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ABSTRACT

Warm rolling in a direction perpendicular to the
direction of banding in Sicp/6061 Al-alloy composites

having a severely banded SiC_ clusters causes significant

P
redistribution of sicP within the composites. The
mechanical properties were found to become more isotropic
with increased percent of reduction. The strength and
elongation parallel to the rolling direction were found to
increase with increasing reduction ratio up to 50-60%. On

the other hand the properties perpendicular to the rolling

direction were found to decrease slightly with increasing

_reduction ratio. Such phenomena are analyzed based on

metallographic and fractrographic examinations.
Possible mechanisms operative in the strengthening of
Sicp/Al composites are considered. Failure mechanism of

Sicp/Al composites under uniaxial tension is proposed.
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1. INTRODUCTION

Since the early 1960s, with the impetus of high
temperature structural applications, various kinds of metal
matrix composites have been investigated by incorporating
high strengh ceramic materials such as alumina(Al,0,) and
silcon carbide(SiC) whiskers, and boron carbide(B,C)
particulates into molten metals [1,2].

Among many of those metal matrix composites, continuous
graphite fiber/copper, continuous graphite fiber/aluminum
alloy, SicC(whisker and particulate)/aluminum alloy,

Al,0; (particulate)/ magnesiunm, SiC(particulate)/magnesi&m
were particularly promising for structural applications.
But the cost of ceramic renforcements prevent the
composites from the practical applications inspite of their
attractive mechanical properties to the engineers and
designers.

In 1973, as the new technology for making g-SiC whisker
by pyrolizing rice hull was developed, silicon carbide
whiskers could be made much cheaper, finer, and purer than
previous ones.

Since then, especially during the past ten years,
silicon carbide reinforced aluminum matrix composites have
been studied extensively in many areas, due to their

potentials in automotive, structural, and aeronautical

applications.



Many of these studies carried out so far deal with
continuous fiber and discontinuous whisker reinforced
composites. Although these composites are as light as
aluminum and its alloys, they possess a significant
improvement in strength and stiffness ([3-9], fatigue
resistance [10-12], damping capacity (13],and wear
resistance [14,15], in addition to high temperature
properties [15-17]. Particularly, strength and stiffness
of SiC particulate reinforced Al-alloy matrix composites
(Sicp/Al composites) are comparable to titanium and its
alloys [18,19], and enable them to replace titanium
forgings. For example, the ultimate tensile strength and
the stiffness of silicon carbide fiber reinforced aluminum
matrix composites are much higher than those of
unreinforced titanium even at SOOOC (19].

However, the main drawback of these continuously
reinforced composites are their severe anisotropy in
mechanical properties. In addition, it is difficult to
fabricate, and shape them into their final configurations.
on the other hand, Sicp/Al composites can be manufactured
relatively easily and economically by melting and casting
techniques. For example, near-net shapes of track shoes
and pistons can be produced by using squeeze casting method
{20]). The basic principle of the squeeze casting is to
’forge’ a liquid metal into a closed die to reduce the
porosity due to the shrinkage and gas, and to make the
products solidify rapidly under high pressure of 50 to 100



MPa. In order to significantly increase the volume
fraction of reinforcement without flocculation, Rheocasting
(compocasting), which consists of vigorously agitating a
semisolid composites before casting [21] can be effectively
used.

Moreover, unlike polymer matrix composites and
discontinuous fiber reinforced composites, which are
.usually formed into the final shapes, metal matrix
composites containing particulate reinforcements can be
shaped into their final configurations by using the
convéntional mechanical workings such as forging,
extrusion, and rolling, etc. Such components as
automobile-engine connecting rod and compressor blade can
be forged from bar stock that was extruded from a cast
billet [22].

Such mechanical workings to obtain the final shape will
alter the size, shape, and distribution of clustered
particulates. All these parameters have significant
influences on the mechanical properties of such a composite
system.

Recently, it has been found that nearly all commercially
important ceramic reinforcements including silicon carbide
have a poor wettability by molten aluminium and its alloys
(23-25). As a result of the poor wettability of silicon
carbide by molten matrix alloys, the direct incorporation
of SiC_ into molten aluminum alloys causes flocculation.

p
Under such conditions, extensive clustering or



agglomeration of the particulates occurs in order to reduce

surface tension. This effect becomes more significant as
the particulate size becomes smaller than 40 um [27,28] and
the difference in density between the matrix alloy and
reinforcements becomes larger [15].

Such clustering not only cause poor overall mechanical
properties and machinability [28], but also cause
anisotropy of particulate reinforced composites in their
as-manufactured state and prohibit the wider use of these
composites for practical applications. If the distribution
of the Sicp can be made more uniform, the properties of
these composites can become more isotropic.

A number of different techniques have been used to
overcome this problem. The following methods have been
found to be very effective in preventing significant
particulate clusterings or agglomerations.

1) Matrix modification by adding some alloying elements,
such as Li or Mg, has been proved to be effective in
improving the wettability of the reinforcements by the
molten matrix [14,27,29-32]). These alloying additives are
added just before incorporating the reinforcements into
molten matrix.

2) Preheating the reinforcements before introducing into
molten matrix allows their uniform distribution in the
matrix (31,33].

3) The use of particulate coatings, such as Ni or Cu

coatings on graphite or alumina particles, has been tried



out successfully and thereby improves the wettability by
the molten aluminum alloys ([34].
Mechanical working of the composites can be used as

another means for making the SiC_ to be uniformly

p
distributed. Rolling has been used very effectively in
hypoeutectoid steels to break up pearlite lamella and to
obtain a semi-spherodized struture. The principle behind
this process is the differece in the ductilities of the
ferrite and pearlite. During rolling, the pearlite phase
tends to break up due to its lower ductility. The Sicp/Al
composites are very similar to hypoeutectoid steels in this
point of view. The aluminum matrix has much higher
ductility as compared to the brittle Sicp clusters. Hence,
it is expected that rolling can break up the clusters of
the Sicp and thereby change the mechanical properties of
the composite system.

Very few investigations have studied the effects of
mechanical working on the composites so far (6,18,35,37).
However, various investigations have been focussed on the
charecterization of the interface [37-40], mechanical
properties at room and elevated temperatures, and on

various manufacturing processes.

The objectives of the present study are

1) to investigate the effects of warming rolling on the
size and distribution of the Sicp clusters and its

influence on the mechanical properties



2)

3)

4)

to evaluate the variation in the mechanical
properties of the Sicp/Al composites after different

amounts of deformations and heat treatments.

to identify the strengthening mechanisms operative in

Sicp/Al composites

to propose a failure mechanism of Sicp/Al composites

under uniaxial tension.
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2. STRENGTHENING MECHANISM OF SiCp/Al COMPOSITES

The addition of ceramic reinforcement in the forms of
fibers, whiskers, and particulates into metal matrix can
lead to significant increases in yield strength and elastic
modulus as compared to those of the matrix, while there are
some negative effects on the mechanical properties such as
decreases in ductility and fracture toughness.

Although the theories for the strengthening mechanism of
the SiCp/Al composites have not yet been completely
estabilished, some plausible strengthening mechanisms, such
as Orowan theory, composite strengthening from modified
shear lag theory, thermal strain hardening due to enhanced
dislocation density, and strengthening due to smaller
subgrain and grain, can be used to explain the
strengthening of discontinuously reinforced SicC/Al
composites.

Therefore the expected yield strength of the SiCp/Al

composites can be expressed as

Voy = Oyt mmmmmee- 1)
where 9oy = yield strength of the composites

Tmy = yield strength of the matrix

Ac = increased amount in yield strength

= A A + Ao

9orowan ¥ 2% compt 4% disloc sub gr.



A% orowan = increased amount in yield strength due to
dislocation looping
A9 3ig10c = increased amount in yield strength due to

the enhanced dislocation density

49 cub gr.= increased amount in yield strength due to
the formation of subgrain
A"comp = increased amount in yield strength due to
load transfer
The principle idea for calculating Ac is the

comp
application of the continnum mechanics to the composite

strengthening. The ‘externally applied load is transferred
from the matrix (Al alloy) to the reinforcement (sicp) via
the SiCp/Al interface. The strengthening depends on the
interfacial bonding strength and the efficiency of the load
transfer from the matrix to the reinforcement i.e, shape of
the reinforcement.

The material properties used in this thesis are listed

in Table.1l.




Broperty | Y S|UTS| ¢, | E | v S
N e

Material (MPa) [ (MPa) | (%) |(GPa) (mm-*k)"
TO| 55 |124 [25-30 | 68.3 | 033 | 28x10® | @

6061A | :
T6 | 235 |2675| 12 | 74 |0 | 26x0® | @
SiC 1380 | — — | 438 |oue ix10® | @

Table 1. Slected properties of the 6061-Al and SiC

used in this thesis

Note : 1. Té6 :

Solution treatment :

°
529 C * 70 min.

R.T. aging : 24°C * 48 hours
o
Artificial aging : 200 C * 10 hours

2. ep Fracture elongation

3. E : Elastic modulus

4. v

Poisson’s ratio

5. a : Thermal expansion coefficient
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2.1 Orowan strengthening

Since most of the SiC exists in the form of particles,
it may be possible to propose the Orowan strengthening
mechanism. The Orowan-Ashby equation (43] or looping of

precipitates is given by

Ar = [0.81epeb]/[2x+(1-v)" -D*]-1n(2r, /b) ---- 2)

where Ar = increased amount in resolved shear stress due to

the precipitates

p = shear modulus of the matrix (28 GPa for 6061 Al
-T6 treated
v = Poisson’s ratio (0.33)

r, = mean particulate radius
b = Burger’s vector (2.86%10 °cm)
D = effective interparticulate spacing [44]
= vy /?
= (Lt/V})
L = length of particulate
t = thickness of particulate
Vp = volume fraction of the particulate
Generally, the increased amounts in yield strength (ao)

is expressed as
Ao =M..A eeececee- 3)

where M is approximately 2.



The evaluated increases in yield strength (a¢) is only
about 2 MPa, while the observed increases in yield-strength
for T6é tempered composites is 67 MPa.

It is obvious from eg-2) that the amount of the
strengthening due to the Orowan mechanism is strongly
dependent on the interparticulate spacing. However, the

interparticulate spacing between the SiC_ in the composites

P
is usually too large for dislocations to be bowed between
the SiCp during deformation. Hence, in this point of view,
it is considered that the Orowan strengthening mechanism
contributes very little to the strengthening of the SiCp/Al

composites.



2.2 Composite Strengthening

In 1952, Cox developed the shear lag model to predict
the yield strength of short fiber reinforced composites
[45]. The most important assumption in the shear lag model
is that the load transfer occurs only between the fiber and
matrix by means of shear sterss at the fiber-matrix
interface. This theory can be used successfully for
predicting the yield strength of composites having large
aspect ratio reinforcement.

However, underestimation in yield strength are expected
for the composites having small aspect ratio such as
whisker or particulate reinforced composites, because the
normal load transfer at the whisker and particulate ends
and side surfaces was ignored in the shear lag theory.

In 1986, Nardone and Prewo proposed a modified shear lag
model to explain the strengthening of discontinuously
reinforced composites having small aspect ratio
reinforcements such as SiCp and Sij [46])]. Although this
theory took into account of the normal load transfer at the
whisker and particulate ends, the normal load transfer at
the side surfaces of the whisker and particulate was still
ignored.

The modified shear lag theory for particulate reinforced
composites gives the composites yield strength (uy) by the

following equation([46]:
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0y = Opy [l + (L) e8/4L )V 4 0 oV | =mmmmes 4)
where Ty = yield strength of the matrix
= 235 MPa for 6061 Al-Té6
L, = length of the particulate perpendicular to the
applied stress
! t = thickness of the particulate
| Vp = volume fraction of the SiCp
V_ = volume fraction of the matrix
=1 - Vp
s = particulate shape factor = 2L/t
L = particulate length in the tensile direction.

Assuming L,= t gives

oy = omy (1 +8/2) Vot oy Vp  TTTTTTTS 5)
Therefore, the increases in yield strength due to load
transfer (Aacomﬁ is

A o= a0

comp - ‘y my
= opy *[(1¥s/2)-V

= “my ° (s/2) -V

p* Vp- 1

po

According to Eg-6), once the particulate shape factor s is

fixed, the increases in composite yield strength A’comp

depends only on the volume fraction of reinforcement or

vice versa. Moreover, Ac has no relationship with the

comp
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strength of the reinforcement. Appropriate values of s(=3)

and Vp(=0.1) give A”comp:= 35.3 MPa.

on the other hand, aAc can also be expressed in terms

comp
of interparticulate spacing (D) by the following procedure:

[}
]

particulate shape factor

=2L/t  eemmeemm————a- 7)

D = effective interparticulate spacing

ATEVvy  mmmeeeemeeeeee 8)

Solving eqg-7) and eqg-8) for ‘s’ gives

2 T2
s=(2V)/e . —mmommomeeeee 9)
Substitutinon of eq-9) into eqg-6) gives the relationship
between Aacomp and interparticulate spacing (D)
_ t2 2
A"comp = "my°(vp/ ) D memmmessosooo———- 10)

Therefore, for a fixed volume fraction of the
reinforcement, if the average size of the reinforcement
becomes finer, the interparticulate spacing will decrease
by eq-8), thereby the composites yield strength is expected

to increase substantially.
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2.3 Thermal strain hardening

Arsenault and Fisher proposed a strengthening mechanism
which can be explained by an enhanced dislocation density
which is caused by the large difference (10:1) in the
thermal expansion coefficient between the Al matrix and
sicp in the composites [47]. A high dislocation density of
109-10”crﬁ'2 was observed experimentally during cooling
down from the annealing temperature to the room temperature
(48]. The increase in the shear stress(ar) due to the

presence of dislocations can be expressed as

Ar = a’epsbefp  emmmmmmmmeeo 11)

where o’/ = 0.5
s = shear modulus of matrix (28 GPa for 6061 Al-T6)
b = Burger’s vector (2.86*10—8 cm)
p = dislocation dehsity of the matrix
Therefore, the following equation may be used for
estimating the increase in yield strength (80 335100 due to

the enhanced dislocation density:

AadiS],o = a.“.b.( '/;-’/Z ) ------------- 12)
where a = 1.25 for Al [49]

p = dislocation density of the matrix of the Sicp/Al

composites



po = dislocation density of the matrix in the absence
-6 -2
of SiCp (=10 cm for annealed Al).
Since p is much bigger than p,, eg-12) can be reduced into
| A% gisloc = arubefp
= 1.25u+be/p .

-- 13)

In 1986, Arsenault and Shi developed an equation for
evaluating the dislocation density by using the model of
"the prismatic punching of dislocations" [50]. From their

analysis, the dislocation density in the matrix was found

to be
P = [BeVpeael/[(1-Vp)+bed]  ==mmmmmmmmmee 14)
where B = a geometric constant between 4 and 12
= 8 (for particulate reinforcement)
V_ = volume fraction of reinforcement

Ae = misfit strain due to the difference in the

thermal expansion coefficient

= AaAT
b = Burger’s vector
d = the smallest dimension of the particulate

Substitution of eqg-14) into eg-13) results in the final
expression for the increases in yield strength due to the

enhanced dislocation density.

80 gig10d 3-548°be[ (VpeaeaT)/((1-Vp)+bed} ] .- 15)
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For a fixed volume fraction of reinforcement, from eqg-15)
it is expected that Aadisloc‘w111 increase significantly by
incorporating the smaller size of reinforcement. For
Vp=0.1 and d=10um, at least a 22 MPa increase in yield
strength is expected due to the enhanced dislocation

density.



18
2.4 Strengthening due to subgrain

A smaller grain and subgrain size as compared to those
of the wrought Al alloy can also lead to a significant
increase in yield strength.

Since the interface between SiC and Al matrix act as a
source of dislocation generation, small subgrains are

expected to be formed near SiC_ due to tangling of

P
dislocations. Arsenault and Fisher observed a high

dislocation density of 1ol°cﬁ- and small subgrains of 1.5-
2.5 ym in size in an SiC/Al composites during cooling from
annealing temperature in an in situ experiment with a
transmission electron microscopy (TEM) [47]. On the other
hand, the fracture surface of the wrought Al alloy reveals
relatively large subgrain of 5 um in size [48,50]. Such
results can also be verified by examining a fracture
surface of the composites with a scanning electron
microscopy (SEM), since the dimple size almost corresponds
to the subgrain size [48,51]. Fig.l) shows the dimple
sizes of the reinforced and the unreinforced Al alloy.

Ao is equal to 29.4 MPa for an average subgrain size

sub gr.
of 2.5 um observed in Fig.2).

The Hall-Petch relation can be a possible candidater for
the strengthening of Sicp/Al composites, because the

incorporation of SicC into the molten Al alloy and the

p
rapid solidification of the composite system obstruct grain

growth during cooling from fabrication temperature.
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Figure 1. Fractographs showing the dimple size in

a) unreinforced aluminium alloy

b) aluminium alloy reinforced with 10 % SiCp
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Figure 2. The correlation between steady flow stress and
mean subgrain diameter of commercial aluminium
for various deformation conditions

Compression [52]
Extrusion [53]
Creep [54]

Hot torsion [55]

obne
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The grain sizes between the reinforced and the unreinforced
Al alloy are compared in Fig.3).

Therefore, due to above considerations, at least 89 MPa
of theoretical increases in yield strength is expected with

the incorporation of 10% SicC This gives the lower bound

b
value for a theoretical yield strength of 324 MPa without
including the strengthening due to small grain size (Hall-
Petch relation). However, the measured yield strength of
the 10%—sicp/6061—A1 composites was only 302 MPa in their
longitudinal direction.

The mismatch between the theoretical and measured yield
strength seemed to be due to the following factors :

1) Random orientation of some of the SiCp with respect

to the tensile direction
2) Pre-existing porosity (or void) in the matrix

3) Pre-existing debonding at the interface

4) Particulate free-zone that may results in big sub-
grain
5) Particulate cracking from fabrication i.e during

extrusion process
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Figure 3. Metallograph illustrating the grain size of

a) unreinforced aluminium alloy
b) aluminium alloy reinforced with 10 % Sicp
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Figure.3
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3. EXPERIMENTAL PROCEDURE

3.1 Material

6061 aluminium alloy reinforced with 10 % (by volume)
of Sicp,
diameter 64.3 mm from ALCAN, was used for this study. The

procured as an extruded cylinderical bar of

matrix of the composites was characterized by using EDAX
after solutionizing.

The line intercept method and the grid analysis [56]
were used to determine the volume fraction of the SiCP in
the Sicp/Al composites. The schematic drawings illustrating
these methods are shown in Fig.4-a) and Fig.4-b). The
following relation was assumed for the line intercept

method and the grid analysis [57].
Ve = <Ag> = <Lg> = <Pe>  ==---o-moooooo 16)

where V. = volume fraction of Sicp
<Af> = average area fraction
= ratio of the area which is covered by Sicp to
the total area tested
¢> = average line fraction
= ratio of the length of the line which is
intercepted by siCp to the total length of the

test line
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Figure 4. a) Grid analysis
b) Line intercept method



Figure.4
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<Pg> = average point fraction
= ratio of the number of points which lie in the
Sicp to the total number of points in the
grid.

In order to investigate the effect of warm rolling on
the distribution of sicp, the composites with a severely
banded structure of sicp clusters in the direction of
extrusion were used for the tests. A three dimentional
view of the as-extruded composites is shown in fig.5).

The amount of the pre-existing porosity (Fig-6) was
determined as 1-2 % from the grid analysis.

The average particulate size was found to be 10 um with

the help of the line intercept method.
d=1/(.M) e 17)

where d = the average particulate size
L = the length of the test line
n = the number of intersections with Sicp and test
line which is drawn in the micrograph concerned,
and

M = the magnification.
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Figure 5. Three dimentional view of as-extruded
10 % SiCp/6061-Al composite
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Figure.5
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Figure 6. Porosities of the as-extruded SiCp/Al composite

viewed parallel to the extrusion direction
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Figure.6
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3.2 Specimen Preparation

The stock material was cut out from a cylindrical bar
which was obtained in the as-extruded (as-manufactured)
state, and rolled unidirectionally into different
percentages of reduction in a direction perpendicular to
the extruded direction, namely, transverse direction.

The reduction ratio (R) can be defined as the reduction

in thickness from the assumption of plane strain condition.

R=1[ (A = A )/R ] x 100 [%]

= [ (% -t )/% ] x 100 (%] ESSeEnTy 48)

where

>
S
I

initial cross sectional area of the specimen

Ap = final cross sectional area of the specimen

to initial thickness of the specimen, and

tf = final thickness of the specimen.

In order to maximize matrix flow and therefore minimize
the particulate cracking and the possible interface
debonding, warm rolling was carried out at a temperature
below 400°C. At the same time, a high reduction ratio, but
less than 10% of reduction per each pass, was used to get
homogeneous matrix flow, which was found to be effective in
separating the Sicp clusters into separate particulates.

After each pass of rolling, the specimens were annealed

o
for 5- 7 min. at 415 C in order to get rid of the
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dislocations which were induced due to rolling process.
This was checked by measuring the hardness, i.e, regardless
of the reduction ratio the value of HRp20 was obtained
after annealing.

The rolled sheets which were reduced by different
percentages of reduction, were cut into parallel
(longitudinal) and perpendicular (transverse) to the
extruded directions with a diamond sawing machine. The
schematic drawing is shown in Fig.7).

The sheet tensile specimens were made by hands with
files. The specimens were polished with abrasive papers
and rotating laps in order to remove the contact surface
with rolls during rolling process. The final shape and
dimensions of the tensile specimen is shown in Fig.8).

Two kinds of heat treatments were used before testing
the specimens, i.e, full annealing (T0) and artificial
aging (T6). Especially for the full annealed specimen, the
test was carried out within 30 min in order to prevent the
precipitation from the matrix even at room temperature.

Yhe heat treatment conditions used can be described as

following:

1) Full annealing ( TO temper )
-In order to get the softest codition, the specimens
were heated at 415°C for 2 hours then quenched into
cold water.

2) Artificial aging ( T6 Temper )



30

o
-solution treatment : 530 C for 70 min.
(cold water quenching)
o
-room temperature aging : 24 C for 48 hours

o
-artificial aging : 200 C for 10 hours
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Figure 7. a) Section of the extruded bar stock
cut out for specimen preparation
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Figure 7. b) Schematic of procedure used for making
specimens
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Figure 8. Dimensions of sheet tensile specimen

W = Width of the specimen ( 5 mm )
L = Gauge length ( 17 mm )
T = THickness ( 0.7 mm )
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3.3 Tensile Test

The basic mechanical properties after various
treatments of the specimen were measured usiﬁg an Instron
machine operated at a constant crosshead speed of 0.1
cm/min. The tests were carried out in a laboratory air
enviornment at room temperature.

In order to prevent the slipping of the specimen from
J ' the grip, slices of file with small grooves were attached

to the grips as in Fig.9).






35

Figure 9. Details of the grips
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3.4 Fractographic and Metallographic Examination

The fracture surface of tensile specimens were examined
by scanning electron microscope (SEM). In addition,
metallographically polished surface of a mounted specimen
was prepared to examine the cracking of SiCp which can be
caused due to compressive and tensile force.

The redistribution of siCp clusters due to rolling were
examined with optical microscope.

The standard method of surface preparation consisted of
successive surface removal by 240, 400, and 600 grit SicC
abrasive paper, first and second polishing on rotating laps
with 5 ym and 1 pm alumina powder, and finally first and
second stage polishing on rotating laps with 1 gm and 0.25
pm diamond powders.

The Kellers Reagant was used for slight etching. Dilute

HCl was used for deep etching of specimen surface.



L
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4. RESULTS AND DISCUSSION
4.1 Microstructural Features

One of the advantages of the discontinuously reinforced
metal matrix composites is their formability into the net
shapes by conventional mechanical working or by plastic
deformation methods.

Both cold and warm rolling were attempted on as-extruded
(as-received status) composites along a direction
perpendicular to the extrusion direction, until edge cracks
were observed on the specimens. Although controlled cold
rolling was carried out (i.e 1-2 % reduction in thickness
per each pass), edge cracks and surface scuffings were
formed before 40 % reduction was reached. Such edge cracks
and surface scuffings appeared to be formed mainly due to
the large clusters of SiCp which usually have micro-voids
inside the clusters. The initiation and propagation of the
edge cracks resulting from cold rolling can be observed in
Fig.10). Once these cracks are formed, they tend to
connect the SiCp clusters and grow larger. Some of the
cracks were observed to propagate along the broken Sicpand
the initially debonded interfaces as in Fig.11l).

During cold rolling, the hardness of the composites
increases very rapidly. For example, 30 % of reduction

gives rise to an increase in hardness from HRR20 (TO
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Figure 10. Micrograph illustrating the initiation (X)
and propagation (Y) of edge cracks

along the clustered masses of SiC_ during
rolling process p
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Figure.10
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Figure 11. Microéraphs illustrating the crack propagation
along the cracked particles (a) and
debonded interfaces (b) during rolling process
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Figure.11
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tempered state) to HRR55. Such an increase in hardness
makes further rolling impossible without an additional
stress relief annealing.

The rolled sheets of Sicp/Al composites were cut
parallel to the rolling direction, and examined
metallographically on the polished sections. Significant
particulate crackings were observed from the polished
sections of the cold rolled Sicp/Al composites. There is
strong tendency for the crack planes to be parallel to the
direction of compression (i.e rolling pressure) and to be
perpendicular to the rolling direction(i.e feed direction).

At the same time, it was found that the average size of
the Sicp that breaks is generally larger than the average
size of all SiCp in the composites. Such observations
correspond to the results of Gurland [58] who had studied
the fracture of cementite particles in a spherodized 1.05 %
carbon steel, deformed under various loading conditions.
He observed that the cementite particles, that cracked
under uniaxial compression, were bigger than the average
particle size, and that the particle cracking occuredalong
a direction parallel to the compressive force. Such
formations of particulate cracking can cause decrease in
strength and ductility of the composites. The substantial
increase in rolling pressure during cold rolling, as
compared to that of warm rolling, was found to be
responsible for such crackings of the Sicpin the

composites. This comparison is shown in Fig.12).
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Oon the other hand, in case of warm rolling, the specimen
could be rolled down to as much as 85 % of reduction
without any edge crackings or surface scuffings. = Although
relatively large reduction ratio per each pass of rolling
(about 6-7 %) was used, the first edge cracks made their
appearence at about 85 % reduction. The results indicate
that sicp/Al composites possess an excellent warm
formability. Another advantage of warm rolling is that
particulate crackings and interface debondings can be
minimized (Fig.12), since the flow stress decreases
monotonically with increasing temperature for both the
reinforced and unreinforced material [36].

Both cold and warm rolling were found to cause a
significant change in the distribution and shape of the
SiCp clusters. The most apparent difference in metallo-
graphic features between the as-extruded and the rolled
composites is the presence of banded structure of sicp
clusters. The microstructural features of the as-extruded
and the warmed rolled composites with different reduction
ratios are shown in Fig.13).

There appear to be no significant differences in the
microstructural features of the distribution of SiCp
clusters between the cold and the warm rolled composites;
however, it is evident from Fig.14) and Fig.15) that the
cold rolled specimens exhibited the presence of larger
voids and debonded interfaces as compared to the warm

rolled specimens at the same reduction ratio (Fig.14).
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Figure 12. a) Particulate cracking in 40 % cold rolled
composite
b) Abscence of particulate cracking
in 60 % warm rolled composite
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Figure 13. Micrograph exhibiting
a) the severely banded SiCp clusters
of as-received composite
b) the redistribution of SiC_clusters

P
in 40 % warm rolled composite
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Figure.13






Figure 13.
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(continued)
Micrographs exhibiting the redistribution
of SiCp clusters in

c) 50 % warm rolled composite
d) 60 % warm rolled composite
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Figure.13 (continued)
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Figure 13. (continued)

Micrograph exhibiting the redistribution
of SiCp clusters in

e) 70 % warm rolled composite
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Figure.13 (continued)
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Figure 14. Growth of pores during cold rolling

a) 70 % warm rolled
b) 70 % cold rolled
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Figure.14
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Figure 15. The comparision of the pores size between

a) as-received, and
b) 70 % warmed roled composite
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Figure.15
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Moreover, these voids grow larger with increasing reduction
ratio, as can be observer in Fig.15). Such features can b
explained on the basis of enhanced plastic flow during warm
rolling.

Hence, in order to facilitate matrix flow and to
minimize either fracture of the SiC_ or debonding at the
interface, plastic forming at higher temperature is
recommended. Nevertheless, particulate cracking and
interface debonding are observed even in the as-extruded
sicp/Al composites, although they are not significant as

compared to those formed during cold working process.
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4.2 Mechanical properties

Some mechanical properties of the Sicp/Al composites in
their longitudinal and transverse directions, were measured
at room temperature in the as-received and the warmed
rolled status, both after TO and T6é heat treatments.

Significant changes in mechanical properties compared
with those of unreinforced Al-alloy, were observed for the
6061-Al alloy reinforced with 10 % of Sicp. For example,
compared with the wrought alloy, the Sicp/Al composites
revealed higher yield and ultimate strength, but lower
fracture elongation. Also, compared with the TO tempered
Sicp/Al composités, the T6 tempered SiCp/Al composites were
much higher in yield and ultimate strength but
substantially lower in fracture elongation.

From the tensile testing of the Sicp/Al composites in
the longitudinal and transverse directions, it was observed
that as-extruded composites exibited anisotropic mechanical
properties, such as yield strength, ultimate strength, and
fracture elongation, with respect to their longitudinal and
transverse directions. It can be surmized from the Fig.10)
that the microstructural inhomogeneity of the as-extruded
composites may attribute to such anisotropic mechanical
properties. On the contrary, the microstructure of the warm
rolled composites becomes much more uniform (homogeneous)
with increasing reduction ratio, which may result in more

isotropic mechanical properties.
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During tensile testing of the TO tempered SiCp/6051-Al
composites with a cross-head speed of 0.1 cm/min, a strong
dynamic strain hardening was observed just beyond the yield
point of the composites. The interaction between the
impurity atoms and the dislocations is reported to cause
such an aging phenomenon during deformation [59]. It is
also reported that dynamic strain aging tends to occur over
a wide range of temperature,which depends on the strain
rate [60]. The typical plot of load vs. elongation
obtained with the Instron testing machine is shown in
Fig.16). However, such strain aging phenomenon did not
occur in Té tempered composites, since oversaturated solute
atoms are precipitated out during artificial aging

o
procedure (T6) at 200 C for 10 hours.

Although a significant redistribution of the sicp
clusters was achieved with increasing reduction ratio of
warm rolling, the principal effects of the warm rolling on
the mechanical properties are to decrease the yield and
tensile strength as well as the fracture elongation in the
longitudinal direction. Some mechanical properties
obtained at room temperature are presented in Tables 2, 3,
and 4.

From the tables, it is evident that the as-extruded (as-
received) composites have the largest ductility but the
lowest strength, and the T6é tempered composites have the

highest strength but the lowest ductility.
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Figure 16. Load-elongation plot exhibiting
dynamic strain aging behavior
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Specimen, TO T6
R (%) L T L T
0 124.2 115.7 302.0 269.5
20 2 - J :
30 : = 288.7 281.6
40 : ’ : :
50 119.3 119.0 285.1 282.1
60 119.1 119.0 283.2 283.0

Table 2. Variation in yield strength (in MPa)

with respect to the reduction ratio
along the transverse and the longitudinal
directions
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Specimen TO T6
R (%) L T L T
o 231.1 201.2 368.6 323.0
20 o e _ B
30 - S 356.2 339.6
40 - - - -
50 222.2 222.4 351.5 342.0
60 220.6 222.1 350.0 347.2
70 214.3 207.0 . o
80 209.0 207.0 o -

Table 3. Variation in tensile strength (in MPa)
with respect to the reduction ratio
along the transverse and the longitudinal
directions
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Specimen TO T6
R (%) L T L T
(0] 9.5 4.1 5.3 2.8
20 - - - -
30 = - 5.4 3.3
40 - - - -
50 9.4 7.3 4.6 4.0
60 8.5 7.0 4.8 47
70 6.4 6.9 2 -
80 7.4 7.6 1 -
Table 4. Variation in fracture elongation (in %)

with respect to the reduction ratio
along the transverse and the longitudinal
directions
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Figure 17. a) Variation of the yield strength
' of TO tempered composite
with respect to reduction ratio
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Figure 17. b) Variation of the yield strength
of T6 tempered composite
with respect to reduction ratio
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Figure 18. a) Variation of the U.T.S. of TO tempered
composite with respect to reduction ratio
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Figure 18. b) Variation of the U.T.S. of Té tempered
composite with respect to reduction ratio
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Figure 19. Variation of the fracture elongation
of TO and Té tempered composites
with respect to reduction ratio
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Figure 20. Optical micrograph
illustrating debonded interfaces
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Figure.20
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Figure 21. Particulate cracking

a) SEM micrograph

b) optical micrograph.
Note that the matrix is squeezed into the
broken particulate in regions indicated
by arrow.
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Figure.21
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Figure 21. (continued)

Q,

c) Particulate cracking in 40 % cold rolled
composite
Note the elongated grains in the rolling
direction
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Figure.21 (continued)
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Figure 22. Grain size of

a) as-received composite (Té6)
b) 30 % warm rolled composite (T6)
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Figure.22
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Figure.22. (continued)

c) 70 % warm rollde composite (T6)
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Figure.22
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Examination of the typical fracture surface of the
Sicp/Al composites, shown in Fig.23), reveals a large
amount of localized plastic flow in the matrix surrounding
each Sicp. Particulate pull-out and interface debondings
were rarely observed from the fracture surfaces of the
tensile specimens. Such a result indicates that the

bonding strength between SiC_ and Al matrix is very strong.

According to the investigatiin on the measurement of the
interfacial bonding strength of the Sicp/6061 Al |
composites, the lower bound value of the interfacial
bonding strength for the composites was determined as 1690
MPa [61], which is 30 times higher than the yield strength
of TO treated ( fully-annealed ) 6061 Al alloy and 7
times higher than the yield strength of Té treated
(artificially aged) 6061 Al alloy.

Some particulate cracking, which is formed perpendicular
to the direction of rolling, was observed from the fracture
surface of tensile specimen prepared by cqtting along
longitudinal direction [Fig.24].

Oon the other hand, the strength and the elongation in
the transverse direction were observed to increase after
early stage of warm rolling (up to 50 - 60 % of reduction )
and decrease afterward.

Both the redistribution of the Sicp clusters and the
formation of the preferential crack initiation sites (such
as interface debonding, particulate cracking, and porosity)

can be attributed to the changes in the mechanical
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Figure 23. Tensile fracture surface exhibiting
large amounts of locallized
plastic deformation
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Figure.23
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Figure 24. Fracture surface of the
longitudinal specimen

Particulate crackings are formed
perpendicular to the rolling direction.

Note : "A" particulate has no debonded
interface.
"B" particulate has debonded interface
which seems to be formed due to rolling.
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Figure.24
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properties in the transverse direction. The redistribution
of the sicp clusters, which results in more uniform
microstructure, appeared to be the main cause for the
improvement in the strength and the elongation. But the
formation of the preferential crack initiation sites is
considered to be the dominant factor for the decrease in

such mechanical properties.
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4.3 Failure mechanism of the Sicp/Al composites

under uniaxial tension

The failure mechanism of the SiCp/Al composites under a
uniaxial tensile load is analyzed in this section.

From the results of the tensile test, it is clear that
the addition of moderate amount of Sicp ( usually less than
30 % by volume) into Al matrix can result in significant
increase in the strength, and presumably the elastic
modulus, of the composites.

However, the addition of SiCP into Al-alloy results in
substantial decrease in the ductility, and consequently the
fracture toughness of the composites, a main drawback for
the wide use of most metal matrix composites reinforced
with ceramic reinforcements, even at low volume fraction
levels.

Recently, several studies have been carried out to
improve the ductility and the fracture toughness of ceramic
reinforced metal matrix composites. Nevertheless, large
differences in the properties of the matrix and
reinforcement cause large differences between reinforced
and unreinforced alloys. Such big discrepancies in the
ductility and the fracture toughness are considered to be a
consequence of the unique failure mechanism of the
discontinuously reinforced metal matrix composites. Such a
behavior is exactly opposite with the failure mechanism of

ceramic matrix composites.
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However, significant studies have not been carried out
so far on the failure mechanism of the SiCp/Al composite
system, or discontinuously reinforced metal matrix
compositets.

In 1986, Nutt and Duva [62] have carried out TEM studies
on SiC whisker reinforced Al alloy. They observed that the
void nucleated at the corner of the whisker ends and grew
towards the centers of the whisker ends. They did not
obseerved the void formation along the long sides of the
whisker/matrix interface, which is parallel to the tensile
direction.

From the above experimental results, void nucleation at
the sij/Al interface (i.e interface debonding) was
proposed as the failure mechanism of the Sicw/Al composites
and as a reason for the low ductility and toughness in such
composites [62,63].

In this present experiment, some debonded SiCp/Al
interface was observed at the side-surface of the specimen
located just below the tensile fracture surface. Debonded
interfaces, which are formed perpendicular to the tensile
direction, can be seen in Fig.25). This micrograph was
taken at the side-surface of the Sicp/Al tensile specimen
just below the fracture surface. The direction of
propagation of void due to debonded sicp/Al interface is
the same as that of the debonded SiC_ /Al interface observed

by Nutt and Duva.
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Figure 25. Debonded interface and particulate cracking
of tensile fracture surface
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Figure.25







73

Figure 26. Stress concentration
at the pole of the inclusion
during uniaxial loading
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Such a phenomenon of interface debonding can be
explained with the help of a simple model of "a rigid
spherical inclusion embedded in an elastic solid", shown in

Fig.26). 1If a tensile stress (¢ ) is applied on the

app'
system, the radial tension (arr i.e decohesion stress) at

the "pole" of the spherical inclusion (i.e at the point A

and A’) becomes intensified to a value of

opp = [ 2/(1) + 1/(4-50) Jeo o0 mmmms 19)

in the direction of the externally applied tension (o )

app
[64]. Substitution of v = 0.33 for the Al alloy gives
o = 1.9300a

rr PP

= 2e0

app
in the direction of the applied tensile loading. Such

stress concentration (radial tension) at the pole of the
rigid inclusion (Sicp) can attribute to the debonding of
the inclusion-matrix interface.

Although the void nucleation mechanism is an evident
operating mechanism for the failure of the sicp/Al
composites, this mechanism seems to be insufficient to
explain such a large difference in the ductility between
the reinforced and the unreinforced Al-alloy, since the
interface debonding due to void nucleation is a very rare
event as compared to the cracking of Sicp. The latter can
be observed from the metallographis and fractographis

observations provided in Figs.31) and 32).
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Another failure mechanism was suggested in 1987 by You
et al [65] who conducted an SEM examination on the tensile
fracture surface of the SiCP/Al composites. 1In you’s
study, the numbers of the cracked particulates and the
debonded interfaces were counted at the fracture surface.
From the analysis, the number of the cracked particulate
was found to be twice more than the number of the debonded
interface.

At the same time, intensive plastic deformation in the
matrix between SiCp was also observed from the side-surface
of the tensile specimen located just below the fracture
surface. According to the above observation, the matrix
failure was proposed as the dominant failure mechanism of
the SiCp/Al composites, i.e the cracking of SiCp or
debonding of SiCp/Al interface were attributed to the
matrix failure.

It is evident from Fig.27) that the crackings of SiCp
always preceed the matrix failure, although severe plastic
deformation can be observed in the matrix near the region
of particulate cracking. Therefore, the matrix failure
mechanism does not seem to be plausible for the failure of
the Sicp/Al composites.

In order to explain why the crackings of the Sicp
preceed the matrix failure, the model of "a spherical
inclusion embedded in the elastic material", which is under
uniaxial tensile loading , can be introduced again. If an

uniaxial tensile load (o ) is applied on such a composite

app
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Figure 27. Particulate cracking in a tensile specimen

Note : Arrow mark indicates the initiation of
crack propagation into matrix.
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Figure.27
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system, the tensile hoop stress (”00) is induced at the
"equator" (i.e BCDB’) in the same direction with the
applied tension. The stess distribution around the
inclusion is shown in Fig.28). The hoop stress (”95) at

the equator is given by Goodier [64].

4

gp = [ (27-150)/(14-100) Jeo ppy  —mmmmmoes 20)

5
Substitution of v = 0.33 for the Al alloy gives the tensile
hoop stress at the equator as

%90 = app
in the direction of the applied tension. However,
according to the Saint-Venant’s principle, the change in
the stress distribution is negligible at a distance larger
than the radius of the inclusion (or Sicp). Therefore, it
is evident from Eg.19) and 29) that once the external loal
is applied on such a composite system, an inclusion
embedded in a matrix acts as a stress raiser.

The Fig.29) shows photoelastic fringes developed around
the circular cavity, which enable the visualization of the
stress concentration near the cavity. It can be seen that
the colored fringes disappear very rapidly as one moves far
from the edge of the cavity. This pattern is in good
agreement with the Goodier’s solution. This indicates that
if elastic deformation is assumed for the SiCP and Al-
matrix during the initial stage of tensile loading, the

tensile hoop stress near the equatorial surface region of






78

Figure 28. Stress concentration
at the equator of the inclusion
during uniaxial tensile loading
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Figure 29. Visualization of the stress concentration
near the cavity under uniaxial tension

Note that the stress state in-between the
cavities (X) is higher than that of equatorial
region indicated by "¥".
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Figure.29
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the Sicp becomes at least twice higher than that of the
matrix far from the Sicp, while the stress in the matrix is

the same as the applied tension (o B Such stress

app’
concentration (tensile hoop stress) at the equator of the

Sicp gives rise to the cracking of the SiC_. Once the SiCp

)
has a crack in it, the constraint for the plastic
deformation of the Al-matrix will disappear. Then Al-
matrix near the sicp can now easily undergo plastic
deformation causing the opening-up of the cracked planes in
the SiCp as can be seen in Fig.27). This situation can be
considered to be same as the Al-alloy which has penny-
shaped flaw (or crack) in it. If the external tensile
stress is applied further, the penny-shaped crack will
propagate into the Al matrix due to the stress
concontration at the crack tip. This makes the matrix fail
easily and thus the ductility of the composites will
decrease substantially.

Based on the present study, the failure mechanism of
SiCp/Al composites can be summarized as follows:

Oonce a tensile load is applied externally on the
composite system, hoop stress and radial stress are
generated on the SiCp in direction of the applied tension.
Such stress concentration may cause cracking or interface
debonding. As more load is applied, the crack and debonded
interface, which are formed already, are easily opened-up
due to the plastic deformation of the matrix. New crack

will be developed in the matrix at the tip of the opened-up
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crack, propagate into matrix, be connected with nearby
cracks, and finally form a large void. The whole steps for
the failure mechanism is drawn schematically in Fig.30).
The SEM investigation was carried out on the side-
surface of the fractured tensile specimen to examine the
proposed failure mechanism. Figs.31) and 32) are the
micrographs of the side-surface of the tensile specimen
located below the fracture surface. Extensive particulate
cracking and debonded interface, formed under the applied
uniaxial tension, can be seen in this tensile specimen.

The cconnection of the near-by cracks into a large crack is

illustrated in Fig.31-c). The void formation can be
observed in Fig.32-a). Therefore, particulate cracking in
addition to interface debonding can be proposed as a major

contributor to the failure of SiCp/Al composites.
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Figure 30. The schematic diagram show1ng
the failure mechanism of SicC /Al composites
under uniaxial tension

a)

b)

cl

d)

£)
q)
g’)
h)

3)

Generation of tensile hoop stress (044)
at the equator of Sicp

Formation of crack plane in the SiC_ (Fig.27)

p

Opening-up of crack plane due to
plastic flow of Al-matrix (Fig.27)

Equivalent diagram of Fig.30-c)

Crack propagation inti Al-matrix due to
stress concentration build up at the crack
tip (Fig.27)

Generation of tensile radial stress (o
at the pole of Sicp

Formation of debonded interface

rr)

Opening-up of debonded interface
Equivalent diagram of Fig.30-g)
Crack propagation into matrix
Joining of cracks (Fig.31-c)

Void formation (Fig.32)
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Figure 31. SEM micrograph showing crack development
on a tensile specimen (Etched with dilute HC1)









84

Figure 32. SEM micrograph showing void formation
due to joining of cracks (arrow mark)
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Figure.32
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5. CONCLUSIONS
5.1 Strengthening Mechanism of Sicp/Al composites

1. Some plausible strengthening mechanisms, such as
Orowan strengthening, composite strengthening using the
modified shear lag theory, thermal strain hardening due to
enhanced dislocation density, and strengthening due to
subgrain and smaller grain, contribute to the enhanced
yield strength of Sicp/Al composites.

2. Composite strengthening, thermal strain hardening,
and strengthening due to subgrain were found to be major
contributors to the strengthening of Sicp/Al composites.

3. On the other hand, it is considered that the effect
of the Orowan strengthening is too small as compared to the
substantial increase in the yield strength observed in

such composites.
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5.2 Microstructural Features

1. As-extruded composites (10 % SiCp/6061—Al) exhibited
severely banded structure of SiCp clusters. Significant
redistribution of the Sicp clusters , which resulted in the
uniform distribution of such clusters, was achieved with
increasing reduction ratio by both warm and cold rolling.
Banded structure of SiCp clusters totally disappeared
beyond 60 % reduction.

2. The cold rolled composites exhibited the presence of
larger voids and debonded interfaces as compared to those
of the warm rolled composites. Such voids grew larger with
increasing reduction ratio.

3. In case of warm rolling, the composites could be
rolled down to as much as 85 % of reduction without forming
any edge crackings or surface scuffings. On the other
hand, in case of cold rolling, edge cracks and surface
scuffings were formed before 40 % reduction.

4. Both particulate cracking and interface debonding
were observed after rolling; Such features were more
predominant in case of cold rolling rather than in warm
rolling. There is strong tendency for the crack planes in
the particulate to be formed parallel to the direction of
rolling pressure, and perpendicular to the rolling

direction.
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5.3 Mechanical Properties

1. As-extruded composites exhibited anisotropic
mechanical properties in their longitudinal and transverse
direction. Such anisotropic mechanical properties result
from the microstructural inhomogeneity of the as-extruded
composites. Mechanical properties become more isotropic
with increasing reduction ratio; at about 50-60 % reduction
longitudinal and transverse directions possess the same
properties

2. Although a significant redistribution of SiCp
clusters was achieved after warm rolling, the principal
effect of the warm rolling on the mechanical properties was
to decrease the yield and tensile strength as well as the
fracture elongation in the longitudinal direction with
increasing reduction ratio. However, such properties in
the transverse direction were found to increase with
increasing reduction ratio up to 60 % and decrease
afterwards.

3. The decrease in the mechanical properties in the
longitudinal direction can be attributed to the growth of
pores, the interface debonding, the particulate cracking,
and the grain growth of the matrix during stress relief
annealing. On the other hand, the improvement in the
mechanical properties in the transverse direction may
be due to the redistribution of the Sicp clusters, which

results in more uniform microstructure.



5.4 Failure mechanism of the Sicp/Al composites

under uniaxial tension

1. Interface dedonding due to void formation at the
composites interface, which was proposed as a failure
mechanism of Sij/Al composites by Nutt and Duva, was also
observed near the pole of Sicp. Such an interface
debonding is considered to be formed due to the radial
tension induced at the pole of siCP; the magnitude of this
radial tension is almost twice that of the applied tension.

2. The matrix failure mechanism proposed by You et al
does not seem to be plausible for the failure of the
SiCp/Al composites, since the crackings of SiCp were found
to always preceed the matrix failure.

3. Tensile hoop stress induced at the equator of Sicp
appears to be responsible for the cracking of sicp. The
magnitude of the hoop stress was found to be at least twice
as large than that in the matrix.

4. Once cracking of SiCp and debonded interface are
formed by the applied tension, such cracks can easily be
opened up, connected with each other, and at last make a
large void under further applied stress.

5. Particulate cracking under uniaxial tension appears
to be a more dominant failure mechanism of the Sicp/Al
composites rather than the void nucleation mechanism at the
interface, since the number of cracked sicp was observed to

be more than that of debonded interface.
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