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A Plasma Spray Process for the Manufacture 
of Long-Fiber Reinforced Ti-6AI-4V 

Composite Monotapes 
T. Valente and C. Bartuli 

A fabrication method for titanium matrix composite monotapes reinforced by long SiC fibers is de- 
scribed. The plasma spray technique, carried out in an inert atmosphere, was used to deposit the metal 
matrix onto previously arranged continuous fibers. 
Major benefits are due to a controlled operating environment (the entire process is performed in a neu- 
tral gas atmosphere) and to the high solidification rate of the melted material. The formation of deleteri- 
ous brittle reaction products between the fiber and matrix is therefore limited. Plasma spraying, nor- 
mally used as a coating technique, was modified to produce a long composite monotape. This required a 
suitable arrangement of the fiber, placed onto a cylindrical substrate, and the identification of suitable 
operating conditions, as described in the present work. The results of characterization tests performed 
on the tape, with special reference to the quality of the fiber/matrix interface, are summarized. Results of 
preliminary diffusion bonding experiments carried out by means of a hot pressing system are also re- 
ported. 

1. Introduction 

METAL matrix composites (MMCs) with different reinforce- 
ments, such as whiskers, long fibers, or particulates, are taking 
on a primary role in the field o f  advanced materialsll-4] due to 
their properties of  lightness and stiffness, which are guaranteed 
by the coupling of  a ceramic reinforcement with a metallic ma- 
trix. Some problems still remain for most of  these materials, lim- 
iting their production and their application. Among these, con- 
trol of  adhesion between the matrix and the reinforcement, 
together with the high production costs, represent the main ob- 
stacles to the widespread use o f  MMCs. It should be pointed out 
that interfacial properties control the efficient transfer of  stress 
from the matrix to the ceramic fiber, allowing the combination in 
the composite of  extreme lightness with good mechanical be- 
havior. To this end, the fabrication method used plays a primary 
role. 

The plasma spray process is widely used as a coating tech- 
nique,[5-8]but it can also be used in the manufacturing process of  
titanium alloy matrices reinforced with long silicon carbide 
(SIC) fibers, as demonstrated on a laboratory scale in the present 
article and as reported, for other matrix materials, in previous 
studies.19-16l 

In this article, the operating conditions of  the plasma spray- 
ing process are described together with the physicochemical and 
mechanical characterization o f  the products, with special refer- 
ence to the fiber/matrix interface. 
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2. Plasma Spraying Manufacture of 
Composite Monotapes 

The plasma spray manufacturing process of  composite 
monotapes basically consists of  the deposition of  successive 
layers to form a compact metallic matrix on previously arranged 
ceramic long fibers that are wound on a substrate. The substrate, 
as well as the automatic system used for its movement, together 
with the torch used for the spraying process, are placed into a 
pressure-controlled chamber during the entire operation. 

In terms of  the quality of  the fiber/matrix interface, plasma 
spraying in an inert atmosphere limits the damage caused by im- 
purities or inclusions in the deposited material. The oxygen con- 
centration in the atmosphere can be carefully controlled from 
the moment of  the melting of  the matrix-forming material until 
its complete solidification on the substrate. Consequently, em- 
brittlement and loss o f  adhesion between fiber and matrix due to 
partial oxidation of  the metal are prevented. Finally, the short 

.[13] llml lr liquid metal/ceramic contact times (= 100 ms) " "t undes" - 
able reactions between the metal matrix and the ceramic fiber. 

3. Materials and Methods 

3.1 Materials 

Two types o f  powder, produced by Plasma Technik as a spe- 
cial lot, were sprayed, consisting of  pure titanium and Ti-6A1-4V 
alloy, both with a particle size distribution of  36 to 83 Ixm. Pure 
titanium was used to carry out preliminary optimization work on 
the process parameters. 

The SiC/C fibers (SCS-6) were fabricated by Avco-Textron 
Specialty Materials by chemical vapor deposition of  [3-SIC onto 
a graphite core. They were chosen because of  their suitability for 
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Fig. 1 Schematic top view of the cylindrical substrate, stainless steel 
foil, and the fiber, q[he fiber tensioning system is also illustrated 

Table 1 Primary spraying parameters 

Pressure in the deposition chamber 500-800 mbar 
Plasma torch F4VP-PT 
Plasma gases ArH2; ArN2 
Current intensity 700 A 
Powder feed 5 g/min 
No. of torch passes 32 

titanium and titanium alloy matrices. The carbon core had a di- 
ameter of  34 ~m; the total fiber diameter was 140 lam. The outer 
layer of  the SiC fiber consisted of  a carbon-rich coating, about 3 
tma thick, whose composition varied with the distance from the 
surface of  the fiber. The maximum carbon content was detected 
on the surface, whereas the highest silicon percent was meas- 
ured at a distance of  about 1 lam from the surface. [171 The outer 
layer was designed both to protect the fiber from strength degra- 
dation and to enhance the mechanical properties of  the compos- 
ite material. 

3.2 Fiber Arrangement 

The substrate onto which the titanium matrix was deposited 
consisted of  a silicon carbide continuous fiber, spiral wound 
onto a cylinder-shaped rolled steel sheet, with an outer diameter 
of  30 cm and a thickness of  5 mm. To avoid adhesion between 
the cylindrical support and the composite, a mirror-polished 
stainless steel foil, 0.5 mm thick, was interposed between the fi- 
bers and the substrate. Once the matrix was deposited onto one 
side of  the fiber array, the tape was detached from the substrate, 
tumed over, rewound around the cylinder, and prepared for the 
second step of  the spraying process. Winding of  the continuous 
fiber onto the support was performed by rotating the cylinder at 
a constant rate on a lathe, while applying constant tension to the 
fiber being wound. The winding step between each fiber was 
300 to 500 ~m. 

Fig. 2 Plasma-sprayed composite monotape 

One of  the main problems during the preparation of  the sub- 
strate is to provide sufficient tension to the fibers wound around 
the cylinder during handling and loading of  the cylinder into the 
deposition chamber and during the spraying process, without 
risk of  damage or breakage to the fiber during the winding stage 
on the lathe. With this aim, the ends of  the cylindrical-rolled 
sheet were kept close together by means of  two groups of  screws 
(~i schematic of  the top view of  the cylinder is given in Fig. 1). 
Once the fibers were wound around the substrate, the diameter 
of  the cylinder was increased by loosening the screws, and the fi- 
bers were fixed in their original position. 

3.3 Operating Conditions 

A vacuum plasma spray (VPS) deposition system from 
Plasma Technik, A.G. (Wholen, CH) was used for all plasma 
spray operations. Before starting the spraying process, the depo- 
sition chamber was evacuated to 0.1 mbar to reduce impurities 
in the working atmosphere. After the cleaning step, the pressure 
was increased to 500 to 800 mbar by bleeding an inert gas (Ar) 
into the chamber. The substrate was then plasma sprayed. The 
torch (Plasma Technik, F4VP PT) was automatically controlled 
from outside the chamber, and its alternating movement was 
perpendicular to the cylinder axis. Local overheating of  the sub- 
strate was thus avoided, and the total amount of  material depos- 
ited onto the fibers could be more precisely dosed. Further 
control of  substrate temperature was achieved by directing an 
inert gas jet  in front of  or behind the substrate. 

Table 1 lists the main spraying parameters for manufacturing 
the composite monotape. The final product of  the spraying proc- 
ess was approximately 1 m long and 30 cm wide, with long fi- 
bers arranged parallel to the maximum length. 

4. Results 

The monotape fabricated with the described process is 
shown in Fig. 2. A scanning electron micrograph (SEM) of  a 
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Fig. 3 Cross section of a composite monotape (SEM micrograph) 
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Fig. 5 Semiquantitative evaluation (EDS) of the atomic percentage 
of silicon and titanium as a function of the distance from the edge of the 
fiber 

Fig. 4 SEM micrograph of plasma-sprayed Ti-6AI-4V matrix after 
chemical etching 

cross section of  the tape, perpendicular to the fiber axis, is illus- 
trated in Fig. 3. The matrix porosity is lower than 1%, as evalu- 
ated by optical means. Microhardness tests were performed on a 
cross section of  the coating; a load of  300 g was applied for a to- 
tal time o f  10 s. An average Vickers microhardness number (HV) 
of  507 was measured on a total o f ten  tests, with a standard de- 
viation of  105 HV. 

A small amount of  oxidation products was formed on the 
monotape surface, resulting in blue-colored parts. Most prob- 
ably, the atmosphere in the chamber was not sufficiently clean, 
thus causing titanium oxidation due to the high aff• of  this 
metal for oxygen. 

Another general observation concerns the embrittlement of  
the monotape due to the use of  H 2 as the plasma gas. llS] Mono- 
tapes fabricated by using Ar/H 2 as plasma gases exhibited manu- 
facturing problems when they were removed from the stainless 
steel substrate so that they could be sprayed on the other side. 
The bending radius that could be achieved before any crack for- 
mation occurred was too low to permit fabrication o f  good qual- 
ity monotapes. Therefore, the plasma spray process had to be 
carried out by using Ar/N 2 as plasma gases. The ductility of  the 

Fig. 6 Fracture surface of the composite monotape after ASTM 
D3552-77 tensile testing. Detail of the fiber/matrix interface (SEM mi- 
crograph) 

Ti-6AI-4V monotape could also be improved by means of  post- 
heat treatments. 

4.1 Scanning Electron Microscopy and Elemental 
Analysis 

Scanning electron microscopy was carried out to obtain in- 
formation concerning the microstructure of  the sprayed matrix 
and the quality of  the fiber/matrix interface. A Philips 505 elec- 
tron microscope was operated at 25 kV, and both secondary and 
backscattered electrons were detected. The sprayed matrix ex- 
hibited a uniformly distributed porosity of  about 1%. This fea- 
ture can be considered independent of  the presence of  the SiC 
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Fig. 7 X-ray diffraction patterns (a) As-received fiber (b) As-sprayed matrix (c) As-sprayed composite 
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Fig. 8 Cross section of the hot pressed composite sample (SEM mi- 
crograph) 

fiber (the fiber/matrix interface appeared continuous and free 
from macroporosity), but only dependent on the spraying condi- 
tions. 

Metallographic samples were chemically etched with a solu- 
tion of  40 ml ofHNO 3 (65%), l0 ml of  HF (40%), and 50 ml of  
distilled water at room temperature for 2 min to reveal micro- 
structural details. The presence of  some unmelted particles (Fig. 
4) was observed. Further optimization of  the plasma spray proc- 
ess could alter this microstructural feature and improve coating 
cohesion. Macroscopic delamination, or cracks originating 
from thermal stresses, are absent. As pointed out, no damage or 
degradation of the reinforcement was observed at the fiber/ma- 
t.fix interface. Results ofa  semiquantitative analysis of  the distri- 
bution o f  the elements in the metal matrix, obtained by means of  
energy-dispersive spectroscopy (EDAX 9900 spectrometer), 
are shown in Fig. 5. In this diagram, the atomic percentage of  ti- 
tanium and silicon are plotted against the distance from the fiber 
edge. A certain amount of  silicon (about 7% at the interface), 
coming from the silicon-rich layer o f  the fiber coating, was de- 
tected in the metal matrix. This could either suggest the exis- 
tence of  reaction products (such as titanium silicide), as reported 
in the literature, [19"241 or simply a silicon migration. No carbon 
was detected in the matrix, thus indicating an absence of  tita- 
nium or mixed carbides. 

The interface morphology indicated good wetting properties 
between the SiC fibers and the Ti-6A1-4V matrix. Good bonding 
at the interface is consistent with the fracture surface of  samples 
that were subjected to tensile tests, because limited fiber pull-out 
was observed. Figure 6 shows the surface of  the fiber exposed by 
the fracture; the outer layer o f  the fiber after the tensile test is still 
in contact with the matrix, thus confirming the possible exis- 
tence of  a certain chemical bond at the interface due to the pres- 
ence o f  reaction products according to EDS results, even though 
the fiber surface was not damaged. 

4.2 X-Ray Diffraction Analyses 
X-ray diffraction analyses were performed by means of  a 

Siemens D 500 diffractometer, using Ni filtered Cu Kc~ radia- 
tion, in the 20 range o f  5 to 80 ~ with a scanning step of  0.02 ~ and 
a scanning step time of  I s. 

Fig. 9 Fracture surface ofthe hot pressed composite sample after ten- 
sile testing (SEM mierograph) 

To verify the occurrence of  noticeable reactions taking place 
between the different components of the metal matrix and the 
ceramic reinforcement during the spray process, X-ray diffrac- 
tion analyses were carded out on three different samples: (1) as- 
received fibers, (2) as-sprayed matrix material, and (3) 
as-sprayed composite material. 

Results are illustrated and compared in Fig. 7. Peaks relative 
to silicon carbide and graphite are clearly evident in (a) and (c). 
Very intense peaks corresponding to titanium in (b) and (c) indi- 
cate that titanium is quantitatively predominant in the powdered 
sprayed samples. Peaks corresponding to aluminum are present; 
vanadium could not be detected, due to its very low content in 
the initial powders. Traces ofTi305 were also identified on the 
surface o f  titanium samples (b). 

The presence of  small amounts of  fiber/matrix reaction prod- 
ucts cannot be excluded apriori; however, no clear evidence can 
be found of  their formation in the results mentioned. 

4.3 Diffusion Bonding 
Preliminary work was done on joining six monolayers by dif- 

fusion bonding using a hot press system. The process was per- 
formed in an inert atmosphere at a pressure of  85 MPa at 900 ~ 
for 30 min. A polished cross section o f  the sample obtained is 
shown in Fig. 8. 

Good general bonding was observed between the different 
monolayers after chemical etching of  the sample, whereas the 
formation of  reaction products at the fiber/matrix interface due 
to the exposure at high temperature was not detected after EDS 
or X-ray diffraction investigations. 

The sample obtained was subjected to a tensile test (ASTM 
D3552-77), and an ultimate tensile strength (UTS) o f  952 MPa 
was measured. No macroscopic delamination phenomena were 
observed (Fig. 9). The UTS value cannot be considered com- 
pletely satisfactory if compared to values reported in the litera- 

l25 27] ture. " However, in the case of  the present work, note that the 
volume fraction of  fiber in the sample is low (Vf= 15%), and the 
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spray process  and  the hot  press ing  procedure were not  fully op- 
t imized.  

5. C o n c l u s i o n  

The p lasma  spray process  in a control led a tmosphere  was  
used to manufac ture  Ti-6A1-4V monotapes  re inforced by  con-  
t inuous ceramic  fiber. F iber /matr ix  adhes ion  was sat isfactory 
and suff icient  to guarantee  good  mechanica l  propert ies  o f  the fi- 
nal product.  The  deleterious format ion  o f  brit t le c o m p o u n d s  at 
the interface was limited, or total ly avoided,  by  the p rec lean ing  
process  opera ted  in the deposi t ion chamber  and  by the h igh  so- 
l idif icat ion rate o f  the sprayed droplets. Pre l iminary  work  on 
diffusion bond ing  o f  the monotape  was carried out  wi th  satisfac- 
tory results,  even  though  fur ther  improvements  in the p lasma  
spray process  and  the hot  press ing  procedure for the a b o v e - m e n -  
t ioned metal  mat r ix  composi tes  are still necessary.  The  de-  
scr ibed results  are considered ve ry  promis ing  for fur ther  
developments .  
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