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The correct interpretation of the tensile strength
of short fibre-reinforced composites

W. J. BAXTER
General Motors Corp., Research & Development Center, Metallurgy Dept., 30500 Mound
Road, Bldg. 1-6, Box 9055, Warren, Ml 48090-9055 USA

An analytical method of calculating the tensile strength of composites, with perfectly
bonded and randomly oriented short fibres, was described recently in this journal by Zhu
et al. [1]. When comparing the calculations with experimental results for aluminum alloys,
reinforced with Al,O3 fibres in a three-dimensionally random array, the conclusions were
incorrect. The authors did not recognize that in this type of composite, the transverse fibres
often delaminate. This paper describes an alternative and simpler method of calculating the
tensile strength, which includes both perfect bonding and the effect of delamination. This
method has been applied previously to two-dimensional random systems and is here
extended to three-dimensional systems. The calculated values of strength are in excellent
agreement with the experimental values quoted by Zhu et al. Further support is provided
by comparisons with more extensive data for other metal matrix composites. General
conclusions for a three-dimensional random system are that: (i) perfect bonding will only
provide a modest increase of strength; and (ii) delamination of the transverse fibres will
drastically reduce the strength and cannot be tolerated. © 17998 Kluwer Academic
Publishers

1. Introduction directly to the fibres and the remaining 80 MPa to the
One of the primary advantages of composites conmatrix. But they fail to mention that the unreinforced
taining discontinuous, or short, fibres is the increasalloy has a tensile strength of 143 MPa! Thus, we are
of tensile strength endowed by the reinforcements. Irexpected to believe that the addition of the fibres has
this regard the orientation of the fibres is particularlysomehow reduced the matrix alloy strength by 63 MPa.
important, and to obtain isotropic properties the fibresSuch an effect would be difficult to explain other than
are randomly oriented either three-dimensionally or inby invoking serious macroscopic defects, such as in-
a planar two-dimensional array. The tensile strengttcomplete metal infiltration of the fibrous preform dur-
of such a system can be calculated from a knowledgéng casting. Alternatively, their calculation of the direct
of the properties of the components: i.e. fibre, matrixcontribution of the fibres is incorrect.
and interface. Recently Zhet al. [1] have proposed The second example considered by Zétual. is
a new analytical method, which includes not only an aluminium-7 Si alloy reinforced with 20% volume
the direct mechanical contribution of the fibres, butfraction of Saffil fibres having a tensile strength of
also other factors such as the residual stresses aB7 MPa [2]. Their interpretation of this result focuses
strengthening mechanisms in the matrix, which areon the need for thermal stress induced dislocations in
difficult to quantify. However, from comparisons with the matrix. But they totally ignore the simple fact that
some experimental data from the literature [2], theythe unreinforced alloy had a tensile strength of 312 MPa
conclude that the direct mechanical contribution of[2]; i.e. the addition of the fibres resulted in a substan-
the fibres is the dominant component. This is certainlytial reduction of strength. Their model does not explain
true for most systems except, as they point out, for thehis result and their interpretation is totally wrong.
extensive work hardening of a pure aluminium matrix. Before the paper by Zhet al.is quoted by others, itis
However, some of their other conclusions are invalidimportant to correct the above fallacies. This can be ac-
and are the motivation for this paper. complished very simply. Firstly, it must be recognized
Zhu et al [1] focused their attention on three- thatthe interfacial bond between aluminafibres andalu-
dimensional (3D) randomly oriented systems, and fronminium alloys is not always perfect (as assumed by Zhu
the rather limited experimental data available, they seet al), so that failures may be initiated by delamination
lected two examples [2] of aluminium—silicon alloys of the transverse fibres, i.e. those aligned perpendicu-
reinforced by AyOs fibres (Saffil [3]). One example larly to the stress direction [4]. (The importance of this
is an aluminium-12 Si alloy with 25% volume fraction factor, and the need to characterize the fracture mode,
fibres having a tensile strength of 163 MPa (165 MPa irwill be described in more detail in a paper currently
the original reference). Their theory attributes 83 MPain preparation.) Secondly, several years ago this author
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[5] described a simple model for calculating the tensileThus the maximum strengthod(max)) of a ran-
strength of randomly oriented short fibre compositesdomly oriented short fibre composite is calculated by
which accounted for this delamination as well as thesubstituting Equations 2-5 in to Equation 1 and inte-
perfectly bonded system. At that time the model waggrating. For a 2D planar random system

applied very successfully to two-dimensional systems,

and shown to be in good agreement with a variety of ex- 2 ("2

. : ) Oc= — o(0)de (6)
perimental data. Itis now opportune to apply this model 0
to 3D systems, such as those considered byeital ]

while for a random system
/2

2. Calculation of the ultimate tensile strength oc = / o (6) sing do (7)
The method of calculating the UTS was described in 0

detail previously for a two-dimensional (2D) system

Eﬁ]’ SO ontly an C;Lt’ﬂinet is giveg he:cre. Itis baied .liﬁoninterfacial bond is most likely to break down for the fi-
€ anisotropy of the strength(6) of a composite wi bres oriented perpendicularly to the applied stress. If

aligned continuous (long) fibres, which is described by laminati tast then Equa-
the Tsai—Hill equation [6] delamination occurs at a stress < o, then Equa

tion 5 no longer applies. In fact, when such delami-
cod o 1 1 nation occurs in an aligned composite, the transverse
o(0) = [ [ ]sinze cos 6

Forrandomly oriented fibres, the assumption of a strong

strength can be approximated by representing each fibre

of 2 of as a cylindrical hole in the matrix [9], i.e.
—-1/2
N sin“e} / " o = om[1 - 2(Vi /m)¥?] ®)
2
oT Substitution of this expression in lieu of Equation 5

wheres is the angle between the fibres and the directiorY!€!ds alowerlimitof the composite strengti (min)).
of the applied loady, is the strength wheft = 0°, ot
is the strength whefh = 90°, andr is the shear strength . . .
of the composite. 3. Compgrlson vylt_h experiment
This relationship is applied to a short fibre composite3- 1. Saffil/Aluminium

by substituting the following well-known equations [7] !tis useful to begin with the general predictions of our
for o, model for composites containing Saffil fibres. These

fibres have a strength of 2 GPa, an average diameter of
. e 3umand areinitially 50:min length [2, 3]. However,
oL = Viof [1 - z_g} 1= Vilom  foré=t after processing into a composite, the average length is
(2) reduced typically to 9Qum [10], so we will use this
value. The example in Fig. 1 shows the effect of fibre
volume fraction on the tensile strength for a matrix
_ ¢ strength of 300 MPa, which is typical of aluminium
oL =MV TR [1=Vilom — foré=te alloys at 20°C. As expected, there is a large difference
in strength between the 2D and 3D systems. (How-
ever, the 3D strengthening is isotropic, whereas the 2D

or

whereV; is the volume fraction of the fibre;s is the
strength of the fibre{ is the length of the fibregy, is
the strength of the matrix ant}, the so-called critical
or ineffective length is given by 500 [ Safiil

tc ot - | 5;=2GPa 1/d=30 20 o (max)
d 27 g,) 400 I~
whered is the fibre diameter angl is the shear strength % K 3D o¢ (max)
of the fibre matrix interface. o 300
To calculate the upper limit of strength, it is assumed% B 2D o (min)
that a strong interfacial bond is formed so that both o 599 |-
andz; will be maximized, namely they will be equal to g |
the shear strength of the matrix 5 100 3D o (min)
T=1T =Tn (4) |
The value ofry, is set equal to 0.657,, which is typical ' ' ' ' |
for aluminium alloys [8]. o1 02 03 04 05
Similarly, the maximum value of the transverse Fibre volume fraction (%)

Str?ngth (TT) will be the tensile Strength of the r_natrlx, Figure 1 The effect of the volume fraction of Saffil fibres on the calcu-
which is taken to be equal to that of the unrelmcorcedlated values of ultimate tensile strength, for composites with a matrix

alloy strength typical of aluminium alloys. The curves correspond to perfect
bondingo (max) and transverse fibre delaminatigr(min) for 2D and
or(max)= on (5) 3D randomly oriented fibres.
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TABLE | Theultimate tensile strength of two aluminium alloys rein-  systematic studies. This has been done previously for
forced with Saffil fibres randomly oriented in three dimensions. Exper-zD random systems [5] where the experimental data
imental values from Friend [2]. Calculated values for perfect bondingiS more plentiful than fO,I‘ 3D random systems How-
ever, we are aware of three studies of 3D composites in
which the fibre properties;, Vi and¢/d are specified,

and where the unreinforced alloy has been processed in

and delamination of the transverse fibres

Tensile strength (MPa)

) Calculated
Fibre volume _ : the same manner as the composite.
Alloy fraction (%) ~ Experimental o (max)  oc (min) Jones and Wawner [11] reinforced 332 aluminium
A-12Si 0 143 _ _ with chopped FP AlO; fibres ¢t =14 GPa and
Al-12Si 25 165 167 107 ¢/d = 10), producing a 3D random system by com-
A-7SI 0 312 — — pocasting. Some of their results are plotted in Fig. 2,
A-7Si 20 237 349 235

which shows the effect of fibre volume fraction on the
tensile strength. At both 2@ and 370C the fibres

. . ) onfer only a modest increase in strength. The two
system is strengthened only in the plane of the flbres.i y d

L ~>-curves show the calculated valuegp{max) and are in
For a 2D system the strength is increased SUbStam'a”gxcellent agreement with the experimental data. Thus

Swve conclude that a strong interfacial bond was achieved

dplaminate, the s_trength is virtually independent of the(i.e.ai ~ om). Note that the modest degree of strength-
fibre volume fraction. For a 3D system strongly bondedening is the most that can be realized with this system,
fibres provide a modest increase of strength, but if th

! X ecause the critical length is comparable to the fibre
transverse fibres delaminate the strength decreases W?@hgth 0. gt P

incrﬁasing fibre voI:Jme flraction._ I The results of Dastal.[12] for Nicalon 1 = 3GPa,
The experimental results considered by Zhal.can 4 _ 50 reinforcement of a zinc alloy are plotted in

now be explained correctly. The Al-12 Si alloy was gy 3 and are of particular interest because at“ZD0
strengthened by the Saffil fibres, indicating a strong

interfacial bond. The Al-7 Si alloy was weakened by
the addition of Saffil fibres, as would result from de-

lamination of the transverse fibres. This interpretation
is confirmed quantitatively as summarized in Table I:
the strength of the Al-12 Si composites agrees with
the calculated value af; (max), while that of the Al-7

400

Strength

¢ Jones and Wawner

o

20C

r/’_—_T__T,_—T_—’_

Si composite corresponds to the calculated value of (MPa)

oc (min). Further, this excellent agreement between the
calculated and measured values of tensile strength is ob-
tained without recourse to other factors such as residual
stresses, dislocation densities, etc. showing that they are
not significant. Thus, we agree with Zletal. that the
dominant component of strengthening is the direct load
sharing mechanical contribution of the fibres, but it is .
absolutely essential to characterize the mode of failure

by fractography and to incorporate this information into

any model calculation of tensile strength. Figure 2 Effect of volume fraction of FP AlO3 on the strength of 332

It is noteworthy that the experimental results quotedjuminium. The experimental data of Jones and Wawner [€)Lkte
above [2] were obtained from composites formed bycompared with the calculated valuese{max) for a 3D random system

liguid metal infiltration of a Saffil fibre preform. Thus with perfect bonding.
the arrangement of the fibres is dictated by the method
of preform fabrication, and the fibre distribution often

200 gc(max) 3D

/

1
0.1
Volume fraction

approximates a 2D planar array. However Friend [2] [ © Dasetal

examined the Saffil preforms with a scanning electron A

microscope and characterized the fibre distribution as 400r o _(min)

approximating to a 3D random system. This observa-  strength < °

tion is consistent with the analysis presented here. On (MPa) | ° o 205

the other hand, if for example, the Al-7Si alloy is re-

inforced with a 2D array of fibres, then examination of 200

Fig. 1 shows that the tensile strength will either increase o 200°C

substantially (2».(max)) or be essentially unchanged L < S

if delamination occurs (2B¢(min)); both these options o (max)

are contrary to the experimental result (Table I). ! o|2
0.1 .

Volume fraction

3.2. Other aluminium CompOSIteS_ .. . Figure 3 Effect of volume fraction of Nicalon fibres on the strength of
To add credence to the above analysis of two individ= zinc alloy. The experimental data of Detsal. [12] are compared with

ual composites it is appropriate to evaluate other morealculated values for a 3D random system.
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15+ + 20 4. Conclusions
- \ 1. Calculated values of the strength of metal matrix
e L composites, reinforced with short fibres randomly ori-
mo L ° o aD ented in three dimensions, are in good agreement with

- experimental data.

2. For a perfectly bonded composite, a 3D random
system will produce a modest isotropic increase of
strength.

3. If just the fibres perpendicular to the stress di-
rection delaminate, the strength of a 3D composite is
always less than the non-reinforced material.

4. The strength of a 3D random system is substan-
tially less than that of the in-plane strength of a 2D
random system.

I I I
200 400 600

Matrix strength (MPa)

Figure 4 The effect of the strength of the unreinforced matrix alley)X

on the strength of a compositg:§ with 20% SiC whiskers. Experimental
data from Morimotoet al. [13] (+) and Sachdev and Gerard [14])(
Lines are calculated values for 2D and 3D random systems with perfec
bonding.
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