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ABSTRACT 

Aluminum matrix composite joints have bein produced on both aluminum alloy and 
aluminum alloy matrix composite substrates using powders containing Sic particu- 
lates. The results of preliminary joining experiments indicate that the sub- 
strate should be preheated to 473 K arid a very wide bevel angle should be 
provided in order to obtain the highest strength joints. Heat treatment after 
spraying significantly improved the bond strength and restored the precipitation 
hardening ir the matrix. Significant amounts of Mg were lost from the deposit 
during spraying while some free silicon was produced by pyrolysis of the Sic 
powder: hence, further efforts must develop powder compositions which produce 
the optimum matrix composition in the sprayed-deposit. Hot isostatic pressing 
of the samples to eliminate porosity had only a small effect on the final 
strength of the joints. No significant amount of AldCs was detected in deposits 
ahich contained Sic. 

INTRODUCTION 

Interest in metal matrix composites (MMC) is currently expanding because of 
the improved performance offered by these advanced materials. However, the 
utilization of MMC is presently limited by their poor weldability when using 
conventional fusion welding processes"'. Nothing has been reported on the 
joining of composites by the non-transfer thermal spraying technique. Although 
this technique has been commonly used for surface coating to improve wear resis- 
tance, heat resistance. and corrosion resistance of metals and alloys. it 
seems that few researchers thought that it would be a successful technique to 
join these composite materials directly. It may be that excellent weldments of 
MMC could be obtained by this technique if good adhesive and cohesive bonding 
of the sprayed deposit were accomplished. for i t  is believed that few brittle 
compounds, such as Al4Cs. little porosity. and almost no HAZ would form in the 
joints since the surface of the substrate doesn't melt during spraying due to 
the small heat input into the joints. The sprayed deposit properties may be 
enhanced if a distinct second phase material. such as ceramic fibers. whiskers. 
particulates. or mono-filaments. is incorporated into the deposit structure1". 

This project was designed to develop manufacturing technology of plasma spray 



' . 
joining methods for MMC of both SiC/Al and AlzOa/Al. This may be the first study 
of the non-transfer plasma spray joining processes utilizing composite spray 
powders to attempt to produce true composite joints containing unreacted Sic 
particulates with properties more closely matching those of the composite base 
metals. Strengthening treatments. such as HIP consolidation and solution/aging 
heat treatment were performed on the sprayed joints. 

EXPERIMENTAL 

IIOOAI. 606lAl. ZOvol.%SiCÃ§/6061A1 and 10vol.%A1~D~0/6061Al substrates were 
used in this study. In most cases conventional (unreinforced) 6061A1 alloy base 
plates were used for simplicity and economy. The thickness of these plates was 
3,.Z mm and the joint bevel angle was large (no root opening). The plasma spray 
powder consisted of Osprey composite 15vol.XSiC powder in a 2014A1 alloy matrix. 
as well as spherical aluminum metal powder. Be- 
fore joining, the portion of a joint specimen to 
which a sprayed deposit would adhere was rough- 
ened by abrasive grit blasting to clean the ox- 
ides from the surface and to provide a rougher 
surface for better adhesion. In the joining proc- 
ess, the plasma gun was reciprocated at transla- 
tional speeds of 0.21 m/s during spraying. Ini- 
tial studies investigated the optimum values of 
three spray conditions (Fig. I) using 1100A1 and 
6061A1 substrates. In order to increase the den- 
sity and greatly improve the adhesive and cohe- 
sive bonding of plasma sprayed deposits, HIP (Hot 
Isostatic Press) and/or solution/aging heat treat 
ments were carried out after joining. The HIP 
temperature. time. and pressure were 7 7 3  K. 3. 6 
ks, and 103. 4 MPa, respectively. Heat treatment 
was done not only to strengthen the Joint, but 
also to resolutionize the substrate, because pre- 
heating (473 K, 600 s) prior to joining brought 
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Fig.l Three spray conditions 
evaluated in preliminary ex- 
periments. 

about a 30% decrease in the tensile strength of the substrates. Therefore, the 
specimens were heat-treated to the T6 condition (solution treatment: 773 K, 28.8 
ks / aging treatment: 4 3 3  K, 64.8 ks). These treatments were also expected to 
to remove residual stresses in the deposit. 

Tensile tests of all specimens were performed at a crosshead speed of 3 . 3 3 X  IO" 
mm/s at room temperature. Tensile strength was measured by applying a tensile 
load to the sprayed specimen vertically to the axis of spraying. A l l  results 
represent an average of three or more tests. Fracture surfaces were examined 
in the scanning electron microscope. The volume fraction of the reinforcement 
phase and porosity in the sprayed deposits were measured using an Image Ana- 

lyzer. Representative samples were sectioned from the joint and the cross 
sections of the deposits were analyzed using X-ray diffraction in order to 
investigate the existence of AldCa phase. 

RESULTS AND DISCUSSION 

In order to determine the optimum preheating temperature of the substrate. 
tensile tests of preliminary spray-joined specimens were performed. The tensile 



strength of joints increased with preheating temperatures u p  to 4 7 3  K. as 
shown in Fig.2. It is generally believed that preheating of the substrate is 

Spray Powder : At 
Substrate: 1100AI 
Spray Distance: 95mm 
Bevel Angle : 130' 

Joint Efficiency = uT5 a joint 

UTSof t h e ~ a s e ~ l a t e '  '00'"') 

Preheating Temperature (K) 

Fig.2 Effect of preheating temperature 
of the substrate on joint efficiency 

necessary ( 1 )  to eliminate moisture on the surface which prevents molten sprayed 
metal particles from adhering strongly to the substrate, ( 2 )  to prevent hot 
sprayed deposit from cooling rapidly, and (3) to allow the substrate to' expand 
in order to decrease the relative difference of thermal expansion and contrac- 
tion in volume between the substrate and the hot sprayed deposit. In this ex- 
periment. the tensile strength of joints tended to decrease above 473 K which 
was due to excessive oxidation of the substrate during preheating. On the other 

hand. without preheating, easy spalling of the deposit from the substrate oc- 
curred. Wholly cohesive failures were obtained at 473 K. 
It is seen that bringing the spray gun near to the substrate with a narrow spray 
track resulted in greater deposit efficiency of deposited materials. However. 
the strength of the deposit decreased due to less bonding force between the 
particles or at the deposit-substrate interface. A 95 mm spray distance was 
chosen in this study as providing the best combination of deposit strength and 
deposit efficiency. The larger the bevel angle, the greater the cohesive 
strength. as well as the adhesive strength. It is believed that the increase 
of tensile strength with bevel angle resulted from greater impact force of the 
spray particles and a resulting decrease in pores in each deposit. A 130Â bevel 
angle was selected for subsequent work during this study. Based on the results 



of the preliminary tests as noted above, the plasma spray conditions of this 
study were determined a s  described in Table 1 .  It was 'found that all the 
substrates required preheating in order to obtain satisfactory results. The 
typical preheating time before spraying was 600 s. Using these conditions, 
plasma spray j o i n i n g  tests using composite spray powders were carried out. 

Plasma Arc Gas 
Plasma Arc Gas Flow 
Powder Carrier Gas 
Powder Carrier Gas Flow 
Arc Current 
Arc Voltage 
Spray Distance 
Gun Translational Speed 
Preheating Temperature 
of Substrate 

Bevel Angle 

Argon 
2. 1 ms/hour at- 0. 35 MPa 
Argon 
0. 14 m3/hour a t  0. 35 MPa 
500 A 
30 V 
95 mm 
0. 21 m/s 
473 K 

T a b l e  1 Plasma spraying conditions. 

Fig.3 Strengthening heat treatment conditions 
and their effect on UTS 

4 Average UTS @ 60614 Substrate 
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4- As sprayed 

B :  Solution heat t reatment  

C :  Solut ion/aging heat treatment 

D ;  HIP  treatment 



Fig.4 shows results of the strengthening treatments of Osprey deposits on 6061A1 
and 606iAl-matrix particulate reinforced composites' (namely, 20vol.%SiCp/6061A1 
and 10vol.%Al~Oap/6061A1) substrates. Though the HIP treatment prior to the T6 
heat treatment was very effective in improving the joint strength of the spec- 
imens with 6061A1 substrates, it did not produce much improvement in the 
strength of the specimens produced with MMC substrates. Furthermore, the 
strength values varied considerably from specimen to specimen. It is thought 
that the presence of Sic or A1203 phase on the surface of the MMC substrate 
decreased the adhesive bonding at the deposit-substrate interface to a certain 
extent. Nonetheless. the adhesive or adhesive/cohesive mixed strength values 
of the specimens with SiCo/6061Al substrates were a little higher than those 
of specimens with A1zO~p/6061Al substrates, although it should be noted that 
the former contained 20vol.%SiC phase and the latter contained l O v o l . % A l ~ O ~  
phase. This s u u e s t s  that the interface between the Sic phase on the surface 
of the substrates and the sprayed 2014A1 alloy had-better adhesion. 

CONCLUSIONS 

( A )  Plasma spray joining processes require preheating to obtain satisfactory re- 
sults. For A1 deposits to i100A1 substrates, 473 K was found to be an optimum 
preheating temperature. 
(B) The strength values of spray joints increased with increasing bevel angles. 
(C) Almost no AliCs phase was observed by XRD analysis in each sprayed deposit 
containing Sic phase, but the deposit contained much soluble silicon because 
of pyrolysis of some Sic particulates. 
(Dl A l l  heat-treated Joints were much stronger than as-sprayed joints. Most of 
them showed wholly cohesive failure mode. 
(El The combination of HIP and T6 heat treatment caused the strength of the 
Osprey joints with unreinforced 6061A1 substrates to increase up to 95% compared 
with as-sprayed joints. but the results varied considerably from specimen to 
specimen. 
(F) The Osprey joints with SiCp/6061Al and AlzOsp/6061A1 substrates were a 
little weaker than those with unreinforced 6061A1 substrates. and their strength 
values scattered widely. A HIP treatment prior to the T6 treatment of the joints 
with composite substrates was not so effective in improving the Joint strength. 
( G )  Loss of Mg by vaporization and increase of soluble-Si during plasma spraying 
upsets the ratio of alloy elements and produces joints'which do not respond well 
to precipitation heat treatment. Special alloys which reduce such losses or 
tolerate them more readily should be developed to provide the greatest joint 

strength in plasma sprayed and heat-treated MMC. 
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Fig.3 shows strengthening treatment conditions and their effect on UTS and joint 
efficiency. This figure compares the tensile strength of five different spec- 
imens. Combination (!) using HIP and T6 heat treatment gave the highest tensile 
strength. As compared with as-sprayed joints ( A ) ,  the strength improved dramat- 
ically (about 95%). Even without HIP, the T6 heat treatment (C)  produced joints 
60% as strong as those of as sprayed specimens. Most of the heat-treated joints 
showed wholly cohesive failure mode, which means that not only the deposit. 
but also the deposit-substrate interface was strengthened to a considerable 
extent by the heat treatment (T6). 

Almost no Al4Ca phase was observed by X-ray diffraction analysis in each sprayed 
deposit containing Sic phase. However, the chemical analysis of the 2014A1-15 
vol.%SiC Osprey powder and its deposit showed that the latter contained much 
soluble silicon because of pyrolysis of some of the Sic particu1,ates. In addi- 
tion. magnesium was lost due to vaporization during plasma spraying. In the 2014 
A 1  alloy, precipitation of intermetallic compounds, such as CuAl.2 and MgzSi 
improves the mechanical properties of the alloy. Suzuki.et al. ( ' I  reported that 
Al-MgzSi alloys containing excess silicon have faster age-hardenability than 
the balanced alloy. 'Thus. it is thought that the excess soluble silicon content 
in the deposit brought about averaging. Therefore, it is possible that higher 
strength could be obtained i f  optimum heat treatment conditions (especially, 
aging time) were developed for these specimens 
Porosity was 1 to 3 % in each deposit. 

A :  Adhesive Failure 
Ei: Adhesive1 Cohesive 
Failure 

C: Cohesive Failure 

treatments on the Osprey deposits using 
the' 6061A1 and 606lAl-matrix particulate 
reinforced composite substrates 


