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Abstract:

The influence on the stiffness modulus of composites exerted by the volume fraction of

reinforcers, asped ratio, the modulus ratio of the whisker to the matrix, the effect of reinforcers

orientation and heat treatment state is discussed, the quantificational relations between micro-

structure parameters of the shortfiber/w hisker reinforced metal matrix composite and its macro

mechanical properties are built, and an optimal design method of microstructure parameters about

original isotropy and singularity tropism distribution of the whisker reinforced metal matrix com—

posite is developed. Typical optimal design examples concerning the micro—structure parameter of

this kind of material are presented.
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T he composite property has a close relation
with the volume and micro-structure parameters
of reinforcers. How to derive the composite
macro mechanical property from micro—structure
physical and geometrical parameters, and, in re—
turn, how to do an optimal design for the micro-
structure parameters according to mechanical
properties of composites; both problems are of
great concern but are not solved very welll "2
In recent years, the meso-mechanics has
been applied to composite research and the rela—
tion between the composite material micro-—struc—
ture and macro mechanical property has been
built upl} Y. For exam ple, for a small aspect ra—
tio and low volume fraction, the elastic property
of the whisker or grain reinforced composite can

be perfectly predicted by Eshelby equivalent in—
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A modified shear lag model
has been employed for property prediction of the
short fiber reinforced composite with higher as—

-8
', But for

pect ratio and low volume fraction'’
the composite material used in practical engi-
neering with high volume fraction reinforced,
the property prediction is difficult'”. The pre—
diction theory concerning the mechanical proper—
ty and optimal design of the composite material
can provide theoretical foundation for reasonable
material design and utilization, and promote
wider application of composites. All these ques—
tions are crying out for solution.

The influence of tropism distributing of
short fiber/ whisker on the material macro prop-
erty was calculated in Ref. [ 10], in which the

space location distributive randomicity of short
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fiber/ whisker and the strain distributive detail in
the end of reinforcers were neglected, and stiff-
ness tensor expression of the composite was de—
rived by introducing a matrix and reinforcers’
deformed availability coefficient and tropism dis—
tributing density function of reinforcers; with
this function the stiffness tensor of the compos—
ite in engineering can be predicted in the condi-
tion of arbitrarily tropism distributing rein—
forcers and arbitrarily deformed condition. T he
upper limit and lower limit of the composite ma-
terial stiffness correspond to an equal strain
model ( mixed theorem) and equal stress model
respectively; arbitrary values of the stiffness
module from the upper limit to low limit corre—
spond to a set of specific availability coefficients,
so that the predictive precision can be guaran—
teed "

Based upon a prediction theory[ . the
quantificational relations between the micro-
structure parameter of the whisker reinforced
metal matrix and macro mechanical property are
built in this paper.- Aimed at com posite materials
with original isotropy (random tropism dis—
tributing reinforcers) or singularity tropism,
with given material macro mechanical property,
an optimal design of micro—structure parameters

was implemented.

1 Deformed Statistical Character and
Strain Energy of Reinforcers and

M atrix

The reinforcer deformation characteristic
parameter X is defined as the ratio of the average
root-mean—square strain of whiskers to the
macroinear strain along the same direction,

written as

A= o (D

where @ is the root-mean-square strain of rein—
forces oriented in [ direction, as shown in Fig. 1,
and € the macrodinear strain along the same di-
rection.

It can be proved that on condition of eiastic

ZzZ

X

Fig-1 Schematic diagram of whisker orientation

deformation, X depends on the volume fraction of
reinforcers, aspect ratio and modulus ratio of the
reinforcers to the matrix only, and it is indepen-—
dent of macro deformation. Ar is an intrinsic
characteristic parameter of the composite and

10
can be expressed as' "

En L
M= fEE (2)

where Vris the volume fraction of whiskers in [
direction; I and d are the average length and di-
ameter of reinforces respectively; Er and Ew are
the elastic moduli of whisker and matrix respec-
tively.

From Ref. [ 10], the strain energy in unit

volume of composite is

Wp = %A?n VmS(m) ijrst Es + %Efej € X

™2

ﬁ:%(‘ 0, B 06, Brnnndod®  (3)

where the definitions of Pand 8 are shown in
Fig. 1; PA(6, d) is the reinforcer orientation densi—
ty function; ni(i= 1,2, 3) is the directional con-
sines of a unit vector, and satisfies
n= sinRosO
n2= sin®Rind (4)
n= cos®
Am is an intrinsic characteristic parameter of the

matrix; for composites with singular direction

distributing or random tropism reinforcers,
there exists

MV + AVi= 1
L. e. 1- ViXk (5)

Am:—

Vm

The stiffness tensor of the composite can be

obtained by performing twice differentials to Eq-
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(3), that is
2
S(c)ijrx = )\meS(m)ijrs +

E_f};&(_& ()? (6, (Ia ninjnnd@dP (6)

Specially, when reinforcers randomly oriented in
X-Y plane, the simple expression for the stiff-
ness tensor can be written as

2
S(c)ijr.s = Am VmS(m)ijn‘ +

Jiff('e) (0 ninynen.d@ (7)

where 0 is the angle of whisker orientation and
X axis.

After the micro-structure physical and geo—
metrical parameters of the composite and rein-
forcer orientation density function are known,
by Eqgs. (6) and (7), the stiffness of the com-
posite can be predicted. Based on the stiffness
prediction theory mentioned above and knowing
the stiffness tensor of the composite, the struc—
ture parameter of the composite can be opti-

mized.

2 The Influence of Micro-structure
Parameter of M aterial on the

Stiffness of Composite

The optimal design for micro-structure pa—
rameters of the composite includes physical and
geometrical parameter optimization. T he process
of selecting material is the optimal process for
physical parameters. When the reinforcer and
matrix are fixed, the physical parameters can be
obtained uniquely. For special composites, the
same macro property can be achieved by differ—
ent combinations of geometrical parameters, so
the process, deciding the volume fraction of re—
inforcers, aspect ratio, oriented distribution and
heat treatment state, is the optimal process for
geometrical parameters of the composite.

Optimal design is based on building the
quantitative relationship of micro-structure
physical and geometrical parameters of the com-

posite to macro mechanical properties, so first in

the following, the influence of the geometrical

parameter on the stiffness of the composite is an—
alyzed. It should be noted that because the inter—
face of the whisker reinforced metal matrix com-
posite is conjunctive well, belonging to a strong
interface, the influence of the conjunct intensity
of the interface on the macro property is neglect—
ed in this paper.

2.1 The influence of the volume fraction of re-
inforcers, aspect ratio and modulus ratio
of reinforcers on the stiff ness of composite

It can be known from Eqs. (6) and (7) that
all parameters which influence & must do work
to the stiffness of the composite. According to

Eq. (2), it can be known that the volume frac—

tion of reinforcers, aspect ratio and modulus ra—

tio of the reinforcers to the matrix should influ-
ence A. By using the 2-D network model'”, the
influences of these aforementioned material pa—
rameters on X were investigated; the simulative
results were shown in Fig.2. By using the least
square method, the regression formula of A, in
the range of linear elastic deformation, can be

3
expressed as'"!

E (0.84— 0.03%—3
A = 1.4(0.94+ 0.3V0)| ="

Er
(8)
(Vi:5% - 40% ,L/d:3 - 15 En/E: 0— 1/3)
where L and d are the average length and diame—
ter of reinforces respectively. The aspect ratio of
reinforcers means L/d, and the same here-
inafter. In this analysis, the modulus of the re—
inforcer is assumed higher than that of the ma-
trix, the modulus ratio of matrix to reinforcer
ranging between O and 1/3. Those aforemen-—
tioned material parameters have a linear influ-
ence on A. In Fig.2, the comparison of two re—
sults predicted by regression formula Eq. ( 8)
and network model respectively, X, changing
with L/d and Ew/E:, is provided, and it can be
seen that the two results agree well.
Effective load undertaken by reinforcers
would increase with the increase of the volume
fraction and aspect ratio, so X would increase

and the stiffness of the composite would also in—
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crease. Af increases with the increase of moduli of
matrix modulus to reinforcers modulus, which
means that the closer the modulus of the matrix
is to that of the reinforcer, the more easily the
performance potential of those two would be

brought into play sufficiently-.
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Fig. 2 The curve of A;versus L/d and E,./E;

2. 2 The influence of tropism distributing of
reinforcers on stiff ness of composite

The tropism distributing of reinforcers can
be changed by mature technics in engineering,
the quantitative analysis of the influence of
tropism distributing of reinforcers on the stiff-
ness of the composite has an important practical
significance.

When reinforcers are unidirectionally orient—
ed, the orientation density function can be ex—
pressed by a unit pulse function, i.e. P(6, d? =
Vid( 0, W2). Provided that reinforcers are ori-
ented in X —axis direction, from Eq. (6), it is
known that the stiffness modulus of the compos—
ite in X-axis direction is as follows

St = AnVaSmnu + AViE (9

If A= A= 1, Eq- (9) is changed into the fa—

mous mix law, which can provide the maximum

value (upper limits) of the stiffness modulus of
the composite

When whiskers oriented randomly in 3-D
space, P(6, ¢]= Vi/2m, from Eq. (6) it can be
yielded that

St = MVaSwmin + NViEr 2L_H_><
2 om
ﬁs os 8161 P=
XV (min + L2\12’VfEf (10)

5

Comparing Eq. (9) and Eq. (10), one can
find that the contribution of reinforcers to the
stiffness of the composite, when whiskers ori-
ented randomly, is only 1/5 as that when rein—
forcers are unidirectionally oriented. So to adjust
the tropism of reinforcers is an effective method
for providing the stiffness modulus of the com-
posite.

For instance, aimed at SiCw/ Al whisker re—
inforced metal matrix composite, the influence
of the tropism distributing of reinforcers on the
stiffness of the composite is quantitatively ana—
lyzed. The stiffness modulus of the matrix and
reinforcer are 70 GPa and 450 GPa; the volume
fraction of reinforcers is 40%; the aspect ratio is
10. By Eqgs. (8) and (3), X and An are calculated
out to be 0.54 and 1. 3 respectively. According
to Eq-(9), the stiffness modulus of the compos—
ite is 130.5 GPa when reinforcers are unidirec—
tionally oriented. Where the first item in Eq.
(9), i.e. the contribution to the stiffness of the
composite about the matrix is 78GPa, the second
item, i-e- that about (of) reinforcers is 52.5
GPa. According to Eq. (10), thestiffness modu-
lus of the composite is 88.5 GPa, the contribu-
tion of matrix and reinforcers are 78 GPa and
10.5 GPa, and thus the contribution of rein-
forcers just takes 12%. So the stiffness of the
composite would not increase remarkably with
reinforcers leading in the metal matrix. In order
to achieve a higher modulus, the reinforcers
must arrange directionally.

The methods to adjust tropism "of Trein—
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forcers used in engineering practice are heat ex—
trusion, forge, rolling and so on. For instance,
with heat extrusion, the directional arrangement
level of reinforcers is controlled by the ratio of
extrusion. The higher the ratio, the more re-
markable the effect of directional arrangement.
But the aspect ratio of reinforcers would de-
crease with the ratio of extrusion increasing, so
the effect of reinforcement would be weaker than
before. It is obvious that the ratio of extrusion is
a parameter needed to be optimized in engineer—
ing practice. The relationship between the ratio
of extrusion and tropism of reinforcers is shown
in Fig.3. It can be seen that when the ratio of
extrusion reaches 16, the tropism of reinforcers

is very close to unidirectional arrangement.

50
401N k=16
30 AN
S 2 \\\
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Fig. 3 Theratio of extrusion and tropism of reinforcers

2.3 The influence of matrix on mechanical
properties of metal matrix composite

" that the

The earlier research indicated
dislocation density of the matrix is between 10"
— 10"m™? in metal matrix composites, 10— 100
times that in the original matrix metal; mean-
while, the crystal size in the matrix changes into
a smaller size evidently with introducing rein-
forcers. The matrix material in the composite
fills in the gap between the reinforcers mainly,
the size of matrix crystal matches with the gap
between reinforcers. For instance, aimed at
ScWu/ Al whisker reinforced composite, the gap
between reinforcers matched with the diameter
of reinforcers, is about lpym, but the size of
crystal in the matrix material is above 10um.
Hence it is obvious that the matrix material in

the composite differs Trom the pure matrix mate—

rial. If this difference is ignored, the theoretical
prediction of properties will be low er'.

In addition, for the metal material that heat
treatment can be applied to, the mechanical
properties can be improved by succedent heat
treatment. For instance, aimed at whisker rein-
forced aluminium matrix composite, the matrix
material always is the forging aluminium alloy or
casting aluminium alloy. Not only has this alloy
favorable fluidity and moulding, but also the
mechanical properties can be improved by heat
treatment.

The solution treatment and ageing treat—
ment are popular methods for heat treatment.
The purpose of solution treatment is to obtain
metastable supersaturation, and the purpose of
ageing treatment is to let new phase precipitate.
Because the precipitative phase sometimes is not
a balance phase in the phase picture, but a
metastable phase or congeries of solute atoms,
the intensity and rigidity can be improved re-
markably by this way.

The analysis above indicates that the differ—
ence between the matrix material in the compos—
ite and pure matrix alloy should be considered

for predicating reasonably mechanical properties

of composites.

3 Optimal Design for Whisker/ Short
Fiber Reinforced Metal

Matrix Composite

According to the quantitative relationship
derived above between the physical and geomet—
ric parameters of micro structure in the compos—
ite and macro mechanical properties, the micro
structure parameters in the composite can be
chosen when the stiffness tensor is known.

3.1 The estimation of micro structure
parameters

In order to do optimal design for the micro
structure of the matrix and reinforcers, the up—
per limit and lower limit of the stiffness in the
composite should be calculated out first using

limits “of these parameters, and it ‘'should be
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made sure that the stiffness value is in between

the upper limit and lower limit.

For unidirectionally whisker reinforced
. S(my111
composites, when Ar = S Vi + EfVm’)‘m =

Er . .
S Vit EiVm the stiffness modulus in Eq.

(9) takes a minimum. WhenA = A= 1(0< A
= 1), the stiffness modulus takes a maximum,

[11]
expressed as

St = VaSmun + ViEs (11)

There must exist a specified Ar and Am corre—
sponding to a stiffness value which is between
the upper limit and lower limit. That means
there must be a group of or some sets of physical
and geometric parameters of micro structure that
can satisfy the stiffness need of the composite.
3.2 The typical examples for optimal design of

composite

Example 1. The stiffness modulus of the
composite is not allowed to be below 300GPa.

The matrix and reinforcers are chosen first,
so that the stiffness moduli of the matrix and re—
inforcers are confirmed. In this example the re—
inforcers are chosen as SiC whisker and the ma-
trix material is chosen as Al or Ti alloy. T heir
stiffness moduli are 480GPa, 70GPa and 120G Pa
respectively. As the required stiffness of the
composite is far greater than the one of the ma-—
trix, the volume fraction of reinforcers takes the
upper limit, i.e. 40% . From Eq. (12), the up-
per limit values of the stiffness modulus in the
composite are 238GPa and 264G Pa respectively,
which can not reach the required value, 300GPa,
so a matrix and reinforcers having higher modu-
lus were selected.

The carbon fiber whose stiffness modulus is
800GPa is chosen as the reinforcer and the Al al-
loy as matrix. T he volume fraction takes the up-
per limit, 40%. From Eq.(11), the upper limit
value of the stiffness is obtained, 362GPa, and
greater than the required value 300GPa. Accord-
ing to the above analysis, the stiffness modulus

in some direction of this kind of composite may

reach 300GPa. The aspect ratio of reinforcers
takes 15; according to Egs.(3) and (8) Xand A»
are 0.574 and 1. 284 respectively; according to
Eq- (9)

181. 6G Pa.

the stiffness of the composite is

In the above example, though the required
stiffness of the composite is located between the
upper limit and lower limit, the short fiber rein—
forced composite with stiffness modulus greater
than 300GPa, can not be obtained in engineering
practice because of the limit of manufacture
technique. For obtaining the composite that pos—
sesses higher stiffness modulus, better property
reinforcers and new manufacture technique must
be developed to increase the volume fraction of
reinforcers and the aspect ratio of reinforcers.

By the way, the stiffness modulus of the
matrix in the compositeis 1.1 times greater than
the one in the pure matrix alloy as the difference
being considered between them.

Example 2. The stiffness modulus in a cer—
tain direction is required to be 90, 95, 100, 105,
110, 115 and 120GPa above.

The stiffness modulus of the composite
above is as 1. 5— 2 times as that one of Al alloy.
So Al alloy is chosen as the matrix and SiCw/ Al
whisker as the reinforcer; their stiffness moduli
are 70GPa and 450Gpa respectively. Only the
stiffness modulus in one direction is required, so
the tropism distributing of reinforcers is unidi-
rectionally. The volume fraction takes the lower

L _ S(my1111
limit 5%. & = SVt EVw Ao =

Er
SwnunnuVi+ EtVm’

er limit of the stiffness modulus is 80GPa. If the

according to Eq. (9) the low-

volume fraction takes the upper limit 40% and As
= &= 1, according to Eq. (11) the upper limit
of the stiffness modulus is 226GPa. Because the
required modulus is between the upper limit and
lower limit, the specific X and A» are correspond-
ing to the required modulus value.

with the

In the following, for instance,

stiffness  modulus “of  the composite being
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100GPa, the optimal designing process for geo—
metric parameters is shown.

The stiffness moduli of the matrix and rein—
forcer are 70GPa and 450GPa respectively. Sub-
stituting Eq. (5) and the material stiffness mod-
ulus into Eq. (9) yields

270> 1.1
(1- V)

The unknown variable in Eq. (12) is the

volume fraction of reinforcers Viand Ar. If Vi is

(1- AV + 450V = 100(12)

fixed, Xis fixed on exclusively. T his means if V¢
takes any value between 5% - 40%, there will
be a specific & corresponding to this Vi. Fixing
the volume fraction of reinforcers, the equation
about X can be obtained

(ViEr + VIEw/ (1= V)N = 2ViEu/

(1= V)Xx+ En/(1- Vi) = Ec= 0(13)

T he variational range of the volume fraction
of reinforcers is 5% 40% . If Vi= 20%, X is
0. 49.

According to Eq. (8),

Lid= 28- (Ink¥- Inl.4- In(0.94 -
0.3V¢) /(0. 03ln(Ewn/ Ex)) (14)

Substituting Vi, A, Em, Efinto Eq. (14),
the aspect ratio is obtained as 8.2, which is in
between the range 3— 15 being in the variational
range of the aspect ratio-

When the volume fraction of reinforcers
changes, the analysis for Egs. (13) and ( 14) will
be repeated, so that the corresponding Ar and L/
d can be obtained- Maybe many combinations
could reach the same property required; all fea—
sible combinations satisfying the stiffness re—
quirement and design process are shown in
Fig. 4.

(1) If the volume fraction of reinforcers is
known, the process calculating the aspect ratio
is shown as arrowhead 1 in Fig. 4. X can be ob-
tained from Eq. (13), and L/d can be obtained
from Eq. (14).

(2) The aspect ratio of reinforcers can be
fixed first, then the volume fraction can be cal-
culated. The process is shown as arrowhead 2 in

Fig. 4. "According to Eqs:(13) ‘and ('14), Viand

Arcan be obtained.

(3) After the aspect ratio and volume frac—
tion of reinforcers are fixed, the stiffness modu-
lus of the composite could be fixed on exclusive—
ly; this process is shown as arrowhead 3 in
Fig. 4.

In engineering practice, according to the re—
quirement for the stiffness modulus of the com—
posite, the corresponding variational curve of
micro structure parameters can be drawn simi-
larly with Fig. 4, so as to built a quantitative re—
lation between the micro structure parameter
and material macro property, and then the opti-
mal design to(for) micro structure parameters of

the composite can be realized.

TN
3 8 N\

1 \VNRA

DO 105 110 115 120

005 015 025 035 0.45

Fig.4 The effectiveness of micro-structure

parameter to properties of composite

4  Conclusions

(1) For predicting mechanical properties of
the composite reasonably, the difference be-
tween the matrix in the composite and pure ma-—
trix alloy should be considered.

(2) When whiskers are oriented randomly,
the reinforcement effect is only 1/5 as that when
reinforcers are unidirectionally oriented. The
stiffness modulus of the composite does not in—
crease remarkably following the increase in the
volume fraction of reinforcers.

(3) Based on the prediction theory built in
this paper, the optimal design of micro structure
physical and geometrical parameters of the com-

posite can be realized,
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