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ABSTRACT 

In this work, we fabricated Ti/Al/Al-Cf multilayered laminated composites by foil-fiber-foil (FFF) 

method. The results show that the Ti/Al/Al-Cf multilayered laminated composites are successfully 

prepared by the hot pressing process. The temperature plays a leading role in the interfacial reaction, 

and the role of pressure is relative weak. From 660℃to 750℃,in general, the higher the temperature, 

corresponds with the stronger the interfacial reaction. However, the viscosity jump at 700℃, resulting 

in fluidity mutation, therefore, the pressure occupy a leading role. The thickness of the diffusion layer 

is about 8μm at the interface between Ti and Al where atoms diffuse mutually, and the main formation 

phase is Al3Ti. At the interface of Al and C fiber, there is a concentration gradient of Al and C elements, 

and the thickness of the diffusion layer is about 2μm.The main reacting phase is Al4C3, when the C fiber 

is with nickel coatings,while the main reacting phase is Al3Ni. 

 

1. INTRODUCTION  

With the development of science and technology, there is a higher demand for material performance, 

for single material has been difficult to meet the special or comprehensive required performance. On the 

one hand, it needs high strength low density, high temperature stability for the structural materials, on 

the other hand, it requires properties of functional materials, such as: heat, chemical, electrical, magnetic 

and other characteristics for application[1-3]. The metal matrix composites have high specific strength, 

specific stiffness, specific modulus, which has been widely used in automobile and aerospace fields[4]. 

Generally, the widely used metal matrix contains aluminum, magnesium and titanium alloy, etc. The Ti-

based composites material has high strength, good rigidity, according the research ever reported[5-6]. In 

recent years, the study of the design, fabrication and properties of layered composites has attracted wide 

attention [7-10]. Material workers have put forward a lot of new ideas about the material system, material 

preparation and material properties [11]. In these researches, the biomimetic structure is designed based 

on the energy dissipation mechanism. This material can reduces the dependence of the mechanical 

properties on the original crack defects, which means it is a kind of defect-insensitive composite material.  

 

The preparation process of C fiber reinforced metal matrix composites determines the performance 

of material. People have explored several fabrication method for continuous carbon fiber reinforced 

metal matrix composites, including vacuum pressure infiltration method, extrusion casting method, and 



so on[12,13]. Among them, it’s easy to control the volume fraction of the fiber by the foil-fiber-foil (FFF) 

method[14] compared with other preparation methods, therefore, it is a very promising to prepare the 

composite material with excellent properties by FFF method. 

In this paper, Ti/Al/Cf layered composites were prepared through foil-fiber-foil (FFF) method by 

vacuum hot pressing and sintering. With the advantages of low density and high strength, it was 

strengthened by C fiber and Ti/Al interfacial intermetallic compounds. Microstructural analysis was 

carried out by scanning electron microscopy(SEM) with EDS and the XRD was used for phase analysis. 

 

2. EXPERIMENT AND METHODS 

2.1 Materials and methods 

The foil-fiber-foil method was adopted to fabricate the layered composite. Commercial pure titanium 

foils (100μm thick, ＞99.5% in purity), pure aluminum foils (100μm in thickness, ＞99.5% in purity) 

were cut into strips with a dimension of 40 mm × 60 mm for further use after cleaned carefully. C fibers 

(T700-3K with no nickel-plated, and T700-3K with nickel-plated) are alternately stacked. Monofilament 

diameter of C fiber is about 7μm, and the Ni coating layer with 300 nm thickness was deposited on the 

surface of C fiber by Electro deposition (CVD). 

 

The layered composite specimens were prepared by the method of vacuum hot press sintering. The 

preparation process is shown in Table 1. Specimen was heated from room temperature to hot pressing 

temperature firstly, after the temperature reached to the setting-number, and a pressure of 5 MPa was 

applied to eliminate the space in adjacent foil and maintain time for 15 min, then pressurized to the 

maximum pressure and keep for some time, namely the holding time, then quickly cold to 600℃, and 

unloading, finally cool with the furnace. Moreover the purpose of delayed loading pressure was to keep 

the internal temperature of the specimen uniform and make sure that Al foils had well fluidity to fill the 

gap between fibers. 

 

Table 1. Vacuum hot pressing process parameters 

Sample 

number 

Hot pressing 

temperature(℃) 

Maximum pressure 

(Mpa) 

holding time

（h） 

1 660 45 2.75 

2 680 40 1.5 

3 700 30 1 

4 750 30 1 

 

2. 2 Materials characterization 

The specimens were ground and then polished by diamond suspensions. Microstructure and fracture 

surfaces were observed by scanning electron microscopy (SEM) combined with energy dispersive X-

ray spectrometry (EDXS).Phase identification was performed by X-ray diffraction (XRD).  

 



3. RESULTS AND DISCUSSION 

3.1 Microstructure 

Fig.1.shows the overall microstructure of Ti-Al-Cf composites. As a whole, the layered 

microstructure of the material has a clear profile, and there is no obvious gap and cracks between the 

layers. As shown in the label, the white layer, the gray layer and the black part are the Ti, Al, and C fiber, 

respectively. Owing to the vacuum hot pressing temperature is lower than the melting point of Ti, the Ti 

layer exists in the form of solid phase during the hot pressing process. While Al is in the molten state, 

which was able to penetrate into the carbon fiber under the pressure. At the same time, the shape of the 

Ti layer can adjusted according to the Al-Cf layer, so that the Ti layer was deformed obviously. In the 

Fig.1, the distribution of C fibers in the material is uneven, and the adjacent C fibers appear "bridging" 

phenomenon. Because the fiber spacing is small, the carbon atoms can diffuse among the two fibers, 

which will accelerate the reaction, resulting in a sharp decline in material properties. 

 

 

 

Fig.1. The overall microstructure of Ti-Al-Cf composite: a) 100 times; b) 200 times 

 

Fig.2 shows the microstructure of the interface of Ti-Al under the four experimental schemes. It can 

be seen from Fig.2 that the interface transition layer of Ti-Al in Fig. 2b) is obviously curved, except 

Fig.2b) the remainder of the figures, the interface of Ti-Al is basically smooth. 
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Fig.2. Microstructure Morphology of the interface of Ti-Al  

a) 1#sample; b) 2 # sample; c) 3 # sample; d) 4 # sample 

 

The thickness of the interfacial reaction layer of Ti-Al in each figure was measured, and the results 

are shown in Table 2. 

 

Table 2: Ti-Al reaction layer thickness of each sample 

 

Sample number Ti-Al reaction layer thickness (μm) 

1 4.2 

2 6.0 

3 3.5 

4 104.5 

 

Viewed from Fig.2 and Table 2, the thickness of interface layer of Ti and Al is different under 

different processes. As the temperature increased from 660℃ to 680℃, although the temperature rose, 

and the interface layer is still increased from 4.2μm to 6.0μm, which indicates that the temperature is 

the main factor affecting the thickness of the interfacial layer. The experimental results show that the 

thickness of the interfacial reaction layer decreased sharply at a temperature of 700 °C, even less than 

that of the interface reacted at 660℃, and we suspect the interface layer should be continue to increase 

as the temperature increases. Due to the viscosity of the jump and the pressure began to play leading 

role on layer thickness. As shown in Fig.3,the pure Al temperature-viscosity curve[15], the pure Al 

kinematic viscosity increased with increasing temperature but appeared jumping at 700℃, and the 

mobility is decreased. Under this circumstance, the interfacial reaction weakened for the reduce of 

pressure and the holding time, and the thickness of interfacial layer decreased significantly. When the 

temperature increased to 750℃, the alloy viscosity decreased sharply, and the mobility increased sharply. 

At this case, the smaller the pressure and compress time is enough to exacerbate the interfacial reaction, 

and the thickness of interfacial layer increases. 

 

c d 



 

Fig.3. The relationship of pure aluminum liquid kinematic viscosity and temperature [15] 

 

The morphology of C fiber and metal Al junction in 3# sample is illustrated in Fig.4. It is shown that 

the C fiber still presents the original vertical braided morphology, and the distribution of C fiber is 

uniform. From Fig.4b), it can be seen C fiber surface is relatively smooth, almost round, and part of the 

C fibers contact with each other. In this part, the Al liquid infiltrated into the C fiber fully, and the 

composite material is dense with no obvious folder aluminum layer, shrinkage and other defects, but 

only some individual small infiltration zones. In one word, the material has no obvious gap, and the 

structure of C fiber was not damaged. 

 

 

 

Fig.4 Microstructure Morphology of C-fiber and Al bonding 

a) the overall effect of the map; b) local effect map 

 

3.2 Phase analysis 

As shown in Fig.5, the results of XRD analysis show that it is TiAl3 phase at the interface of Ti/Al. 

The interfacial reaction product of the interface between C fiber and Al is Al4C3, which is generally rod-

shaped, the aspect ratio is between 3 to 30, while it’s found that only the presence of Al3Ni phase, not 

find Al4C3 phase for the nickel-plated C fiber was adopted, so the presence of nickel coating prevents 

the brittle phase Al4C3 generation, and protects the C fiber. 
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Fig.5 X-ray diffraction analysis 

a) Nickel-free Ti-Al-Cf composites ;b) Nickel-plated Ti-Al-Cf composites 

 

3.3 Line scanning and energy spectrum analysis 

3.3.1 Scanning and Energy Spectrum Analysis of Ti/Al interface  

Fig.6 a) shows the EDS energy spectrum the result of which is shown in Table3, and line scanning 

analysis results of the main elements of the Ti/Al interface is shown in Fig.6b). At the interface of Ti 

and Al, it can be seen that there is a certain concentration gradient and the composition gradient of Ti 

and Al can be seen as continuous. It can be concluded that Ti and Al atoms diffuse in a certain 

concentration, so Al is no longer the only diffusion component [16-18]. At the interfacial reaction layer of 

Ti/Al, the atomic percentage of aluminum atom and titanium atom is approximately 3:1, and it can be 

deduced that the reaction layer is mainly Al3Ti phase. It is because the free energy of Al3Ti is lower than 

that of AlTi3 and AlTi at 273~1473K, and the Titanium-rich compounds AlTi3 and AlTi are not formed 

when there is sufficient liquid Al in the reaction sintering process. The formation of Al2Ti and Al5Ti2 is 

subject to the formation of TiAl by a series of solid-liquid and solid-state reactions. The formation of 

Al2Ti and Al5Ti2 can be excluded from thermodynamics [19]. According to the diffusion reaction of Ti/Al 

a 

b 



diffusion couple, it is concluded that the preferential growth of TiAl3 is caused by the interfacial 

thermodynamics [20]. Thus, at the interface of Ti/Al, in the composite prepared by the reaction of the foil, 

the TiAl3 is the only phase, as the reaction continue, the Al3Ti layer is completely formed until the 

aluminum foil is depleted. Especially the presence of liquid aluminum is more conducive to the 

formation of Al3Ti phase. 

 

 

Fig.6. Spectrum and line scanning analysis of the interface region of Ti/Al  

 

Table 3: EDS energy spectrum atomic fraction of main elements of Ti/Al interface  

 

Spectral 

label 
location 1 location 2 location 3 location 4 location 5 location 6 

Al（at%） 100.00 100.00 75.46 74.21   

Ti（at%）   24.54 25.79 100 100 

Total（at%） 100.00 100.00 100.00 100.00 100.00 100.00 

 

3.3.2 Scanning and Energy Spectrum Analysis of the interface of Cf/Al  

 Fig.7. shows the EDS energy spectrum and line scan analysis of the main elements of the Cf/Al 

interface. Table 4 is the points marked, which corresponds in Fig.7 EDS spectrum. The value of atomic 

percentage of Al atoms and C atoms is roughly 4:3, which can be inferred that the reaction layer is Al4C3 

phase. The presence of O elements is found in the EDS energy spectrum, owing to the limited vacuum 

of the vacuum hot press apparatus, so there is inevitably a small amount of O elements present in the 

material during the hot press process. From Fig.8 it can be seen the surface of C fiber is not smooth, in 

which there is a rod-like structure in the Al matrix. At the interface of Cf/Al, there is a concentration 

gradient of Al and C elements, and a certain degree of element concentration gradient occurs between 

Al atom and C atom. The thickness of the transition zone diffusion layer is about 2um, in which the 

main interfacial reaction between Cf/Al is Al (l) + C (S) = Al4C3 (S) [21].The formation of Al4C3 phase , 

which is needle (rod) -like, follows the nucleation and growth mechanism[22]. After the nucleation, the 

C atoms continue to diffuse to the front of Al4C3 compounds. However, the diffusion of the C atoms 

becomes difficult after the Al4C3 grows to a certain size, and the concentration of C atoms at front of 

reaction begin to decrease, so the reaction tends to slow [23].And the alternating atomic stack structure 

of Al4C3 in the prepared sample can effectively hinder the diffusion of C and Al atoms, as a result, the 

subsequent reaction will be weakened and the formation of Al4C3 phase is relatively reduced. 
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Fig.7. Energy spectrum and line scan analysis of the interface of Cf/ Al  

 

Table 4: EDS energy spectrum atomic fraction of main elements of the interface of Cf/Al  

 

Spectral label location 7 location 8 location 9 location 10 

Al（at%） 58.17 59.94 95.60 55.78 

C（at%） 41.64 39.25 3.98 43.48 

O（at%） 0.19 0.81 0.42 0.74 

Total（at%） 100.00 100.00 100.00 100.00 

 

At the C/Al interface reaction layer, the atomic percentage of Al atoms and Ni atoms is approximately 

3:1, so it can be deduced that the reaction layer is Al3Ni phase. From the spectrum, which corresponds 

with Fig.8. and Table 5, it can be seen that the Al4C3 phase is not formed at the C/Al interface. Because 

the formation of Al-Ni intermetallic compound [24]at the interface, the contact between the C fiber and 

Al was suppressed, and interfacial reaction was inhibited, which indicated that the nickel-plated layer 

can protect fiber, and prevent the formation of brittle phase Al4C3 by resulting in Al3Ni phase [25,26].The 

inhibition of Al4C3 phase, can weaken the interface to help improve the strength and elongation of 

composite materials [27].According to the EDS analysis, it was found that there was a small amount of 

C, the presence of C may be the diffusion between carbon fibers and the Al matrix during the preparation 

process, which results in loss of C in the fibers and changes the surface structure of C fibers. 

 

 

 

Fig.8. EDS spectra of the main elements in the interface of nickel-plated C-fiber reinforced composites 

a 

a b 



 

Table 5: EDS energy spectrum atomic fraction of main elements of Cf/Al interface  

 

Spectral label location 10 location 11 location 12 location 13 location14 location15 

Al（at%） 62.88 58.01 72.46 70.11 76.3 59.95 

Ti（at%） 6.53 19.63 27.13 26.28 0.2 21.77 

C（at%） 16.45 22.03 0 3.21 0 17.89 

Ni（at%） 14.13 0.33 0.41 0.4 23.5 0.4 

Total（at%） 100.00 100.00 100.00 100.00 100.00 100.00 

 

4. CONCLUSION 

Ti/Al/Al-Cf multilayer layered composites were successfully prepared by by FFF method using 

carbon fiber fabric, Al sheets and Ti sheets. And it possesses a great potential as alternative fabrication 

route for Ti/Al/Al-Cf with a good control over the fiber distribution. In the Hot pressing process, 

temperature plays a leading role on the interface reaction, and the secondary role is the pressure, the 

higher the temperature, corresponds the stronger the interfacial reaction. At the interface of Ti and Al, 

the main phase is Al3Ti, Ti and Al atoms are diffused simultaneously. At the interface of Al and C fibers, 

there is Al, C element concentration gradient, the main phase is Al4C3.While the main generate phase of 

the nickel-plated C fibers was Al3Ni,because the Ni layer effectively improves the chemical 

compatibility of the Al and C fiber, and inhibits the interfacial reaction.  
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