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During fatigue of Kaowool fiber reinforced aluminum composites at 20°C, cracks are
initiated at hollow Kaowool particles. The stress concentrations associated with these
particles arise from two sources: (i) residual stresses due to differential thermal contraction
of the Kaowool and aluminum and (ii) the applied cyclic fatigue stress. These stresses are
calculated from a finite element model which incorporates plasticity of the aluminum
matrix. In general, the mechanical stresses are considerably larger than the thermal
stresses. The total stress, in both the aluminum matrix and the Kaowool particle, increases
with decreasing particle wall thickness and the proximity of the particle to the surface. In
general, the stress concentrations in the aluminum matrix are more critical than those in
the Kaowool particles, and are predicted to exceed locally the yield strength of 339
aluminum for all values of wall thickness. The particles observed experimentally at the
fatigue fracture origins are thin walled and close to the surface, in quantitative agreement
with the predictions of the finite element model. © 2007 Kluwer Academic Publishers

1. Introduction residual stresses generated by differential thermal con-

The tensile strength of Kaowool [1] fiber reinforced 339 traction of the Kaowool and aluminum, as the casting

aluminum composites equals the theoretical value forools from its T5 heat treatment at 20 Since the

a perfectly bonded system over the temperature rang®tal localized stress is the sum of the thermal (resid-

from 20°C to 300 C [2]. But, the fatigue life at 30@ is  ual) stress and mechanical (applied) stress, the absolute

limited by the presence of hollow thin walled Kaowool values of the two stress components are required. To

shot particles, which are typically spheroidal and actthis end, the model is refined to include the effect of

as sites for crack initiation [3]. An elastic analysis of plasticity of the aluminum matrix.

the stresses associated with this type of defect at@00

showed that the stress concentration factor (SCF) in the

adjacent aluminum matrix increases substantially as th2. Model

distance of the particle from the surface decreases, @he finite element model of the shot particles is the

relationship which is in excellent agreement with thesame as that described previously [3]. Namely, to sim-

particle geometries observed at the fatigue crack initiaplify the calculations (i) the 3D shot particle is repre-

tion sites [3]. More recently, we have performed a moresented by a 2D model, and (ii) a plane stress condition

accurate elastic plastic analysis of the role of particlds assumed with the mechanical applied stif@ss the

wall thickness and shown that thin walled particles actx-direction and parallel to the surface (Fig. 1). The shot

as defects, while thick walled particles act as reinforceparticle has an outside radias wall thicknesg, and

ments, this transition being defined by a critical wallis located at a distanagfrom the surface of the com-

thickness [4]. posite. For a partial particle left at the surface after ma-
This paper extends the previous stress analyses [3, 4hining (Fig. 1b), its location is described by negative

to simulate our fatigue experiments at room temperavalues ofd, e.g.d = —a corresponds to a hemispherical

ture (20C). In this case it is necessary to include theparticle at the surface.

0022—-2461 © 2001 Kluwer Academic Publishers 1201



TABLE | Physical properties of Kaowool and aluminum 200 - 339 Aluminum
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y Figure 2 Stress strain curves for the unreinfo_rced 3_;39 aluminu_m matrix
alloy at 20C, 100C and 170C: (a) small strain region, (b) strained to
failure.
(a) Spherical particle beneath the surface TABLE Il Tensile strengths (MPa) of Kaowool and 339 aluminum
at20C
Tensile strength Kaowool 339 Aluminum
surface
S LLLL LSS Ultimate 1400 260
0 K R’E - Yield (at 0.2% Strain) — 124
h
c —> P final total stress distribution is the sum of the initial
thermal stresses at 20 and the mechanically induced
stresses.
Y Since the aluminum matrix contracts more than the
y Kaowool, in general the thermal stresses in the ma-
(b) Partial particle left at the surface after machining trix will be tensile while those in the Kaowool parti-

cle will be compressive. Thus for fully reversed load-
Figure 1 Schematic diagram of model of hollow spherical shotparticles: ing (R=—1) as used in our experiments, the largest
(a) particle_ b_eneath the surface, (b) partial shot particle left at surfacetress in the matrix is produced during the tensile load-
after machining. ing, whereas the largest stress in the Kaowool occurs
during the compressive loading. However, a brittle ce-
The stresses were calculated in the sequence in whiatamic material such as Kaowool is undoubtedly much
they occur in practice. Firstly, the thermal stresses crestronger in compression than tension. Therefore in our
ated by cooling the composite from 2IDto 20Cwere  model only a tensile load is applied, as this is certainly
simulated by a sequence of three discrete cooling stepgie worst case scenario for the aluminum matrix and
210Cto 170C, 170C to 100C and 100C to 20C,  may also be so for the Kaowool.
using the physical properties listed in Table I. For each The stresses presented in the following sections are
step, the modulus and stress strain curve of the matrikestricted to specific locations of local maxima, such as
was set equal to that of the unreinforced alloy (Fig. 2) atA and C in the Kaowool shell, B and D in the aluminum
the lower terminating temperature (i.e. @) 100C  matrix and M at the specimen surface (see Fig. 1). At
and 20C). Thus the distribution of thermal stresses atthese locations the quoted stress,ig since this com-
170°C was the starting condition for the second coolingponent usually dominates. The significance of the val-
step, etc. Finally the thermal stress distribution &0 ues of total stress are judged from comparisons with the
was the starting condition of the model for the appli-tensile strengths at 20 of the 339 aluminum matrix
cation of a remote mechanical stré3parallel to the  and the Kaowool (Table II).
x-axis (Fig. 1). A value ofP =120 MPa was chosen,
since a fully reversed axial stress #120 MPa typi- 3. Shot particles remote from surface
cally results in a fatigue life of T0to 1¢° cycles fora When a shot particle is at a distance from the surface
15% Kaowool/339 aluminum-T5 composite. Thus theequal to twice the particle diameter, the stresses in the
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Stress in Matrix at B and D Stress in Kaowool at A and C

embedded shot particles (d = 4a) embedded shot particles (d = 4a)
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Figure 4 The effect of shot particle wall thickness on the thermal and

Figure 3 The effect of shot particle wall thickness on the thermal and tota| stresses in the Kaowool shell for totally embedded particles remote
total stresses in the aluminum matrix for totally embedded particles rerom the surfaced = 4a).

mote from the surfacel(=4a).

stresses are very beneficial (Fig. 4). In the adjacent alu-

matrix at B and D are equal, i.e., there is no effect of theMinum maitrix (Fig. 3) the thermal stresses are small
free surface and the particle behaves as if embedded gnd contribute little to the total stress. Nevertheless, for
an infinite medium. The effect of shell wall thickness t < 0-37athe total localized stress in the matrix (Fig. 3)
on these stresses is shown in Fig. 3, where the values f§Xceeds the tensile yield strength of the 339 aluminum
an elastic model are represented by the dashed curved24 MPa).
while the solid curves include the plasticity of the alu-
minum matrix. The thermal stresses increase with in-
creasing wall thickness, whereas both the mechanical. Effect of proximity to the surface
andtotal stresses decrease. (The mechanical stressesAgea thin walled particle approaches the surface, the
not shown for simplicity.) As expected, the stresses foistresses in the aluminum matrix at B and D are predicted
an elastic model are considerably larger than those olie behave quite differently, as illustrated in Fig. 5 for
tained when plasticity is included. However, note thatt =0.05a. At D, both the thermal and the mechanical
even for the elastic/plastic model, the total localizedcomponents of the stress increase slightly as the parti-
stress is larger than the applied stress for wall thick<le approaches the surfacet B.a very largencrease
nessed < 0.38a, i.e. these thin walled particles will of the thermal stress is accompanied by an even larger
act as defects. (This critical wall thickness would bedecrease of the mechanical stress so that the total stress
only 0.1& in the absence of the thermal stress.) also decreases. This marked reduction of the stress at

Similarly, the stresses in the Kaowool shellat Aand CB is compensated by the development of large tensile
are equal and are shown as a function of wall thicknesstresses on the surface at an off-axis location M, typ-
in Fig. 4. Thermal stresses in the Kaowool are compresically at a distance of 0.5 to 1.0a from the center line
sive while the mechanical stresses are tensile, and bottf the particle. (The thermal stresses at M are not sig-
decrease with increasing wall thickness. In the elastimificant so are not plotted in Fig. 5.) Therefore future
model the thermal and mechanical stresses effectivelgiscussion of the stresses in the matrix will focus on
cancel. Plasticity of the matrix transfers additional me-locations D and M.
chanical stress to the Kaowool so that the total stress is The total stresses in the matrix decrease as the wall
tensile and substantial for all wall thicknesses. Againthickness of the particle increases: this trend is sum-
it is the thin walled particles which develop the largestmarized for the two highly stressed locations D and M
total stresses. in Figs 6 and 7 respectively. The total localized stress

Note that for thin walled particles with=0.05 to  at D is larger than the applied stress of 120 MPa for
0.1a, which are typical of those found at crack initia- t < 0.5a, while the stress at M is larger than the applied
tion sites, the total stress in the Kaowool is considerablystress even for=0.8a. Thus for all wall thicknesses
less than the tensile strength of Kaowool (1.4 GPa)considered here, when the shot particle is near the sur-
In this situation the substantial compressive thermaface it is predicted to act as a defect.

1203



Elastic / Plastic calculation of total and
thermal stresses in Matrix
P =120 MPa AT =210°+20°C

Elastic / Plastic calculation of maximum total
stress at surface (M)
P=120MPa AT =210°+20°C
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Figure 5 Effect of the distance of a shot particle from the free surface _. . .
on the thermal stress at B and D and the total stress at B, D and MI_Zlgure 7 Effect of the distance of a shot particle from the surface on the

maximum total stress at the surface at M. The five curves correspond to
t=0.05a. ) ) .
five values of wall thickness as indicated.

Elastic / Plastic calculation of total stress

k ! : Elastic / Plastic calculation of total and
in aluminum Matrix at D R . thermal stress in Kaowool at A and C
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Figure 6 Effect of the distance of a shot particle from the free surface on -1 1 ! 1 l ! l
the total stress in the aluminum matrix at D. The five curves correspond 1 2 3

to five values of wall thickness as indicated. Distance from Surface (d/a)

Figure 8 Effect of the distance of a shot particle from the surface on
If the stress strain relationship for the matrix is :h:e(t)oéasgand thermal stresses in the Kaowool at A and C. Wall thickness
changed to incorporate more work hardening and a

higher ultimate tensile strength, the stress at D is in-

creased, as expected. However, the stress at M is deiore rapidly than that at C (Fig. 8). These increases
creased while the stress at B no longer decreases asiginate primarily from increases in the mechanical
the particle nears the surface. Thus the appearance oktresses, since the compressive thermal stresses only
large stress at M, and the concomitant decrease of thdecrease by a small amount (Fig. 8). The increase in the
stress at B, is accentuated by the development of plagetal stress is very large only for thin walled particles, as
ticity around the shot particle. is illustrated in Fig. 9 for location A. Fdr=0.05a and

The stresses in the Kaowool also increase as a paf-.1a, the stress exceeds the tensile strength of Kaowool
ticle approaches the surface, the stress at A increasinghen the particle is near the surface.
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Elastic / Plastic calculation of total Elastic plastic calculation of total stress
stress in Kaowool at A in Kaowool at A and C
P =120 MPa AT =210°+20°C t=0.05a P=120MPa AT =210°%20°C
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Figure 9 Effect of the distance of a shot particle from the surface on the
total stresses in the Kaowool shell at A. The five curves correspond to | ] ]
five values of wall thickness as indicated. -1 0 1 2
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5. Partial shot at surface

During machining, portions of shot particles may beFigure 11 The total stress in the Kaowool at A and C for a shot particle
removed Ieaving partial hollow shot particles exposed’Vith wall thicknesst =0.05a. The effect of distance from the surface

: : : . encompasses fully embedded particles and the fractional particles which
at the surface. In th_|s situation the stresses WI|! d.eremain after machining.
pend upon the fraction of particle remaining. This is
illustrated in Figs 10 and 11 for particles with a wall

thickness ot = 0.05a; the total stresses in the matrix
Elastic plastic calculation of total stress at D and M are shown in Fig. 10, while those in the
in matrix at D and M Kaowool at A and C are plotted in Fig. 11. The ther-
t=005a P=120MPa AT=210°#20°C  mal stresses alone are not shown because they are not
300 — significant in comparison to the mechanical stresses.
When a small portion of the particle has been removed
(d= —0.153a), creating a small hole in the Kaowool
D M shell, the localized stress in the matrix at D attains a
maximum of 259 MPa. This value, which corresponds
to the ultimate tensile strength of the matrix alloy at
20°C (Fig. 2), is also attained on the surface at M when
the particle is very close to the surface, ide< 0.1a.
Similarly, the stress in the Kaowool at C attains a max-
imum value of 1.55 GPa whett= — 0.15a, but the
largest stress (2.9 GPa) occurs at A when the particle is
at the surface, i.ed = 0. Both these values exceed the
ultimate tensile strength of Kaowool (1.4 GPa).

200 -

Stress in Matrix (MPa)

100 |~

6. Effect of wall thickness

|| «— t=0.05a A convenient summary of the above results is provided
| | | by comparing an embedded particle (de= 2a) with
1 0 1 p those at or near the surface. Such a comparison is pro-

vided in Fig. 12, which shows the total stress in the
matrix at D as a function of wall thickness; the curves
Figure 10 The total stress in the aluminum matrix at D and M for a shot correspond tal =2a, d =0.2a, d = 0 and the maXI_.
particle with wall thicknes$ = 0.05a. The effect of distance from the mum stress prOduced when a partlcle has been partlally
surface encompasses embedded particles remote from the surface af@moved by machining. When< 0.42a, the stresses at
fractional particles which remain after machining. D are larger than the applied stress regardless of their

Distance from Surface (d/a)
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Elastic plastic calculation of total stress Elastic plastic calculation of maximum

in Matrix at D total stress at surface
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Figure 12 Effect of wall thickness on the total stress in the aluminum

matrix at D. The four curves correspond to a particle remote from therjgure 13 The effect of wall thickness on the total stress in the alu-
surface ¢ =2a), near the surfacel(= 0.2a), atthe surfaced=0),and  minum matrix at M for shot particles at various distances from the
the condition of maximum stress when a small portion of the particle hasy face.

been removed by machining.

location, i.e. all these particles will act as defects. Wherimicroscopy, and hollow shot particles were found at
aparticle is at the surfacd & 0) the critical wall thick-  the crack initiation sites. The wall thicknesses ranged
ness increases to 04,Avhile a partial particle willact fromt=0.05a to t =0.2a and their locations with re-
as a defect if <0.53a. spect to the surface are summarized by the histogram in
The calculated total stresses at M are even more dirEigs 15 and 16. Superimposed on this histogram is the
(Fig. 13): when the particle is near the surface (e.gcalculatedtotal stressinthe matrix at D and M (Fig. 15),
d/a=0.4) the stress is larger than the applied stres&nd in the Kaowool at A and C (Fig. 16), for shot par-
for all values of wall thickness. The significance of ticles witht=0.05a andt = 0.1a. Despite the small
this result will be discussed later. For the present, itnumber of fatigue tests, the correlation is already quite
suffices to note that the most devastating particles wilgood, with six of the eight crack initiating shot particles
be those with thin walls at or near the surface; undebeing close to the surface, where the calculated stresses
these conditions the calculated total stresses at both Brée maximized.

and M approach the ultimate tensile strength of the 339 The two specimens indicated by asterisks in Fig. 15
aluminum matrix. were examined in more detail and found to have sev-

A similar comparison of the total stresses in the€ral shot particles on the fracture surface. In one spec-
Kaowool shell at A and C is shown in Fig. 14, where imen, reinforced with 7% Kaowool, the crack initiated
the curves for A correspond tb=2a andd =0, while ~ at the thin walled subsurface shot particle shown in
the one for C is the maximum stress attained for a parthe scanning electron micrograph in Fig. 17a. Of the
tial shot particle at the surface. The stresses of primargther particles in the same sample, the two illustrated
concern are those which exceed the tensile strength ¢t Fig. 17b and ¢ were judged to be the most signif-
Kaowool. This occurs at A whed=0 andt <0.2a, icant from the viewpoint of the above stress analysis.
and at C when < 0.06a and a small portion of the par- The important geometrical parameters of these three
ticle has been removed by machining. Again the criticaparticles are listed in Table Ill, together with the calcu-

particles are those with thin walls at or near the surfacelated total stresses in the matrix at D and M and in the
Kaowool shellat Aand C. Itis significant that the largest

7. Comparison with fatigue failures stress, in both the aluminum matrix and the Kaowool
The fracture surfaces of eight specimens fatigueshell,is associated with the particle atthe fracture origin
tested at 20C were examined by scanning electron (Fig. 17a).
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TABLE Il Characteristics of the shot particles illustrated in Fig. 17 Elastic plastic calculation of total stress in

and the calculated stresses Matrix at D and M
Specimen: C100292-68-2 7% Kaowool/339 AI-T5 P =120 MPa AT =210°+% 20°C
Fatigue Life: 2x 10° cycles at:124 MPa 300 -

Calculated Stresses

(MPa) B
Wall ) Matrix at Kaowool at
Shot Thickness Distance from 5200 |
Particle t/a) Surfaced/a) D M A C s
X
Fracture Origin .05 1.74 204 192 1000 960 ‘g 14
Fig. 17a = -
Fig. 17b 0.1 -1 187 — — 740 £
Fig. 17¢ 0.1 4 188 165 791 762 @ — 43
<~‘,=)1OO —

1
N
Number of Fatigue Failures

Elastic plastic calculation of S
total stress in Kaowool at A and C : :
P=120 MPa AT =210°» 20°C H ~I 1 H |

I—
1

-2 -1 0 1 2 3
3 Distance from Surface (d/a)
Figure 15 The total stress in the aluminum matrix at locations D and M
Surface ‘ for partial and complete shot particles as a function of their distance from
d the surface. The wall thicknesses: 0.05a andt = 0.1a are typical of
the particles causing fatigue failures. Superimposed is a histogram of the
locations of the particles observed at the fracture origin of eight fatigue
specimens. The two labeled with an asterisk are shown below in Figs 17a
v and 18b.
2 t
ol Elastic plastic calculation of total stress in
C. 0 Kaowool at Aand C
g _ P=120MPa AT =210°+» 20°C
@ _____VTsKaowool __
£
CD -
1 C max T
o
& |
K}
o
2
o
P 5
X
A, d=2a =
@ 0
I l l I | 2 4.8
L)
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02 04 06 08 1.0 i 4s2
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Wall Thickness (t/a) 7323
®©
. . . [ [ |’] 1€
Figure 14 The effect of wall thickness on the total stress in the Kaowool ] | 2
at A and C. The bottom curve corresponds to particles remote from the -2 -1 0 1 2 3

surface § = 2a), the top curve is for particles at the surfade0). The
middle curve is the maximum value of the stress at C attained when a
small portion of the particle has been removed by machining.

Distance from Surface (d/a)

Figure 16 The total stress in the Kaowool shell at A and C for partial and
complete shot particles as a function of their distance from the surface.
The wall thicknesses= 0.05a andt = 0.1a are typical of the particles
causing fatigue failures. Superimposed is a histogram of the locations of
In the second specimen, reinforced with 15%the particles observed at the fracture origin of eight fatigue specimens.

Kaowool, the fatigue crack initiated from a shot par-

ticle adjacent to the surface, as shown in the scanning

electron micrograph in Fig. 18a. All of the other parti- shell at A and C, are summarized in Table IV. Again

cles were much further from the surface; two of thosethe largest stress, in both the aluminum matrix and the
closest to the surface are shown in the micrographs iaowool shell, is associated with the particle at the
Fig. 18b and c. The important geometrical parameterfracture origin (Fig. 18a).

for all three particles, together with their calculated to- These two specimens also provide an interesting
tal stresses in the matrix at D and M and in the Kaowoolkcomparison in that, although they were fatigue tested at
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TABLE IV Characteristics of the shot particles illustrated in Fig. 18 the same cyclic stress &f124 MPa, the 15% Kaowool
and thse Ca'_cu'ateg ;;TZS;Z‘SS t L5 K 1336 ALTS specimen had a fatigue life @5 x 10° cycles) shorter
pecimen: =03~ b KaowoOo - 0, H
Fatigue Life: 1.85 10° cycles at-124 MPa thqn that of the 7% Kaowool sp_eC|men>(2106 cycles)._
This can now be understood in terms of the localized
Calculated Stresses  stresses calculated from our model (Tables Il and IV).

| (MPa) The maximum stresses, in the matrix at M and in the
wal . Matrix at Kaowoolat ~ Kaowool at A, associated with the particle at the frac-
Shot Thickness Distance from iqin in th 0 | . b
Particle ¢/a) Surfaced/a) D M A  C ture origin in the 15% Kaowool specimen are substan-
tially larger than those in the 7% Kaowool specimen.

Fracture Origin  0.11 0.08 205 255 2100 1000 More informative is a graphical representation of the

E!g- 122 0.06 . 185 154 820 760 largest stress associated with each of the six shot parti-
ig. . . . .

Fig. 18¢ 012 14 177 166 770 760 Cl€SShowninFigs17 and 18. The largeststressesinthe

aluminum matrix are plotted in Fig. 19, where they are

: L
b = & y "
al Wes A8 " &

Ry |77 QR —

(b)
Figure 17 Scanning electron micrographs of three shot particles on the fracture surface of a specimen of 7% Kaowool/339 aluminum, fatigue tested
at+124 MPa for 2« 1CP cycles. (a) Particle at fracture origin, (b) and (c) two particles at other locations. The important geometrical parameters and
calculated stresses are listed in Table(Uontinued).
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Figure 17 (Continued).

superimposed on curves relating the calculated stress to be beneficial (under tensile loading) and depend only
the particle wall thickness. Three of these curves showveakly on the wall thickness (Fig. 4) and the distance
the total stress at D fat = —a, 0 and &, while the top  of the particle from the free surface (Fig. 8). The ther-
curve corresponds to the stress at Mdes 0. Note that  mal stresses in the aluminum matrix are deleterious but
the four subsurface particles (Figs 17a and ¢ and 18bnly significant (i) for subsurface thick walled particles
and c) can all be represented thy= 2a since they all  (Fig. 3) and (ii) at location B adjacent to any particle
lie in the range where the stress at D is independent dfi.e. allt /a) when near the free surface (Fig. 5). In gen-
d/a (Fig. 6). A similar plot of the largest stresses in theeral, under our applied stress of 120 MPa, the localized
Kaowool, at either A or C, for each of the six particles mechanically induced stresses are larger than the local-
is shown in Fig. 20, where the calculated curves repreized thermal stresses, particularly for the thin walled
sent the total stresses at A fde=0 and &, and at C  particles near the surface.

for d= — a. These two graphs provide perspective on The largest total stresses, both in the aluminum ma-
the vital role of the geometrical parameters of the shotrix and the Kaowool particle itself, are associated with
particles. For the 7% Kaowool specimen the wall thick-thin walled particles when at or near a free surface. In
ness was the dominant factor in determining the crackhis situation the calculated stresses in the matrix can
initiation site, whereas for the 15% Kaowool specimenattain the ultimate tensile strength of the 339 aluminum
the close proximity to the surface was more importantalloy: e.g. this is predicted to occur foe 0.05a when

Itis the latter factor which resulted in the shorter fatigued < 0.1a and fort = 0.1a whend =0 (Figs 12 and 13).

life for the 15% Kaowool specimen. Similarly the stress in the shot particle is predicted to
exceed the ultimate tensile strength of Kaowool when
8. Discussion d=0 andt <0.2a (Fig. 14), or whent =0.05a and

During fatigue loading at 2@ the localized stress d <0.6a (Fig. 16). If the attainment of the ultimate
distribution around shot particles derives from twotensile strength is adopted as a failure criterion, then
sources: (i) differential thermal contraction stresseghe upper limits of the combinations of wall thickness
generated as the casting initially cooled down andand distance from the surface which result in failure
(i) the applied cyclic stress. The relative magnitudesare defined by the lines in Fig. 21. On this basis the
of these two components of the localized stress depenidaowool particles are predicted to fracture prior to the
upon the wall thickness of the particle. The thermalaluminum matrix, which may be true in a unidirectional
stresses in the adjacent aluminum matrix are tensile anénsile test. However, under the cyclic loading of a fa-
increase substantially as the wall thickness increasetgyue test, the yield strength of the aluminum matrix is a
(Fig. 3), whereas the thermal stresses in the Kaowoamhore appropriate failure criterion. The yield strength is
shell are compressive and decrease slightly as the wall24 MPa, which corresponds to the maximum applied
thickness increases (Fig. 4). The mechanically inducedlternating stress required to cause fatigue failure after
stresses in both the matrix and the Kaowool are ten--1CP cycles. This stress is predicted to be reached at D
sile (under tensile loading) and decrease quite dramagnd M even for subsurface and thick walled particles,
ically as the wall thickness increases (Figs 3 and 4)the upper limit boundaries for this to occur being as
The thermal stresses in the Kaowool are large enougbhown in Fig. 21. Thus on this basis, failure is predicted
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to initiate preferentially in the aluminum matrix. Fur- basis our earlier model, which was confined to an elas-
ther, even thick walled particles are predicted to actic analysis at 300C, predicted that particles remote
as crack initiation sites. At present it is not possiblefrom the surface would act as defects for wall thick-
to verify this aspect because all our composites containesses < 0.28a. Our elastic analysis at 2C predicts
shot particles encompassing a wide range of wall thickthat all particles will act as defects (Fig. 3), due to the
ness, and it is always the thin walled particles whichsubstantial contribution of the thermal stresses for parti-
develop the highest stresses and initiate the fatigue faikles with thick walls. However the incorporation of the
ures (Figs 17 and 18). plasticity of the aluminum matrix renders the model
Since in our model the applied streBds 120 MPa, more realistic and reduces the stresses in the aluminum
this yield stress criterion of 124 MPa is essentiallymatrix, so that the critical wall thickness for a fully em-
equivalent to the criterion used in our previous studybedded particle to act as a defect is 0.38a (Fig. 3),
[3], namely that if the local stress is larger than the ap4.e. only marginally thicker than the value b& 0.37a
plied stress the particle is acting as a defect. On thirom the yield stress criterion.

.ak' ‘3¢ .0sm

(b)
Figure 18 Scanning electron micrographs of three shot particles on the fracture surface of a specimen of 15% Kaowool/339 aluminum, fatigued at

+124 MPa for 185 x 10° cycles. (a) Particle at fracture origin, (b) and (c) particles at other locations. The important geometrical parameters and
calculated stresses are listed in Table(Sbntinued).
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Figure 18 (Continued).

Elastic plastic calculation of total stress in Elastic plastic calculation of total stress in
Matrix for shot particles on fracture Kaowool at A and C for shot particles on
surfaces of two fatigue failures at 20°C, fracture surfaces of two fatigue failures at 20°C
P =+120 MPa P=+120 MPa AT =190°
300 = o 15% Kaowool Life=1.9x105 ST o 15% Kaowoo! Life =1.9x 105
® 7% Kaowool Life =2x 106 ® 7% Kaowoo! Life=2x 106
- B Surface &
A d
—_ d=
,a\ o
. o
g 200 G2 (v
X g !
g | Z :
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Figure 19 The effect of wall thickness on the total stress in the aluminum _. . .
matrix at D for particles afl = 2a, 0 and—a, and at M ford = 0. The Figure 20 The effect of wall thickness on the total stress in the Kaowool

. . . - ell at A for particles al =2a and 0, and at C fod = — a. The largest
largest stress associated with each of the shot particles in Figs 17 and h . . P
B ) stress associated with each of the shot particles shown in Figs 17 and 18
is indicated as a data point.

is indicated as a data point.

Experimental verification of some of the basic pre-

dictions of our finite element model is provided by ticles causing crack initiation (Figs 15 and 16), (ii) for
guantitative comparisons of the calculated stresses witBpecimens containing several shot particles, the largest
observations of the location and wall thicknesses of thestress in both the aluminum matrix and the Kaowool
shot particles found on the fracture surfaces of fatiguedhell is associated with the particle at the fracture ori-
specimens. ltwas demonstrated that (i) The dependenggn (Figs 19 and 20), and (iii) the localized stresses at
of the local stress, in both the aluminum matrix and thethe fracture origin control the crack initiation rate and
Kaowool shell, on the proximity of athin walled particle thereby the fatigue life of the composite. To elaborate
to the surface matches the observed locations of the paon the last statement, it is interesting to note that the
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Failure criteria for Kaowool / 339AL composites at 20°C if the localized region of the matrix adjacent to the shot
particle has a higher yield stress or work hardening rate
than the macroscopic value, the stresses at M are re-
duced, and those at B do not decrease as much. Thus

X ¢ the magnitude of the calculated stresses at M should be

viewed with caution.

¢ This hinging action, associated with an asymmetrical
Failure plastic zone around a particle adjacent to the surface,
1 - may also be accentuated by our 2D representation of
. a 3D system. In a 2D model the particle and plastic

Aluminum . . . . .
L vield Strength ~ ZONe€ are cylindrical, so that interception with the sur-
face removes a continuous segment of the plastic zone.
For a spherical particle and plastic zone, interception
with the surface only eliminates a cap from the plastic
zone. Thus the asymmetry and the hinge action will be
smaller in 3D than 2D, and tensile stresses at M will
not be as large. A 3D finite element model is being de-
veloped to determine the magnitude of this deficiency
of our simple 2D representation.

10

Failure
Kaowool!

uTs

Distance from Surface (d/a)

Failure _—D
Aluminum
uTs
atM

T TTTTT

9. Conclusions
10-2 I N 1. Under conditions of high cycle fatigue at"Z0) the
10°2 10-1 1 localized mechanical stresses associated with shot par-
Wall Thickness (t/a) ticles are conS|der§1ny larger than the thgrmal stresses.
2. As the wall thickness of a shot particle decreases
Figure 21 Three failure criteria defined in terms of the combinations the thermal stress in the aluminum matrix decreases,

of particle wall thickness and the distance of a particle from the freeywhereas the larger mechanical, and consequently the
surface. Only particles to the left of each line will initiate fatigue failure total localized stress. increases

by the mechanisms discussed in the text.

3. Both the thermal and the mechanical stresses in
. . . . the Kaowool particle decrease as the wall thickness of
specimen with a fatigue life of 1.8610° cycles has the particle decreases

25(:5a:\illilat?rd tl)olc?\ljzedhsfltreis in thg alumimrjlm fat _M of 4 Asthe particle approaches the surface the localized
a (Table 1V), while the specimen with a fatigue g asses in both the aluminum matrix and the Kaowool

life of 2 x 10° cycles has a calculated stress in the alu-gpelincrease. This effect is more pronounced for thin
minum at D of 204 MPa (Table IlI). In this regime the walled particles.
relationship between fatigue life\¢) and the applied 5 ¢ gyresses in the aluminum matrix are more crit-

cyclic load (Ac) can be expressed by the empiricaljc5| than those in the Kaowool particle. When a particle
Basquin law is at the surface, the localized stress in the matrix is pre-
Ao = AN dicted to exceed the yield strength of 339 aluminum for
all values of wall thicknesg), and to attain the ultimate

Substitution of the above values bf and Ao yields  tensile strength if <0.1 of the particle radius.
b=0.09, i.e. Ny ~ (Ac)'. This extremely strong 6. The shot particles found at the fatigue crack ori-
stress dependence is typical for aluminum alloys. gins are thin walled and usually close to the surface.

The development of plasticity in the aluminum ma- These observations are in quantitative agreement with
trix plays an important role in transferring stress to thethe predictions of the finite element model.
Kaowool (Fig. 4) and reducing or limiting the stress in
the matrix (Fig. 3). It also accentuates an unexpectedAcknowledgments
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