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Abstract: The Cf/Al composites were joined to the TC4 alloy via the laser-induced combustion joining method. The 
exothermic reaction of the interlayer provided the required energy for the joining process. By combining the theoretical 
calculation and experiment, the chemical composition of the Ni−Al−Zr interlayer was designed. The microstructure and 
mechanical properties of the joint were investigated. The results show that the addition of Zr slightly weakened the 
combustion reaction of exothermic interlayer but played a key role in the successful joining. Ni−Al−Zr interlayer 
reacted with substrates, forming a TiAl3 layer adjacent to TC4 alloy and NiAl3, Ni2Al3 layers adjacent to the Cf/Al 
composites. Zr content dominated the microstructure and shear strength of the joint. When the Zr content was 5 wt.% 
under the joining pressure of 2 MPa, the joint had a maximum shear strength of 19.8 MPa. 
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1 Introduction 
 

Carbon fiber reinforced aluminum matrix 
composites (Cf/Al composites) have attracted great 
attention because of their outstanding properties  
(i.e. good dimensional stability, lightweight, high 
stiffness and strength, and excellent thermal 
conductivity) [1−4]. However, the high processing 
difficulty of the Cf/Al composites limits their 
practical applications [5]. Joining the Cf/Al 
composites to other materials, especially to metals 
and alloys, can overcome the disadvantages [6,7]. 
TC4 alloy has been widely applied in aerospace 
fields because of its low density, good workability, 
excellent corrosion resistance, and outstanding 
fracture toughness [8−10]. The reliable joining of 
Cf/Al composites and TC4 alloy can produce 
structures with combined advantages, thus further 
extending their applications. 

Joining the Cf/Al composites to TC4 alloy is a 
great challenge. Firstly, the Cf/Al composites are 

very sensitive to temperature and pressure. 
Research on Cf/Al composites reveals that high 
pressure and long-time heat treatment above 823 K 
can cause the microcrack initiation at the carbon 
fiber/aluminum matrix interface and excess 
interfacial chemical reaction, respectively [11−14]. 
Secondly, there is a great CTE (coefficient of 
thermal expansion) mismatch between these    
two materials. The CTE of the TC4 alloy is 
8.8×10−6 K−1 [15], which is quite different from that 
of the Cf/Al composites (transverse CTE of 
(17−20)×10−6 K−1, and longitudinal CTE of 
0.27×10−6 K−1) [16]. The above two aspects 
demonstrate that the conventional welding methods 
cannot give satisfactory results. Fusion welding, 
diffusion welding, and friction welding will lead to 
the mass generation of brittle Al4C3 compounds and 
microcracks in the Cf/Al substrate, resulting in the 
degradation of materials properties. Brazing, which 
is a frequently-used method to join dissimilar 
materials [17], is also inapplicable to the joining of 
Cf/Al composites and TC4 alloy due to the lack of 
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appropriate filler metals. To solve this problem, 
developing a new joining method is of great 
necessity. 

Combustion joining utilizes the combustion 
synthesis (CS) reaction of the exothermic interlayer 
to join materials [18]. During the combustion 
joining, the exothermic reaction occurs in the 
interlayer, and only heats the surface of the 
substrates to a high temperature rapidly (105− 
106 K/s), while other region remains at a relatively 
low temperature. It merely affects the region near 
the interlayer, thus avoiding the thermal damage of 
the base metal. Meanwhile, the interlayer products 
with desired properties can also be in-situ 
synthesized and serve as a gradient layer to relieve 
the CTE mismatch of dissimilar materials [7,19]. In 
previous research, the Ni−Al interlayer was widely 
used as an exothermic system. PASCAL et al [20] 
have successfully synthesized NiAl alloys and 
realized the simultaneous joining with a superalloy 
substrate by CS using an equimolar mixture of 
nickel and aluminum powders. LONG et al [21] 
realized the transient liquid phase bonding of 
copper and alumina ceramics with the Ni/Al nano 
multilayers. Our preliminary study [7] indicated 
that when joining Cf/Al composites with Ni−Al 
interlayer, the interfacial reaction between the 
interlayer and carbon fibers was very weak, leading 
to poor joining quality. Research on joining C/C 
composites showed that carbide forming elements 
(Ti, Zr, etc) could enhance the interfacial reaction 
between carbon fibers and filler metals [22]. Thus, 
when joining the Cf/Al composites to TC4 alloys 
with the assistance of exothermic reaction, 
appropriate Ti or Zr should be added into the Ni−Al 
system. 

In this work, a Ni−Al−Zr interlayer was 
designed based on theoretical calculation and DSC 
analysis. To mitigate the possible thermal damage 
on the Cf/Al composites during the ignition process, 
a laser beam was applied in consideration of its 
small heating area and high heating rate. The 
joining of Cf/Al composites and TC4 alloys was 
realized via the laser-induced combustion joining 
method. The interfacial reactions and the joint shear 
strength were investigated systematically. Moreover, 
the optimal joining parameters were achieved    
by revealing the correlation between the joint 
microstructure and joint shear strength. 

 
2 Experimental  
 

The Cf/Al composites were provided by the 
Harbin Institute of Technology Composites 
Materials Research Institute. The metal matrix was 
6061 aluminum alloy, and the carbon fiber had a 
volume fraction of 50%. Figure 1 shows the 
microstructures of the Cf/Al composites. TC4 alloy 
had a nominal composition of Ti−6Al−4V (wt.%). 
Prior to the joining, the Cf/Al composites and TC4 
alloy were cut into small pieces with the sizes of 
5 mm × 5 mm × 3 mm and 8 mm × 15 mm × 
1.5 mm, respectively. Then, all the bonding 
surfaces were polished using sandpaper up to 1000# 
grit and cleared in acetone for 10 min with the 
assistance of ultrasonic to remove the impurities. 
 

 
Fig. 1 Microstructures of Cf/Al composites: (a) Vertical 
to carbon fiber; (b) Parallel to carbon fiber 
 

High purity powders of Ni (99.5%, 28 µm), Al 
(99.5%, 28 µm), and Zr (99.5%, 28 µm) were used 
to prepare the powder interlayer. The weighed 
powders were put into an agate jar and milled with 
alumina balls for 60 min in an argon atmosphere. 
The rotational speed was set to be 300 r/min and the 
mass ratio of ball to powders was 10:1. Then, 0.5 g 
milled powders were cold-pressured to a cylindrical 
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compact (d=10 mm, h=1.3 mm). The joining 
process was conducted in an argon atmosphere. 
Figure 2 represents the joining schematic diagram. 
During the joining, a powder interlayer was applied 
between the Cf/Al and TC4 substrates. A special 
fixture was used to provide the joining pressure.  
A laser beam (IPG Photonics Corporation, 
YLR−100−AC, P=100 W) heated the interlayer for 
5 s. The exothermic reaction was ignited and the 
joining process was finished. 
 

 
Fig. 2 Joining schematic diagram 
 

The exothermic performance of interlayer, the 
joint interfacial microstructure, and interlayer 
products were characterized by the differential 
scanning calorimeter (DSC, TGA/DSC/1600LF), 
scanning electron microscope (SEM, Hitachi 
S−4700) equipped with the energy-dispersive 
spectrometer (EDS), X-ray diffractometer (XRD, 
D8 ADVANCE), and transmission electron 
microscope (TEM, Talos F200x). Before the XRD 
test, the Cf/Al composites were removed by 
grinding until the interlayer products were reached. 
Then, the sample was subjected to the XRD 
procedure. The room temperature shear strength of 
the joint was tested using the universal test machine 
(Instron−1186). The shear rate was set to be 
0.5 mm/min. Figure 3 shows the schematic diagram 
of the joint shear test. 
 
3 Results and discussion 
 
3.1 Design of Ni−Al−Zr interlayer 

In this study, to mitigate the possible thermal 
damage on the Cf/Al composites during the ignition, 
a laser beam was employed to ignite the self- 
propagating exothermic reaction of the interlayer. It 
requires that the exothermic system should have a 
low reaction activation energy and release enough 
heat to self-sustain the exothermic reaction [23].  

 

 
Fig. 3 Schematic diagram of joint shear test 
 
Investigations on the combustion synthesis    
show that the Ni−Al system could meet the 
requirement [24]. Firstly, Ni−Al exothermic 
reaction begins with the reaction (Ni+3Al=NiAl3, 
ΔH=−150.624 kJ/mol), which has a low reaction 
activation energy of (119.22±10.72) kJ/mol [25]. 
Secondly, the exothermicity and reaction products 
of the Ni−Al system are able to be tailored by 
changing the Ni/Al molar ratio. In the combustion 
synthesis field, the adiabatic temperature (Tad) 
offers a useful metric to evaluate the exothermicity 
of an exothermic system [26]. For the laser-induced 
self-propagating mode in this study, Tad≥1800 K is 
considered as the empirical critical condition [27]. 
To predict the possible effect of the exothermic 
reaction, the Tad of the Ni−Al system with different 
Ni/Al molar ratios was obtained according to the 
following equation:  

ad
ad 

 298
298

(298) ( )d ( ) 0
TT

j p j j jH n c P T n L PΔ + + =   
 
where T, Pj, nj, cp(Pj), and L(Pj) are the 
thermodynamic temperature, products, stoichiometric 
coefficients, the specific heat capacity, and phase 
transformation enthalpy (if a phase change occurs), 
respectively. 

The calculation results show that when the 
Ni/Al molar ratio is 1:1, the Tad reaches the 
maximum of 1912 K. According to the empirical 
criterion, a self-propagating combustion wave could 
be formed. To verify the above theoretical analysis, 
an interlayer was fabricated with equimolar Ni  
and Al powders. After being ignited, a stable 
combustion wave was observed. Thus, the 
equimolar Ni−Al system was selected as the basic 
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exothermic system. 
In combustion joining, the joining quality 

depends on the interfacial reactions between the 
interlayer and substrates. The corresponding phase 
diagrams and research indicate that the Ni−Al 
system has a high affinity with aluminum and TC4 
alloy, and stable reaction layers can be formed at 
the Ni−Al/aluminum and Ni−Al/TC4 interfaces. 
While for the Ni−Al/carbon fiber reaction couple, 
no stable reaction layers can be formed due to  
their weak chemical affinity with each other. 
Investigations on brazing C/C composites showed 
that carbide forming elements (Ti, Zr, etc) enhanced 
the interfacial reactions between carbon fiber and 
filler metals [28]. Referring to the previous  
research [5,17], Zr was added in the equimolar 
Ni−Al system, forming the Ni−Al−Zr system. The 
addition of Zr will influence the interlayer in two 
aspects. On the one hand, Zr will promote the 
reactions between the interlayer and carbon   
fibers [5,29], improving the joining quality. On the 
other hand, Zr will work as a diluent to absorb the 
reaction heat and reduce the released heat from the 
exothermic reaction. To predict the effect of Zr 
addition on the exothermicity, the Tad of the 
Ni−Al−Zr system with different Zr additions was 
calculated. When the Zr addition was lower than 
44.48 wt.%, the Tad was higher than 1800 K and 
reached the empirical critical condition (1800 K) 
for a self-sustaining exothermic reaction. Therefore, 
the Zr addition was determined to be 0−44.48 wt.%. 

Figure 4 gives the DSC curves of the Ni−Al 
and Ni−Al−Zr interlayers. In the curve of the Ni−Al 
interlayer, an exothermic peak at 912 K was 
observed. It indicated that the ignition temperature 
was about 912 K. After adding some Zr, the 
exothermic peak location shifted from 912 to 903 K, 
which meant that the ignition temperature was 
decreased by 9 K and the interlayer could be ignited 
more easily by a laser beam. The formation of this 
phenomenon is hypothesized as follows. Due to the 
high chemical affinity between Al and O, there is 
an alumina layer formed around the Al particle. It 
impedes the interdiffusion between the Ni and Al. 
A high temperature is required to provide enough 
driving force for the atomic interdiffusion and 
ignite the exothermic reaction. Since Zr is an active 
element, it can react with the alumina layer, thus 
reducing the disadvantageous influence of the 
alumina layer on the atomic interdiffusion. As a 

consequence, the activation energy of the ignition 
process and the ignition temperature decreased. 
Meanwhile, the Zr addition lowered the height of 
the exothermic peak. In the Ni−Al−Zr system, the 
main exothermic reactions were the reactions 
between Ni and Al, while the reactions between Zr 
and Ni (or Al) only released a small amount of heat. 
So, the total heat released from the exothermic 
system decreased, leading to the decrease of the 
peak height. Although the Zr addition lowered the 
exothermicity of the interlayer, the adiabatic 
temperature was still higher than 1800 K.  
Therefore, the self-sustain exothermic reactions and 
the interfacial reactions could be guaranteed. 
 

 
Fig. 4 DSC curves of Ni−Al and Ni−Al−Zr interlayers 
(5 wt.% Zr, 10 K/s, and Ar atmosphere) 
 
3.2 Joint microstructure 
3.2.1 TC4/Ni−Al/(Cf/Al) joint 

Figure 5 shows the microstructure of the joint 
bonded with the Ni−Al interlayer under 2 MPa. The 
gray interlayer products were produced and a 
metallurgical bonding was formed with the adjacent 
substrates. In the interlayer products, one can find 
the defects such as pores, residual reactant phases 
(clastic texture dispersed in the dark grey matrix). 
On the Cf/Al composites side, some microcracks 
were observed near and at the interlayer/composites 
interface (see Fig. 5(b)). Three reasons may 
contribute to defects in the reaction products, which 
were: (1) pores present in the original compact,   
(2) unevenly mixing of Al powder and Ni   
powder leading to residual reactant phases, and   
(3) unbalanced diffusivity between Al and Ni, 
respectively. According to the analysis in Section 
3.1, the theoretical products of the Ni−Al interlayer  
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Fig. 5 Microstructures of TC4/Ni−Al/(Cf/Al) joint: (a) Overall view; (b) Cf/Al side; (c) TC4 side; (d) Joint center 
 
were NiAl intermetallics. Its melting point was 
1912 K, which was as high as the Tad of the Ni−Al 
interlayer. Theoretical calculation indicated that the 
NiAl products were in the solid−liquid coexistence 
state with a melting rate of 42%. The fraction of 
liquid phases was certainly lower than 42% in the 
actual situation. During the joining, the voids in the 
interlayer cannot be fully filled due to the shortage 
of the liquid phases, forming the pores in the 
products. 

Figures 5(b−d) show the details in the joint, 
while Table 1 gives the EDS results of different 
phases. Thermodynamic calculations suggested that 
the Tad of Ni−Al interlayer was as high as 1912 K. 
During the joining, the aluminum matrix adjacent to 
the interlayer melted. The interlayer reacted with 
melted Al matrix and two reaction layers were 
formed (marked by A and C, see Fig. 5(b)), which 
were identified as Ni2Al3 and NiAl3 according to 
their stoichiometric ratios and previous study. The 
melting of the aluminum matrix promoted the 
diffusion of the Ni atoms, forming the small block 
NiAl3 dispersed in the composites (see the red 
rectangle in Fig. 5(b)). Near TC4 alloy, an 
irregularly shaped reaction layer (Spot E, 5−8 μm in 
thickness) was formed due to intensive interactions 
between TC4 alloy and Ni−Al interlayer. EDS 
results show that this reaction layer was supposed 

Table 1 EDS results of spots in Fig. 5 

Spot
Content/at.% 

Possible phase
Ni Al Ti V 

A 44.11 55.89 − − Ni2Al3 

B 0.58 97.84 1.33 0.25 Al matrix 

C 19.28 79.51 0.33 0.20 NiAl3 

D 60.22 39.78 − − Ni-rich NiAl

E 2.36 24.86 70.37 2.41 Ti3Al 

F 53.32 40.15 5.22 1.31 Ni-rich NiAl

G 41.51 55.89 2.60 − NiAl 

H 41.87 56.21 1.92 − NiAl 
 
to be Ti3Al. Observing Figs. 5(b−d), one could also 
find that the interlayer products were not 
homogeneous in the joint. In the center of the joint, 
the interlayer products were grey (see Fig. 5(d)). 
While near the substrates, there were some white 
phases adjacent to the reaction layers. EDS analysis 
on the four zones (marked by D, F, G, and H) 
revealed that these phases were mainly composed 
of Ni and Al, and their Ni content ranged from 
40 at.% to 61 at.%. According to the XRD results of 
the interlayer products (see Fig. 6), these phases 
were identified as NiAl. The difference of Ni 
content was mainly because of the insufficient atom 
diffusion in these zones under the rapid heating  
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Fig. 6 XRD pattern of interlayer products 
 
and cooling conditions. More Ni atoms were kept in 
the zones near the substrates, forming the white 
Ni-rich NiAl. 
3.2.2 (Cf/Al)/Ni−Al−Zr/TC4 joint 

Figure 7(a) shows the microstructures of the 
joint bonded with the Ni−Al−Zr interlayer under 
2 MPa. After adding some Zr in the interlayer, the 
joint morphology underwent a dramatic change. 
The cracks disappeared in the joint. The size and 
quantity of the pores decreased significantly. 
Figures 7(b−f) illustrate the elemental distribution 
in the joint. It could be seen that Ni was mainly 
distributed in the interlayer products. But the 
distribution of Ni was different on both sides near  

the substrates. On the TC4 side, the substrate/ 
interlayer interface was quite clear. While on the 
Cf/Al side, the bond was much indistinct. This is 
because the TC4 alloy has a much higher melting 
point (~1933 K) than the aluminum matrix (900 K). 
Under the influence of exothermic reaction, the Al 
matrix melted locally and greatly enhanced the 
diffusion of Ni atoms to the aluminum matrix. 
Compared with the Cf/Al composites, the melting 
quantity of TC4 alloy was much smaller. Only a 
thin Ti-rich layer was formed adjacent to the TC4 
alloy (see the green layer in Fig. 7(d)). 

Figure 8 shows the joint microstructures in 
detail. Table 2 gives the EDS results of different 
phases. From Fig. 8(c), it could be seen that TC4 
alloy joined well with the interlayer, forming a 
reaction layer (Spot E, 3−5 μm in thickness). The 
EDS results indicated that this reaction layer was 
Ti3Al (the same as the interlayer in Fig. 6(c)). Near 
the Ti3Al layer, there were also some light gray 
phase (Spot F), grey phase (Spot G) and block- 
shaped phase (Spot H). They were confirmed to be 
the Ni-rich NiAl, Ni−Al−Ti compounds and NiAl, 
respectively. On the Cf/Al side, the melted 
aluminum matrix reacted with Ni and Zr atoms 
from interlayer, forming the Ni2Al3 (Spot B) and 
NiAl3 (Spot C) layers. Moreover, some needle-like 
phases (Spot D) were observed at the interface, 
which should be (Ni,Zr)Al3 phases. Meanwhile, 

 

 
Fig. 7 SEM image (a) and elemental distribution maps (b−f) of joint bonded with Ni−Al−Zr interlayer 
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Fig. 8 Microstructures of joint bonded with Ni−Al−Zr interlayer: (a) Overall view; (b) Cf/Al side; (c) TC4 side;      
(d) Joint center 
 
Table 2 EDS results of spots in Fig. 8 

Spot 
Content/at.% Possible 

phase Ni Ti Al Zr V 
A 56.33 − 40.26 3.41 − Ni-rich NiAl

B 38.4 − 60.58 1.02 − Ni2Al3 

C 24.12 − 75.22 0.66 − NiAl3 

D 14.43 − 74.16 11.41 − (Ni,Zr)Al3

E − 72.13 24.29 0.33 3.25 Ti3Al 

F 55.46 − 43.26 1.28 − Ni-rich NiAl

G 30.77 30.06 39.17 − − Ni−Al−Ti 
compounds

H 46.54 3.90 49.57 − − NiAl 

I 48.52 − 49.32 2.16 − NiAl 

J 41.23 − 38.56 20.18 − Ni−Al−Zr 
compounds

 
some SiC particles were also observed in Fig. 8(b). 
It should be noticed that these SiC particles were 
from the sand paper during the sample preparation 
and they were not interfacial products. 

Figure 8(d) shows the morphology of the 
interlayer products. After adding a small amount of 
Zr, the interlayer products consisted of the gray 
block phase (Spot I) and white reticular phase (Spot 
J), and presented a eutectic morphology. EDS 
results show that the gray block phase should be 

NiAl phase since the molar fractions of Ni and Al 
were near equal. The white reticular phase should 
be Ni−Al−Zr compounds. In order to further 
characterize the interlayer products, the interlayer 
products were examined by the TEM and XRD 
analysis. Figure 9(a) shows the TEM micrograph of 
the Ni−Al−Zr interlayer products. It was revealed 
that the interlayer products were composed of three 
phases, which were NiAl (black phase), Ni3Al5Zr2 
(gray phase) and Ni2AlZr (white phase), repectively. 
This meant that the Ni−Al−Zr compounds (Spot J 
in Fig. 8(d)) were a mixture of Ni3Al5Zr2 and 
Ni2AlZr phases. Figure 9(b) shows the XRD data of 
the interlayer products, which also proved above 
analysis. Thus, the typical joint microstructure was 
TC4/Ti3Al + Ni−Al−Ti + Ni-rich NiAl/Ni2AlZr + 
Ni3Al5Zr2 + NiAl/Ni-rich NiAl/Ni2Al3/NiAl3 + 
(Ni,Zr)Al3/Cf/Al. 
 
3.3 Effect of Zr content on joint microstructure 

and shear strength 
Figure 10 illustrates the effect of Zr content on 

the joint microstructure. The Zr content influenced 
the joining in three aspects. Firstly, the addition of 
Zr transformed the interlayer products from NiAl  
to NiAl + Ni3Al5Zr2 + Ni2AlZr eutectic structure. 
During the joining, the eutectic structure could be  
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Fig. 9 TEM image (a) and XRD pattern (b) of Ni−Al−Zr interlayer products 
 

 
Fig. 10 Microstructures of joints with different Zr contents: (a) 1.5 wt.%; (b) 5 wt.%; (c) 10 wt.%; (d) 20 wt.% 
 
densified more easily under the joining pressure, 
effectively reducing the pores in the joint. High Zr 
content elevated the percentage of eutectic structure 
and promoted the densification process. It could be 
seen from Figs. 10(a) and (b) that with increasing 
Zr content, the number of pores and their size 
decreased obviously. Secondly, the Zr content 
influenced the interlayer exothermicity and the 
interfacial reactions. The higher the Zr content was, 
the lower exothermicity the interlayer had. The 
change of TC4/interlayer interface morphology well 
displayed this effect. When the Zr content was low 
(1.5 wt.% and 5 wt.%), the exothermicity of the 
interlayer was relatively high. During the joining, 
the TC4 melted locally, forming a thick reaction 

layer and a curved interface. Further increasing Zr 
content lowered the interlayer exothermicity 
dramatically. The melting area of the TC4 substrate 
became smaller, forming a straight interface. Thus, 
the interfacial reaction between the TC4 substrate 
and the interlayer became weak. The thickness of 
the TiAl3 reaction layer had an obvious drop, 
weakening the bonding and forming the crack (see 
Fig. 10(d)) when the Zr content was 20 wt.%. 
Thirdly, the Zr content determined the interfacial 
reaction between the interlayer products and the 
carbon fibers. Thermodynamic calculations showed 
that the Ni−Al products had a low chemical affinity 
with carbon fibers and no reliable reaction layer 
could be formed at the interlayer/carbon fiber 
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interface. Thus, the bonding between the Cf/Al 
composites and the Ni−Al interlayer was very weak. 
Since Zr is a carbide forming element, its reaction 
with C is spontaneous thermodynamically (Zr+C → 
ZrC, ΔGΘ=−193.27 kJ/mol). With the addition of Zr, 
a thin Zr−C reaction layer was produced at the 
interface, thus improving the bonding between the 
carbon fiber and the interlayer products. High Zr 
content further enhanced the interfacial reaction and 
the bonding strength. Thus, with increasing the Zr 
content, the crack and unconnected area 
disappeared gradually. However, when the Zr 
content was excessive, the Ni−Al−Zr compounds 
extended into the Cf/Al composites. Continuous 
cracks were formed again because of the CTE 
mismatch and the brittle interlayer products. 

Figure 11 shows the influence of Zr content on 
the joint shear strength. It could be seen that with 
increasing the Zr content, the joint shear strength 
increased firstly and then decreased. The joint shear 
strength was determined by the joint microstructure. 
Before adding Zr in the interlayer, the interlayer 
had the highest exothermicity and could provide 
sufficient heat for the joining process. However, the 
interlayer products had a low affinity with the 
carbon fiber and could not be fully densified during 
the joining. The formation of cracks and pores 
seriously affected the joint strength. The addition of 
Zr promoted the interfacial reaction between the 
carbon fiber and the interlayer. Meanwhile, the 
interlayer products transformed from NiAl to  
NiAl + Ni3Al5Zr2 + Ni2AlZr eutectic. Under the 
joining pressure, the eutectic structure was 
densified more easily. Thus, with increasing the Zr 
content, the cracks and pores disappeared gradually. 
The shear strength had an obvious increase and 
 

 
Fig. 11 Effect of Zr content on joint shear strength 

reached the highest value of 19.8 MPa when the Zr 
content was 5 wt.%. Further increasing Zr content 
lowered the interlayer exothermicity and weakened 
the interfacial reaction. The cracks emerged again 
and became continuous when further increasing the 
Zr content. When the Zr content was 20 wt.%, the 
joint shear strength dropped to only 3.2 MPa. 
 
4 Conclusions 
 

(1) A Ni−Al−Zr interlayer was designed 
according to theoretical calculation and experiment. 
Calculation showed that the Tad of Ni−Al interlayer 
was 1912 K. The addition of Zr slightly lowered the 
ignition temperature and decreased the interlayer 
exothermicity. 

(2) The addition of Zr played a crucial role in 
the successful joining of Cf/Al composites and TC4 
alloy. The interlayer products transformed from 
NiAl to NiAl + Ni2AlZr + Ni3Al5Zr2, which 
increased the joint density and enhanced the 
interfacial reactions. The typical joint micro- 
structure is TC4/Ti3Al + Ni−Al−Ti + Ni-rich NiAl/ 
Ni2AlZr + Ni3Al5Zr2 + NiAl/Ni-rich NiAl/Ni2Al3/ 
NiAl3 + (Ni,Zr)Al3/Cf/Al. 

(3) Zr content determined the interlayer 
exothermicity, interlayer products and the 
interfacial reactions, and thus had a significant 
effect on the joint microstructure and shear strength. 
Appropriate Zr content improved the joining quality 
and increased the joint strength. When the Zr 
content was 5 wt.% and the joining pressure was 
2 MPa, the joint had a maximum shear strength of 
19.8 MPa. 
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摘  要：采用激光诱导燃烧合成连接方法实现 Cf/Al 复合材料和 TC4 钛合金的可靠连接。放热中间层的燃烧合成

反应为连接过程提供所需能量。结合理论计算和实验，对 Ni−Al−Zr 中间层的化学成分进行优化设计，并对连接

接头的显微组织和力学性能进行研究。结果表明，Zr 的加入轻微降低中间层的放热性，但显著提高连接质量，是

实现可靠连接的关键。Ni−Al−Zr 中间层与母材反应，在 TC4 钛合金侧生成 TiAl3反应层，在 Cf/Al 侧生成 NiAl3

和 Ni2Al3反应层。Zr 含量决定接头的显微组织和剪切强度。当 Zr 含量为 5 wt.%、连接压力为 2 MPa 时，接头最

高剪切强度为 19.8 MPa。 

关键词：Cf/Al 复合材料；TC4 钛合金；燃烧合成连接；界面显微组织；剪切强度 
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