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COMPARATIVE EXTRUDABILITY OF 6061 ALLOY AND
15 Vol % SiC PARTICULATE COMPOSITE
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\BSTRACT Constitutive equations were determined by torsion for 15% SiCp/6061 liquid metal
nixed composite and for 6061 alloy in the ranges 102 to 5 s~ and 300 - 540°. Extrusion was
nodeled by finite element analysis as a two dimensional slice from an axisymmetric billet, die,
ontainer, dummy block and ram. The varied conditions examined were initial billet temperature
150,475, 500°C), for extrusion ratio 31 and 2 ram speeds (2.6, 5 mm/s). With sticking friction
nditions, there was a dead zone and maximum near the die corner in distributions of either velocity
r sirain rate (independent of material) and of either mean stress or temperature which depend on the
~ot strength of the materials and influence the occurrence of extrusion defects. The initial billet
-nperatures were calculated in order for the composite to remain with the same maximum pressures

ihe alloy.  Comparisons are made to flow patterns determined by physical simulations and other
-strusion models. The extrusion pressure ram stroke curves, which exhibit the traditional peak
ollowed by a sharp then gradual decline due to deformation heating are compared to results of

milar modeling and trial extrusions.
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NTRODUCTION .
Particulate Al matrix composites (AMC) have improved strength, creep and fatigue resistance
surmore importantly considerably greater modulus than the matrix alloy [1-5]. Through primary
roduction by liquid metal mixing and secondary fabrication by traditional mechanical formmg,
“mponents can be economically produced for ground transport applications [3,6]. Extrusion is
«peble of producing tubing for sports vehicle drive shafts with less vibration and bicycle frames
/ith reduced flexing. ' ‘
In consequence highly extrudable 6061 [7,8] both the alloy and matrix with 15% SiC
‘inforcements (compositions, Table 1) were subjected to torsion tests in the ranges 300-540° and
104 571 to determine flow stress constitutive constants and ductility [9-11]. These results were
iized in the DEFORMUYM finite element analysis extrusion in order to compare 6061/15% SiCp
1 6061 alloy and hence to optimize the processing.

‘ESULTS
The stress-strain (0 — €) curves, derived from the torsion tests described previously [9,10],
¢ shown in Fig. 1a. The curves essentially exhibit strain hardening to a steady state pl_ateau_ At
« temperature T the ductility is reduced by the decohesion at particles combined with matrix
«cxing enhanced by particle constraints [1 1]. At high T the plateaus decline gradually as a respll of
s fissuring with ductilities always less than the alloy itself. The shape of the curves lends‘ lls_‘e]t
¢ approximation of an elastic-plastic material with constant peak flow stress. The ¢ variation
i T'and € is shown in Fig. 1b with a comparison of the experimental data with values calculated
i the constitutive equation:
A(sinh o )N= ¢ (exp Q/R'T)=Z

“re material constants are A, a(= 0.052 MPa-l), (R'=8.3 J/mol K), n stress exponent and 'Q
-ation energy. The Zener-Hollomon parameter embraces  the two control variables & u(ndq I
onstants for the 6061 alloy and the AMC are derived in Fig. 2 and listed in Table 1[19-20].
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Examples of the detailed modeling of the extrusion are given in Fig. 3 which provides -
deformation of an originally square grid in the billet and the distributions of T, € and mean stre
O 'm for extrusion of a billet 305 mm long by 178 mm diameter at a ratio R of 3] and a ram velog
Vrof 2.6 or 5 mm/s [21-24]. The extrusion die was initially at 425°C, ram at 175°C and
chamber heated to be 20 to 30°C below the billet T, of 450 to 500°C. The physical constants tabs
from handbooks have been listed previously; the friction factor is taken as unity so that the met
shears internally [23]. The load stroke curves in Fig. 4 show that the peak load declines with i
Tb and declining Vy.

Essentially ram pressure P or load L rises to a maximum (Py,Lyp) until yielding occurs w i
material at Tp near the die exit. As plastic flow spreads in a non-uniform manner to develop |
distributions illustrated, the work expended turns to heat which despite the losses to the tooli
gives rise to a hot zone with the distribution in Fig. 3b. This rise in T leads to initial decline i
with stroke [7]; once the T pattern is established, the decline is due to decreased chamber friction
the billet shortens. The maximum Ty occurs at the die throat where the strain rate is also very his
The variation of Ty, with the insert Tp is presented in Fig. 5a for the 6061 alloy and the 15 st
AMC. Evidently as Tp or R rises, Tm climbs towards the incipient melting point and would ¢
rise to an increase in surface defects. From Fig. 5b it is evident that the load decreases as both
and Ty, rise.

The effect of Vr on T and maximum strain rate €m are shown in Fig. 6. The maximu:
velocity for both materials increases from about 90 to 190 mm/s for Vr of 2.6 and 5 mn

TABLE | CHEMICAL COMPOSITON & CONSTITUTIVE CONSTANTS FOR 6061 & MMC S

Material Composition wt% *** Constitutive Constants Toine (°C) for
(0=0.052 MPa™") load 7x10°N
R=31
Mg | Si Cu Fe Mn | QKJ/ | AT n PECTTNN IRV I
mol k) 2.6 5.0
mm/s | mm s
6061 Al * 097 1071 ]0.28 |0.58 [0.04 [205 1.17x10” [3.49 [ 0.9827 | 450 !
10%ALOs** [ 1.0 [ 0.6 |03 07 ]0.15 |179.8 |2.42x10" [2.76 | 0.9879 | 464
15%SiC** 110 [06 [03 [07 [0.15 [2334 [1.18x10™ |259 | 09892 | 479 |
20%ALO** [ 1.0 [o06 Jo03 Jo07 Jo.as |246 1.30x10” ]1.98 [0.9794 | 489 |
*Cr 0.24, Zn 0.045, Ti 0.016, **Vol % matrix 6061, *** Remainder Al, ****r = correlation coefficient
160 140 st

strain rate=1s"'

6061 Al (const)

15% SiC /6061 Al (<o
15%SiC/6061A] (e
6061AIl (exp.)

150 A o o01s”

- o 1s”
bl /\D 15%SiC/606 1Al A 45" 120
130

120 4
110 o 100

100 - 6061 Al
90 1s™, 300°C
80

/\A

w5

60 - =
50 1s™, 400°C \\
o ‘Q%T’A T TN
1, 500°C N R
30 1s”, 5 40 .
) :

(SR s

Stress (MPa)
stress (MPa)
@

o
1

20
h)
10 (a) (b
O } : . 20 - ; . ] =
0 1 2 3 4 5 250 300 350 400 450
Strain Temperature (°C)

Fig I Hot workability of 6061 alloy and 6061/15%:S1Cp is presented as a) representative |
curves and b) variation of peak o with T. the experimental being compared with
calculated from Equation 1.
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. pectively; with doubling of ram speed there is thus a doubling of exit velocity in similarity to the
e in €m. From Fig. 5b it is possible to determine the Tp required for the AMC to give the same
. (10 N) as for 6061 at 450°C; these are presented in Table 1.

DISCUSSION

The hot workability data (Fig. 1) is a little misleading because of the much higher flow
resses of the AMC below 350°C which may become significant in the final stages of rolling or
rzing [6]. However between 400 and 500°C (Fig. Ib) the difference is much smaller as seen in the
2lues calculated from the constitutive equation based on the presentation in Fig. 2 where the Z plots
1ow 1 values over 0.98. The activation energy for the alloy is about 20% higher than that for

~uminum; however, this is not unusual for commercial alloys due to segregated particles [25]. The
omposite is considerably higher but also is consistent with other AMC; those with stronger matrix
lloys are usually higher [9-17].

This constitutive behavior is consistent with the microstructure which was examined by
“M. The substructures exhibit some regions (~33%) of subgrains which are smaller and less
"/namically recovered (DRV) than those in the matrix alloy for the same T and € conditions [12-

| Other regions exhibit dense dislocation, arrays generally with very poorly developed
“lularity; these tend to be close to particle clusters or in shear zones. The type of.fmal_ structure
~23%) consists of discrete fine cells in the dense regions above with high misorientations indicative
dynamic recrytallization (DRX) nuclei (not usually found in the matrix alloy); DRX never spreads
The improved ductility at hlgh‘T. is
; the result of the augmented DRV and DRX and possibly some degree of superplasticity

~any degree but does help to reduce the flow stress [16-19]

19,20].

The billet grid distortion and the distributions give confidence in the modeling since lhey are
naisient with earlier simulations or model estimates [23,26,27]. The distributions emphasize that
1= critical region is at the die corner. The high Ty; may lead to melting at segregated phas;s; the
o £ tends to reduce the matrix resistance to cracking and to induce high stress concen'lrauons'ul
Ticle-matrix interfaces. The positive mean stress in the same regions means that there is a tensile
rmponent equaling the sum of the mean stress and flow stress. Thug (here may be cons:_derab]c
rface damage even below the incipient melting point; particle matrix interfaces are particularly
“eplible to crack initiation [6,11.18].
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The formation of the hot zone before the die face is characteristic of extrusion which plays &
significant role in decreasing peak extrusion load [7,8]; the decease in P or L with stroke is greate
for higher peak load since there is more work and heat generation. For the 15% SiC AMC. Lm
about 160N (25%) higher than for the alloy (at R=31); L for the AMC can be lowered to that
6061 by raising Tg by 30°C [23,24]. The values of Ty, rise with Vy since there is more pow <
expended and less time to dissipate the heat. Other modeling of 6061/20%A1203 with R=64 show
that there is roughly a doubling of € and Ty, from R=31 [23,24]. It was shown that load w as
linearly proportional to the product of R and V¢ [325] for these and two AMC with Al203. The o
and T increased with rising volume fraction of particles in 6061 as illustrated in Fig. 4c [23.2-
the 15% SiC AMC lies between the 10 and 20% Al203 in complete consistency with intermediaic
strength and microstructure. It had been possible to evaluate the model for 6061/20%Al1203 again-
an independent calculation and experimental extrusion of the same material; the results fit togeth:
very well [24,27]. Modeling has also been carried out on 2618 (the Concord alloy) and associatc
AMC with 10% or 15% Alp03; the distributions of T,5,,,€ and & were similar [22]. The Ly an.
Tm were higher for the same conditions so that T}, had to be lowered to 425°C and Vrto 1.5 mmys
keep T below the incipient melting temperature [22].
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Fig. 3 Results of DEFORM t finite element analysis of the intense-deformation heate_d ZOne
6061/15%SiCp (Tt = 450°C, R=31 and V= 2.6 mm/s): a) distortion of square grid on b
and distributions of b) T and c) €.
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CONCLUSION
The extrusion modeling with DEFORMUN software provides distributions of temperature,
resn stress and strain rate with maxima at the die corner, consistent with physical simulations.
[Inder all conditions, the breakout load is higher for the 15% SiC composite than for the 6061 alloy;
it temperature would have to be raised about 30°C to make them the same. Initially the load
‘rops rapidly with the stroke as a result of temperature rise in the deformation zone, which is greater
‘nen more work is done. The extrusion behavior of the 15%SiC AMC is intermediate between
109:A1203 and 20%A1203 composites; the latter agreed with an experimental extrusion.
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