microscopic
morphology of the fracture with a few river patterns, dimples, and tear ridges. It infers that
the fracture is also a quasi-cleavage fracture. When the holding time is extended to 90 min
(Figure 9c,d), there are more second phases observed than that in Figure 9a,b. Comparing
the formed phase in the fracture of the two samples, the amount of the second phase, which
is composed of Zr(Cr, Fe)2 and eutectic α-Zr + Zr(Fe, Cr)2, is greatly increased with the
extension of the holding time. It can act as a crack source during fracture initiation and
induce continuous crack propagation. Therefore, the shear strength of the diffusion joint is
significantly reduced after the diffusion holding time is extended.
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Figure 9. Fracture morphologies of the joint bonded for different holding times (800 ◦C/7 MPa):
(a,b) 30 min and (c,d) 90 min.

4. Conclusions

1. The bonding ratio of Zr-4 alloy diffusion joints gradually increases with the increase of
bonding temperature and reaches the value of 92% above 800 ◦C. The shear strength
of this diffusion joint reaches the largest value of 349 MPa at 800 ◦C for 30 min, which
reaches 89.7% of the shear strength of Zr-4 alloy (389 MPa).

2. The increase of the bonding temperature and the extension of the holding time will
contribute to the precipitation of the second phase in the joint. The second phase
is mainly Zr(Cr, Fe)2 and eutectic α-Zr + Zr(Fe, Cr)2, which have higher hardness
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than the Zr-4 base material. It demonstrated that the second phase can reduce the
interface bonding ratio and induce the formation of cracks during fracture initiation.
Thus, retarding the formation of Zr(Cr, Fe)2 is significant to improving the mechanical
properties of the joint.

3. Too low (760 ◦C) and too high (820 ◦C) bonding temperatures are detrimental to the
mechanical properties of the joint. The low temperature will induce the formation
of un-bonded regions in the joint, and the high temperature will induce the increase
of grain size and the formation of a brittle second phase. Furthermore, the shear
strength of the diffusion joint is significantly reduced after the diffusion holding time
is extended due to the increase of the Zr(Cr, Fe)2 and eutectic α-Zr + Zr(Fe, Cr)2 phase.
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