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ABSTRACT: This paper describes an investigation on the Jatigue fracture behavior of an SiC
whisker reinforced A6061 aluminum alloy fabricated by a squeeze casting process under in-phase
and out-of-phase combined tension/torsion loading at room temperature. The fests were conducted
under a load-controlled condition keeping a constant value of the combined stress ratio,
O= T/ Opax Ivespective of loading condition, mechanical properties of the composite including

Jatigue strength were superior to those of an unreinforced A6061 alloy, not only under uniaxial
loading, but also under combined in-phase and out-of-phase tension/torsion loading. As for
unreinforced matrix material, fatigue strength under out-of-phase combined loading was smaller
than that under in-phase loading. However, for the composite, fatigue strength under out-of-phase
combined loading was higher than that under in-phase loading. Crack initiation and propagation
behavior was closely examined by using a surface replication technique, and fracture mechanisms
under in-phase and out-of-phase combined loading were discussed.

Introduction

Continuous progress in science and technology creates increasing demand for
further improved structural malterials; the mechanical properties required in many
technological fields are high-strength, low-specific density, high wear resistance, and
also heat-resistant property. Of various structural materials, metal matrix composites
have attracted engineers and researchers because of their potentials to meet such
demands, Especially short fiber such as whisker reinforced metals arc easy for
machining compared to continuous fiber reinforced metals, Many researches have
been performed on strengthening mechanisms (1), fracture and fatigue (2-6)
behavior, and also environmental influences on fracture (4) and corrosion behavior
(7). However, fracture behavior under combined loading are scarcely reported (5),
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although it is important from the standpoints of the application of a composite to machines
and structures.

In this investigation, the authors have conducted quasi-static and fatigue tests of an SiC whis-
ker reinforced aluminum alloy under combined tension/torsion loading at room temperature.
Special attention was paid to the effects of in-phase and out-of-phase tension/torsion loading
on fatigue fracture behavior. Crack initiation and propagation were closely examined by us-

ing a replication technique, and the fracture mechanisms of the composite are discussed.

Experimental procedures

The material tested was an SiC whisker reinforced A6061 aluminum alloy (Vf = 17%). The
composile, which was heat-treated to a T6 condition, was fabricated through a squeeze cast-
ing process, with final extrusion rate of 28, and thus most whisker aligned in the longitudinal
direction. The average diameter of the whisker was 0.84jtm, and the average length after
processing was 4.86 jum.

Smooth specimens shown in Fig. 1 were machined in the longitudinal direction, i.e., extrud-
ing direction. The s'pecimens were polished with emery papers (#1500) followed with final
finish with a diamond paste. The testing machine employed was a computer-controlled
electro-hydraulic tension-torsion fatigue testing machine (toad capacity: £100kN, £1kNem).

Static and fatigue tests under combined tension/torsion loading were conducted at room tem-
perature for both composite and unreinforced matrix material, Static tests were conducted
under a load-controlted condition keeping a constant value of a combined stress ratio, o =1/
o, where @ is the axial stress and T the torsional stress. Fatigue tests at a stress ratio of 0.1 were
performed at a frequency of 5 Hz under in-phase (phase angle between tension and torsion
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Fig.] Shape and dimensions of test specimens, All dimensions are in mm,
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loading, ¢, of 0°) and out-of-phase (¢ = 180°) combined tension/torsion loading. The tests
were conducted under a load-controlled condition keeping a constant value of a combined
Stress ratio, O/=T,,,/0,,,,» Where 6, is.the maximum axial stress and Tmax the maximum
torsional stress in a cycle. Crack initialion and growth behavior were closely examined by
using surface replication technique. Fracture surfaces were closely examined with scanning
electron microscopes (HFS-2 by Hitachi, and JSM-5400LY by JEOL).

Experimental results and discussions

Quasi-static fracture behavior

Figure 2 shows the stalic strengths under in-phase combined loading, which are plotied in
relation of axial stress and torsional stress. The arrows in the figure indicate that specimens
did not completely fracture even though the maximum torsional angle (about £50 degrees)
was applied to the specimen. The solid lines shown in the figure are the predicted failure
strengths by Tsai-Hill failure criterion (8), derived by tensile (0=0) and torsional {(0=00)
strengths: the static strength of both composite and unreinforced malrix material showed
good agreement with the Tsai-Hill failure criterion. The second point we must note is that the
static Strength of the composite was superior to that of an unreinforced A6061 alloy, not only
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Fig.2 Quasi-static strength under tension/torsion combined loading,
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under uniaxial loading, but also under combined tension/torsion loading (5).

Fatigue fracture behavior

Figures 3 (a) and (b) respectively show S-N curves under uniaxial and torsional loading. The
fatigue strength of the composite under both loading conditions was higher than those of
unreinforced matrix material, and it is clear that whisker reinforcements are very effective to
increase fatigue strength of the composite.

Figure 4 shows S-N curves under in-phase and out-of-phase combined tension/torsion load-
ing, plotted against maximum axial stress. As for matrix material, the fatigue strength under
out-of-phase combined loading was lower than that under in-phase combined loading, irre-
spective of o value. This result is consistent with those reported for unreinforced metals (9,
10). However, for the composite, the fatigue strength under out-of-phase loading was supe-
rior to those under in-phase loading.

Macroscopic fracture morphology under tension/torsion combined load-

ing

Under combined tension/torsion loading, the maximurm stress is always in the specimen sur-
face, and hence the crack initiation site was in the specimen surface. For both matrix material
and composite under combined tension/torsion loading, a crack that led final failure was in a
plane where the maximum shear stress existed. We must note that there are two plane where
the shear stress takes the maximum: of these two planes, the final failure was resulted from a
crack in a plane which was near the longitudinal, or axial direction, except for matrix matetial
under out-of-phase loading. In the case of matrix material under out-of-phase loading, the
final failure was brought about by a crack in maximum shear plane near the transverse direc-

tion.

Crack initiation and propagation behavior

As is discussed before, an influence of out-of-phase tensionftorsion loading on fatigue
strength and macroscopic fracture morphology differed between in the matrix material and
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Fig5 Definition of crack length and crack orientation.

the composite. Therefore, crack initiation and propagation behavior was closely examined by
replication technique, sclecting the loading condition of a.= 1. In this investigation, crack
length and crack orientation was defined as is shown in Fig. 5.

Crack initiation orientation. The results of crack initiation orientation are summa-
rized in Fig. 6 (matrix material) and Fig. 7 (composite). For both materials, most of the cracks
were initiated in a plane where shear stress took the maximum. For the matrix material, most
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of cracks under in-phase lensionfiorsion loading were in a plane which was near longitudinal
direction (L-type crack), whereas under out-of-phase loading, most of cracks were in a plane
near transverse direction (T-type crack). As for the composite, most of cracks were L-type
cracks under in-phase tension/torsion loading. Under out-of-phase loading, both L and T-type
cracks were observed. Unlike the matrix material, however, L-type cracks were more domi-

nant than T-type crack.

Crack growth behavior. Figures 8 and 9 respectively show changes in crack length
of the matrix material and the composite with stress cycles. In Fig.8, changes in L-type crack
are shown for in-phase loading, whereas those in T-type crack are shown for out-of-phase
loading, both of which respectively caused final failure. Figure 9(a) summarizes the changes
in L-type crack which led final failure of the composite under both in-phase and out-of-phase
loading, whereas Fig.9(b) shows changes in L and T-type cracks, which were observed under
out-of-phase tension/torsion loading. For the matrix material, T-type cracks observed under
out-of-phase loading were initiated earlier, and propagated faster than L-type cracks observed
under in-phase loading. This fairy well agreed with the results that fatigue strength under out-

of-phase loading was lower than that under in-phase loading.
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Fig.8 Crack growth curvesin A6061 Al alloy under in-phase and out-of-phase combined loading.
(In-phase loading: L-type crack, Out-of-phase loading: T-type crack.)

150



1| SiC,/A6061-T6
o=1, o,,,,~275MPa
E 0.8re :¢=0° (L-type)
o :¢=180° (L-type)
-
5 0.6
5 !
% 04¢
{s
© 02}

0O 1 2 3 4 5

1} SiC,/A6061-T6
o=1, $=180°
"o =275MPa

max
o :L-type
- e : T-type

Crack length mm
o o o
> o

o
GV}

8 5
Number of cycles (X107)

(b) Comparison between L- and T-type crack growth behavior under out-of-phase loading,
Fig.9 Crack growth curves in SiCyw/A6061 under combined loading,
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As for the composite, crack growth rate of L-type crack, which led final failure, was faster
under in-phase loading than under out-of-phase loading (see Fig.9(a)). Under out-of-phase
loading, L-type crack growth rate was higher than that of T-type crack, indicating that L-type
crack was easy o propagate than T-type crack. When we compare the crack growth behavior
between the matrix malerial and the composite, a noticeable difference is that crack initiated
earlier at about 10% of fatigue lives in the composite than in the matrix material, and most of
fatigue lives of the composite were dominated by fatigue growth stage.

Fracture surface morphology

In the case of the matrix material, striations could be observed under both in-phase and out-
of-phase loading. However, a difference of fraclure morphology between under uniaxtal
loading and tension/torsion loading was that fracture surface rubbed each other, in particular
under out-of-phase loading, and tire truck and rub marks were observed.

As for composite material, a T-type crack was initiated at a whisker end, and propagated with
zig-zag path avoiding whisker. An L-type crack was initiated at whisker/matrix interface, and
some whiskers could be observed in a fracture surface. However, similarly to the matrix
material, fracture surfaces rubbed each other, and surface contact-induced debris were ob-
served in L-type crack fracture surface. In the case of T-lype cracks, some tire trucks and rub
marks were observed.

Influence of out-of-phase loading on fatigue strength

In the case of matrix material under out-of-phase loading, cracks were initiated earlier and
propagated faster, resulting in lower fatigue strength than under in-phase loading. T-type
cracks under out-of-phase loading were initiated in the plane where a positive stress range
was larger in two planes where shear stress took the maximum, Out-of-phase tension/torsion
loading induced rotation of maximum principal stress, which caused interaction of slip
planes, resulting in severe fatigue damage . This type of severe fatigue damage was already
reported in unreinforced metals (10, 11). This is a reason why the fatigue strength of
unreinforced matrix material under out-of-phase tension/torsion loading became smaller than

under in-phase loading.

As for the composite under both in-phase and out-of-phase tension/torsion loading, L-lype
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cracks were initiated by whisker/matrix inlerfacial debonding at early stage of about 10%
of fatigue lives, and most of fatigue lives were dominated by fatigue crack growth stage. At
the same time, L-type crack growth rate under out-of-phase loading became smaller than
under in-phase loading. This is a reason why Lhe fatigue strength under out-of-phase
loading was higher than that under in-phase loadiﬁg.

In the case of matrix material under out-of-phase loading, T-type cracks were
initiated and propagated. However, for’ the composite material, L-type cracks were
initiated more than T-type cracks, because of anisotropy of the composite material; when
an SiCy/Al was subjected to uniaxial loading, crack growth rate in the T-L or R-L crack

plane orientation was higher than that in L-T or L-R crack plane orientation (2, 3).
Therefore, L-type cracks were initiated more than T-type cracks, and propagated faster,
aithough the positive normal stress range was smaller in a plane of L-type crack.
Comparing crack growth rate of L-type crack between under in-phase and out-of phase
lIoading, positive stress range of normal stress under out-of-phase loading was smaller than
that under in-phase loading, resulting in lower crack growth rate under out-of-phase
loading than under in-phase loading. This is a reason, why fatigue strength under out-of-

phase loading was higher than that under in-phase loading,

Conclusions

Fatigue tests of an SiC whisker reinforced A6061 aluminum alloy and its matrix
material (A6061 aluminum alloy) under in-phase (¢ = 0°) and out-of-phase (¢ = 180°)
combined tension/torsion loading at room temperature were performed. The tests were

conducted with various combined stress ratios o (= Tyqy/Oma4y), and crack initiation and

propagation behavior was closely examined by using replication technique. The

investigation yielded the following conclusions:

1. The quasi-static strength and fatigue strength of the composite under combined
tension/torsion loading were superior to those of unreinforced matrix material,

2, Fatigue strength of maitrix material under in-phase loading was higher than that under
out-of-phase combined loading. However, the fatigue strength of the composite under

in-phase combined loading was smaller than that under out-of-phase combined loading,
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3. Under in-phase and out-of-phase combined loading, a crack that led final failure was in
a plane near the longitudinal direction, where shear stress took the maximum (L-type
crack), except for the matrix material under out-of-phase loading. In this case, final
failure was brought about by a crack in maximum shear plane near the transverse
direction, i.e., T-type crack.

4. As for matrix material, T-type cracks under out-of-phase combined loading were
initiated earlier and propagated faster than L-type cracks under in-phase combined
loading, resulting in lower fatigue strength under out-of-phase loading.

5. L-type crack led final failure of the composite material, irrespective of loading mode,
because of anisotropy of the material. Positive normal stress range of L-type crack
under out-of-phase loading was smaller than that under in-phase loading, resulting in
lower crack growth rate, i.e., higher fatigue strength.
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