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[ Abstract] SiC,/ 6061A1 alloy composite was welded by using TIG and pulsedTIG welding (P-TIG) without addition

of filler metal, or with addition of AFSior AF Mg filler metal. The microstructure and properties of the weld were investr

gated with XRD, OM, TEM, and MTS 810 testing system was used to observe the effect of different welding procedure

and filler metals on the microstructure and properties of the weld. Thermodynamic of SiC- Al reaction was used to analyze

the tendency of the reaction between SiC particle and Al matrix during welding. The results showed that the P-TIG tends

to produce less plate-like ALCs precipitates than TIG; when welding with P-TIG, addition of AFSi filler metal can not

only prevent from formation of Al4Cs, but also decrease hot crack sensitivity of weld; the tensile strength of joint of

adding A} Si filler metal is higher than that of adding AFMg filler metal. The SiC,/ 6061Al composite can be successfully

welded by P-TIG with addition of AFSi filler metal.
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1 INTRODUCTION

Discontinuously ( particle, whisker and short fiber)
reinforced aluminum alloy composites have become an at-
tractive structural material for many industrial fields owing
to its excellent properties (e. g. high specific strength,
high specific stiffness and good wear resistance), low fab-
rication cost and easiness of secondary processing. They
have found application in aviation and automobile indus-
try, for example, automobile drive shaft, brake rotor,
connecting rod and piston made from SiCy/ Al, but their
further application is limited by their poor weldability.
T herefore special attention has been paid to the joining of
this material in recent years. And the solid state joining
processes such as friction welding!'™ *! and diffusion bond-
ing! ™ % give encouraging results. However the fusion
welding of this material encounters some metallurgical
problems. Ahearn et all”! welded SiC,/ Al with TIG and
GMAW and found that the welding exhibited a great
number of porosities and delaminations in both weld and
HAZ. Devletian'® successfully welded 409% SiC,/ 6061Al,
40% SiC,/ 6061A1 to 6061A1 with a modified capacitor
discharge technique. He also welded 40% SiC,/ 6061A1
with TIG, and found that during welding serious reaction
between SiC particles and Al matrix occurs and plate like
ALC; precipitates form, which are brittle phase and dele-
terious to the properties of the weld.

The aim of the present work is to seek for possi-
bility of successful welding SiC,/ 6061A1 alloy with P-
TIG. Both asreceived and vacuum-degassed SiC,/
6061A1 are welded. Welding is performed in three

conditions: 1) without addition of filler metal; 2)
with addition of AFSi filler metal; 3) with addition of
AFMg filler metal. Special attention is given to the
microstructure of joint such as particle distribution,
reaction products and AFSiC interface morphology.

2 EXPERIMENTAL

2.1 Material

The material used in this investigation was SiC
particle reinforced 6061 aluminum composite fabricat-
ed by casting method and then rolled to 4. 5 mm thick
plate. The volume fraction of SiC particle is 10% .

2.2 Welding machine and procedure

The as received plate of 4. 5mm thick was cut
into to-be welded pieces of 400 mm in length and 50
mm in width. Before welding, the pieces were
cleaned with acetone thoroughly to eliminate dirty
and grease. Some pieces were vacuum-degassed prior
to welding. The degassing heat treatments were per-
formed at 500 C for 20 h in a vacuum furnace manu-
factured by Centorr Industries Inc. Welding experi-
ments were performed with Lincoln Square Wave
TIG 355. SingleV groove with 90° joint opening was
used, leaving 0.5 mm root gap. The compositions of
filler metal are listed in Table 1 and the welding pa-
rameters in Table 2.

2.3 Microstructure analyses and mechanical testing
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Table 1 Compositions of filler metal
(mass fraction, %)

Filer e Mn Ca 2zZn  Si Ti Al
metal
AFsi - - <0.20 <0.1 4656 <0.20 Bal.
5.8~ 0.3~ 0. 02~
APMg 7 0% <0.05 0.2 <0.4 0,10 Bal
Table 2 Welding parameters
ty/ il dJ dw/
Tigl gL (tp+ tn) Hz mm mm
150 50 0.5 4 3.7 2.4

d.: diameter of tungsten electrode; d,, diameter of filler metal; I, —Peak
current; [}, —Background current; T, —Peak time; T'j, —Background time.

Metallurgical specimens were sectioned from the
joint along the direction perpendicular to the welding
direction. The specimens were first polished with dia-
mond paste and water, and finally polished with dia-
mond paste and alcohol to prevent Al;Cs that may be
present in the weld from decomposing. After polish-
ing, the specimens was cleaned with acetone. Pre
pared specimens were analyzed with optical mr
croscopy and X-ray diffraction. X-ray diffraction was
performed with a D/max-rc diffractometer on the
specimens sectioned from the top of the weld along
the welding direction. The AFSiC interface morphol-
ogy in joint was examined with an H-800 transmis-
sion electron microscopy. And the fracture surface
was examined with a Philips515 scanning electron
microscopy. The tensile testing was performed on an
MTS-810 testing system.

3 RESULTS AND DISCUSSION

3.1 Particle distribution in joint

When welding without addition of filler metal,
the welding pool in SiC,/ Al composite was dull and
sluggish. This indicates that the viscosity of molten
metal is very high and the fluidity is very poor. The
surface of the weld pool was dark without metal
shine, as though the gas shielding was unrsufficient.
In fact, this was caused by the clustering of SiC par
ticles in the surface of the welding pool. Fig. 1 shows
the microstructure of upper part of the P-TIG joint
without addition of filler metal, it can be observed
that some particles do float up to the surface of the
joint and cluster there.

With addition of filler metal, the fluidity of the
weld pool was improved greatly and the surface was
shiny, indicating that the particle floating-up phe
nomenon is alleviated and that the joint and filler
metal are thoroughly mixed.

Metallographic analyses show that the distribu-
tion of particle in weld is not uniform. It can be ob-
served from Figs.2(a) and 2(b) that there is a zone
poor in SiC particles near the fusion line and the dis

tribution in the center part of joint is relatively uniform.
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Fig.1 SiC particle distribution in P-TIG
joi i ition of filler metal
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Fig. 2 SiC particle distribution in P-TIG
joint with addition of AFSi filler metal

(after vacuum degassed)
(a) —Area near fusion line;
(b) —Central area of joint

Such a distribution may be caused by the interaction
between the particles and the moving solidification
front. During solidification of the welding pool, the
particles were rejected by the solidification front. It is
considered that solidification rate influences the parti
cle rejection effect of solidification front. As the solid-
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ification rate increases, the rejection effect decreas

es'”). In the area near fusion line, the solidification
rate was low, the particles were thus rejected serious-
ly by the solidification front, resulting in a particle
free zone. While in the center of the joint, the solidi-
fication rate was relatively high, particle rejection was
very weak, as a result, the particle distribution in
this area was relatively uniform.

The solidification front pushes the particles, on
the other hand, the particles aggregating near the so-
lidification front might influence the solidification of
the metal matrix. The particles in the front of the so-
lidification front impeded the diffusion of the solute
atom, thus enhancing the constitutional super-cool-
ing. Therefore, the critical solidification rate at
which the microstructure changes from equiaxed to

(101 " 1t can be seen from

columnar might decrease
Fig. 2 that columnar grains only occurred in zone near
fusion line and frequently interrupted by the parti-
cles. Equiaxed grain was susceptible to form in other

areas of the joint.

3.2 Interfacial reaction

In comparison with P-TIG joints, TIG welds
were also produced on the SiC,/ 6061A1 composite ( /
= 150 A, other relevant parameters are the same
with P-TIG). The joints were analyzed with X-ray
diffraction. Al4Cs diffraction peak was detected in X-
ray spectrum of TIG joint without addition of any
filler metal, see Fig. 3(a), and no Al4Cs diffraction
peak was detected in P-TIG joint without addition of
any filler metal, see Fig. 3(b). This indicates that
the P-TIG welding tends to produce less A14C3 precip-
itates than TIG does.

Fig. 4 shows the microstructure of TIG joint
without addition of filler metal, Fig.5 shows the mi-
crostructures of P-TIG joint. It can be seen that there
are a great number of plate-like precipitates in TIG
joint, which were recognized as Al;Cs3. While in the
P-TIG joint without addition of filler metal and joint
with addition of AFMg filler metal, only a few ALCs
precipitates are found, see Fig. 5(b). In the P-TIG
joint with addition of AFSi filler metal, no Al4Cs3 pre-
see Fig. 5(a). This further
demonstrates that P-TIG produces less Al4C3 precipi-
tates than TIG does. It can also be concluded that Ak
Si filler metal can prevent the formation of AL4C3 pre-

cipitate was found;

cipitate.

The AFSiC interface morphology in P-TIG joint
was examined with the H-800 transmission electron
microscopy. The results showed that almost all sur
face of SiC particles in the joint with addition of AFSi
filler metal is clean and free from any interfacial reac
tion products, see Fig. 6( a); while the surface of par
ticles in the joint with addition of AFMg filler metal
or beadronrplate weld without addition of filler metal

are much rough and always with plate-like phases ex-
isted( Fig. 6(b)). This phase was clearly identified as
Aly C3bydiffraction, seeFig. 3 (a). Thisfurtherdemon-
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Fig. 3 X-ray diffraction spectra of weld

without addition of filler metal
(a) —T1IG joint; (b) —P-TIG joint
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Fig. 4 Microstructure of TIG joint on SiC,/ 6061
(without addition of filler metal)

strates that AFSi filler metal can prevent the forma-
tion of AL4Cs.

The AL4C;3 precipitation was generally considered
to form by the follow ing reaction' '

3SiC(s) + 4AL(D) = ALCs+ 3[Si]al (1)

The interfacial reaction in AFSiC system' ' re-
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vealed that the reaction proceeds through three steps:
1) dissolving of SiC in liquid Al and thus generating
Si and C; 2) diffusion of C through liquid Al; 3) for-
mation of Al4Cs near the interface. The rate-limiting
step is the dissolving kinetics of SiC in liquid Al and
the dissolving rate depends on the surface facet orien-
tation of SiC'''". Therefore the Al,C3 prefers to form
dispersedly near the easy-to-be dissolved part of SiC oth-

er than to form a continuous layer around SiC( Fig. 6
(b).
()0 y b

Fig. 5 Microstructures of P-TIG joint on
SiCp/ 6061 (after vacuum degassed)
(a) —With addition of A} Si filler;
(b) —With addition of AFMg filler

Iseki et al''? established an expression for stan-
dard free energy change AG as follows:

AG= 113 900- 12.06TInT+ 8.92(10" T2+

7.53x 10" 4T~ '+ 21.5T + 3RT Ina;s;
where  q[sij is the activity of Si in liquid Al It is apparent
that the AG becomes increasingly positive with increasing
a;sy and decreasing welding pool temperature.

The temperature of P-T1G welding pool is much lower
than that of TIG welding pool, therefore the reaction rate
in P-TIG welding pool is much lower. In addition, the
rapid welding thermal cycle of P-TIG resulted in a shorter
resident time of welding pool, giving less reaction time for
the SiC,/ Al interface. Therefore the reaction extent in P-
TIG was much lower than that in P-TIG.

The addition of AFSi filler metal would cause the

arsi) in the welding pool to increase. The thermody-
namic driving force ( AG) of reaction (1) would thus
decrease, and the interface reaction extent would be
further reduced or be completely prevented. This is
the reason why the P-TIG joint with addition of AFSi
filler metal was Al4C3 free.

Fig. 6 TEM images of SiC,/ Al
interface in T1G joint
(a) —With addition of AFSi filler metal;
(b) —With addition of AFMg filler metal;
(¢) —Diffraction pattern of plate like phase in (b)

3.3 Discontinuities in welding

The joints without prior degassing heat treat-
ment were characterized by large quantity of pores, as
shown in Fig. 7. These porosities were generally con-
sidered as hydrogen porosities and the hydrogen was
released from the matrix metal”. Increasing the heat
input to prolong the resident time of welding pool did
not aid in reducing porosities, indicating that hydro-
gen is difficult to escape from the welding pool during
welding. This mainly resulted from the effective
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blockage of SiC particle and the poor fluidity of the
pool metal. Vacuum degassing heat treatment ( de-
gassing at 500 ‘C, under( 1. 33~ 13.3) x 10" ° Pa for
20 h) effectively decreased the porosities, see Figs. 2
and 5, suggesting that the high porosity susceptibility
of SiC,/ Al weld is also attributed to the high content
of hydrogen in the SiC,/ Al composite. Therefore it is
imperative that prior degassing heat treatment be per-
formed.

Longitudinal hot-crack of 10 mm long was al
ways found on every joint with addition of AFMg
filler metal or bead-onplate joint without addition of
any filler metal, while no macro-crack was observed
on the joints with addition of AFSi filler metal. This
indicates that the addition of AFSi filler metal will re-
duce the hot-crack sensitivity. This is mainly because
that the AFSi eutectic improves the fluidity of the
molten metal. A few short micro-cracks were found
in the arcextinguishing end of the weld with addition
of AFSi filler metal, as shown in Fig. 8. It was obvi-
ous that the hot-crack susceptibility of SiC,/6061A1
was higher than that of 6061 Al alloy. The possible
reasons were: 1) fluidity of molten metal during the
last stage of solidification was much lower because

-,

o
150 yem !
Fig. 7 Porosity in P-TIG joint on

SiC,/ 6061A1 (undegassed)

2 150 pum

Fig. 8 Micro-crack in P-TIG joint with
addition of AFSi filler metal

of low fluidity due to the clustering of SiC particle®';
2) the expansion coefficient difference between the
parent composite and the welding metal exaggerated
the tensile stress in the welding joint.

3.4 Mechanical properties and fracture analyses
Only the mechanical properties of P-TIG joints
were measured, because most of TIG joint ruptured
during the fabrication of test pieces. Test pieces were
cut from the central part of P-TIG joint in the trans-
verse direction, with their transversal central lines
aligned with the longitudinal central lines of joints.
Before testing, the reinforcements were removed.
The tensile testing results were summarized in T able
3. All the test pieces failed in the welding metal, in-
dicating that the strength of joint is controlled by that
of the welding metal. The joint without prior de-
exhibited lower tensile
strength and elongation due to the higher porosity
density and size. The joint with addition of AFMg
filler metal exhibited lower tensile strength and elon-
gation than the joint with addition of AFSi filler metal
did because of the interfacial reaction between Al and

SiC.

gassing heat treatment

Table 3 Tensile properties of P-TIG
welds on SiC,/ 6061A1

T reatment Conditi T ensile
Specimen prior to fon( idl.on strength &/ %
welding oL WeldIg /M Pa
303 5.6
Parent material T6 -
210 4.1
201 4.4
Vi Aswelded 218 4.9
Welding with ~ degassed
addition of 131 1.3
AFSi 110 1.5
filler metal
Undegassed  As welded 97 1.4
165 2.4
153 2.3
Welding with V2™ Acwelded 169 1.8
" egassed
addition of 122 1.2
ALFSi )
filler metal 108 1.4
Undegassed  As welded
101 1.0

Fig. 9 shows the typical fracture morphologies of
different P-TIG joints. The fracture surface of joint
without prior degassing heat treatment exhibited
many porosities, see Fig. 9(a). The fracture surface
of joint with addition of AFSi filler metal exhibited
more ductile dimples than that of joint with addition
of AFMg filler metal, as shown in Figs. 9(b) and
(c).

From these observations, it is apparent that the
porosities and interfacial reaction are responsible for
the low tensile strength and elongation. Lloyyd also
found that both voids and failure of interface play an
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important part in the failure of SiC,/ Al composite'*'.

It is well accepted that the porosities are susceptible
to initiate crack, thus resulting in a much lower ten-
sile strength. And the Al4Cs crystals behave just like
voids because of their brittleness, they are also sus-
ceptible to initiate cracks' .

Fig. 9 SEM fractographs of P-T1G
joint on SiC,/ 6061A1
(a) —With addition of AFSi filler metal,
undegassed; (b) —With addition of AFSi
filler metal, degassed; (¢) —With addition of
AFMg filler metal, degassed

4 CONCLUSIONS

1) SiC,/ 6061Al is successfully welded with P-
TIG welding with little or no Al4C3 formed, while

the TIG tends to produce a large number of plate-like
Al14C3 precipitates.

2) With addition of filler metal, the matrix met-
al and filler metal are completely mixed, but the par
ticle distribution is not uniform, and there is a zone
poor in particle near the fusion line, this may be at-
tributed to the rejection effect of solidification front.

3) SiC,/6061A1 welding joint exhibits high
porosity susceptibility and hot-crack susceptibility.

4) Addition of AFSi filler metal can not only
prevent from formation of Al4Cs, but also reduce the
hot crack sensitivity of the welding joint. Therefore
the joint with addition of AFSi filler metal exhibits
higher strength and elongation than that with addi
tion of AFMg filler metal.
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