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By using the single carbon-steel fibre-copper matrix composites, the important par- 
ameters controlling dislocation motions in the fibre, matrix and composite, namely flow 
stress, internal stress, effective stress, change in flow stress due to change in strain-rate or 
temperature, stress exponent of strain-rate, effective stress exponent of dislocation vel- 
ocity, activation volume and activation enthalpy were measured at the stage in which the 
mechanical interaction between the components was negligible. It was found that all the 
composite parameters were determined only by the properties of the components and 
for each parameter, a modified rule of mixtures was derived. 

1. Introduction 
On a macro-scale, much of the deformation behav- 
iour of fibre-composite materials has been shown 
to obey the rule of mixtures (ROM) [1, 2], i.e. a 
property of a composite as a whole is determined 
by the volume-fraction weighted sum of that prop- 
erty for fibre and matrix. However, macro-scale 
study deals only with the apparent macroscopic 
properties and fails to clarify the essence of defor- 
mation, since the deformation behaviour of com- 
posites is essentially connected to dislocation 
motions in composites. Not only in the light of 
macro-scale study but also in the light of dislo- 
cation motions, the deformation behaviour of 
composites should be investigated. 

Recently, the dynamic nature of  plastic defor- 
mation of metals and its relation to thermally acti- 
vated dislocation mechanisms have been widely 
investigated. However, for composites, they have 
not yet been studied. The aims of this paper are to 
measure the various important parameters con- 
cerned with dislocation motions in fibre, matrix 
and composite, and then to derive a modified 
ROM for each parameter using the deformation 
stage IlI-(1) [3] where the constraint effects due 
to the difference in Poisson's ratios between the 
components [4], and those due to suppression of 
necking in the fibre [5], do not exist. In this work, 
a modified ROM for the following parameters will 
be derived; (1) flow stress, internal stress and 
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effective stress, (2) changes in flow stress due to 
change in strain-rate and temperature, (3) stress 
exponent of strain-rate and effective stress 
exponent of dislocation velocity, (4) activation 
volume, and (5) activation enthalpy. 

In the present work, 0.1% carbon-steel and 
copper were employed as fibre and matrix materials, 
respectively, because of the large differences in 
their parameters [6, 7]. The specimens used in this 
study were thick single fibre-composites so that 
small-fibre strengthening of the matrix [8, 9] could 
be precluded and also the effects of neighbouring 
fibres [5, 10] eliminated. 

2. Experimental procedure 
The fibres and matrix employed were 0.1% carbon- 
steel wire of 500/Jan and pure copper, respectively. 
First the fibres were cleaned with acetone and 
etchant (5% HNO3 + 95% C~HsOH) to remove 
surface lubricant and oxides, and then they were 
rinsed in water. The composite specimens were 
prepared by plating copper onto the fibres. The 
solutions and operating conditions for copper 
plating have been described elsewhere [3]. The 
volume fraction of fibre, Vf, in the composites was 
adjusted in steps of 0.07 by varying the thickness 
of the copper layer. All the specimens were 
annealed under vaceum at 1000K for 7 .2x 
103 sec to remove possible residual stresses induced 
during plating. The true strains at ultimate loadings 
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were 0.22 and 0.37 for fibre and matrix respect- 
ively. The five parameters listed above were then 
measured at 0.12 and 0.20 true strains which are 

present in stage III-(1). o ~00 
Tensile tests were conducted with an Instron- 

type tensile testing machine at 195 and 220K in 
methanol and liquid baths�9 The flow stress was 
measured by simple tensile tests�9 Internal stress 
was measured by an incremental unloading test 
[6],  and then the effective stress was calculated by 
subtracting internal stress from flow stress�9 
Changes in flow stress due to change in strain-rate 
and temperature were measured by the strain-rate 
and temperature cycling tests�9 The stress exponent 
o f  strain-rate, effective stress exponent o f  dislo- 
cation velocity, activation volume and activation 
enthalpy were obtained in due course [11, 12]. 
Simple tensile testswere made at 195 K b y  straining 20 
specimens at a strain-rate o f  4.2 x 10 -4 sec -~ . In g 
incremental unloading tests to measure the internal 
stress at 195 K, specimens were first strained at 
4.2 x 10 -4  sec  -1  strain-rate up to 0.12 and 0.20 )~ ~0 
true strains, and the load was incrementally 
unloaded for 300 sec with a step of  2 N until the 
negative relaxation was observed. The strain-rate 
cycling tests at 195 K were performed by increasing 0 
the strain-rate by a factor of  10 and subsequently 
decreasing the strain-rate by the same factor, 
where the base strain-rate was 4.2 x 10 -4 sec -~. 
The temperature cycling tests were carried out 
between 195 and 220 K, where the base tempera- 
ture was 195 K. 

3. Results and discussion 

3.1. F low stress, in ternal  stress and e f fec t ive  
stress 

The flow stress of  composites, Oe, at true strains 
e =  0.12 and 0.20 are shown as a function of  
volume fraction o f  fibre, Vf, in Fig. 1. The solid 
line presents the ROM relation [1, 2] given by 

oc = o~Vf + a~ Vm, (1) 

where o and V are flow stress and volume fraction, 
and the subscripts c, f and m refer to composite, 
fibre and matrix, respectively. The measured values 
are in good agreement with the ROM prediction, 
as is widely ascertained. 

* of  The internal stress oi,c and effective stress oe 
composites at the same strains are shown as a 
function o f  Vf in Fig. i.  It is clear that oi, e, and oe* 
obey the ROM given by 
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Figure 1 The measured values of Oe(A) , ~i,e(0) and o*(X) 
at e = 0.12 and 0,20 versus Vf. 
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Figure 2 The measured values of Acree/~X In ~ at e = 0.12 
and 0.20 versus Vf. 
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Figure 3 The measured values of ~xoTe/~xT at e = 0.12 and 
0.20 versus Vf. 

Oi,e = oi,fVf + Oi,mV m (2) 

a* = a~Vf + o*  V m. (3) 

Equations 1 to 3 indicate that there is no interac- 
tion between the fibre and the matrix and that 
each component  deforms as if it is deformed 
separately. 
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3.2. Change in flow stress due to change in 
strain-rate and to change in temperature 

The change in flow stress of  a composite due to 
change in strain-rate, Ao~, and due to change in 
temperature, Aae T, are shown in Figs. 2 and 3 
where Aae~/Aln ~ and A o ~ / A T  are plotted as a 
function of Vf. It is obvious that both Ao~ and 
Aaff obey the ROM given by 

Ao~ = Ao~ Vf + Ao~ V m (4) 

ao~ = aoT vf + aoT= Vm. (5) 

It is widely noticed that the flow stress of  a 
composite obeys the ROM, but to date it has 
not been investigated whether  internal stress, 
effective stress and changes in flow stress due to 
change in strain-rate and temperature obey the 
ROM or not. This study first clarified that the 
above deformation parameters also obey ROM. 

3.3. Stress exponent of strain-rate and 
effective stress exponent of dislocation 
velocity 

The stress exponent of  strain-rate, m, and effective 
stress exponent, m*, are respectively given by 

m = alne/alna (6) 

m* = a in e/a ha a*. (7) 

Experimentally, we can obtain these parameters of  
composites (me and m~) on the possible assum p- 
tion that internal stress does not change at a given 
strain during the strain-rate cycling test, by 
employing the following equations: 

me = In (e2/el)/ln ((ae + &a~)/ac) (8) 

m e In (/~2/el)/ln ((a* + i * �9 = Aac)/%),  (9) 

where el and e2 are base and increased strain-rate 
and e2/b, = 10 in this work. 

Figs. 4 and 5 show the measured values of me 
and me at e = 0.12 and 0.20 as a function of Vf. 

* Ao~ and Ao~, me In contrast with ac, el,c, Oc, 
and me could not be determined by the volume- 
fraction weighted sum of  rnf and ram, and that of  

* respectively. However, the inter- rn~ and mm, 
action between the components is negligible as 
stated above, so that m e and mc must be 
determined only by the properties of each 
component. We can describe m e only by  using 
Vf(Vm) , O'f, am,  mf and ram, and me by using 
VdVm), 07, am*, mr* and m *  as follows: 
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Figure 4 The measured values ofm e at e = 0.12 and 0.20 
v e I s u B  Vf.  
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Figure 5 The measured values of m* at e = 0.12 and 0.20 
v e r s u s  Vf.  

Inserting mf = a In ~/a In of, m m =  a In ~/ 
3 In am, and Equation 1 into me = O In e/O in ae, 
we have 

1 1 af Vf 1 am Vm 

mc mf  afVf + am Vm mm afVf + am Vm 

In a similar manner, we have (10) 

1 1 o ~  1 o~ Vm - - g = - -  , - +  , �9 
me m ~ o ~ V f + o m V  m m *  a ~ V f + o m V m  

(11) 

Substituting the measured parameters of  the fibre 
and the matrix at given strains, we have me -- Vf 
and me -- Vf relations shown with solid curves in 
Figs. 4 and 5, respectively. Equations 10 and 11 
describe quite well the relations between m e and 
Vf, and m* and Vf, respectively. 

Taking the case o fmc ,  we can represent m e as 

1 1 1 
. . . .  a + - -  �9 (1 -- a), (12) 
m e /T/f  m m 

by putting afVf/(afVf + am Vm) = a. Equation 12 

1189 



has the same form as the equation for obtaining 
the total resistivity of parallel resistances. We can 
interpret Equation 12 as the new form of the 
ROM, and Equations 10 and 11 as the modified 

* respectively. ROMs for m e and me,  

3.4. Apparan t  ac t i va t ion  vo lume 
The activation volume, V*, is given by 

V* 3 In ~ ( 1 3 )  = M k T  - - : -  , 
~o e 

where M is the Taylor factor to combine the shear 
stress, r, and tensile stress, o; and shear strain, 7, 
and axial strain, e, as 

M = air = 7/e; (14) 

k is Boltzmann's constant and T the absolute 
temperature. In the present paper, to obtain the 
apparent activation volume of composites, M was 
assumed to be 2.75 for 0.1% carbon-steel and 3.06 
for copper, and for composites, it was inferred as 
follows. 

As the fibre, matrix and composite are 
subjected to the same axial strain, 7f, ")'m and %. 
are related to Mr, Mm and Mc as 

T f  Trn _ 7c . (15) 
Mf M m M c 

Here we assume to a first approximation that the 
shear strain of the composite as a whole is given by 
the area (= vo lume)-  fraction weighted sum of 
the shear strains of the fibre and matrix; namely 

' ) 'c  = ")'f Vf  -~- "~m V m .  (16) 

Combining Equations 15 and 16, we have 

Mc = M f V f + M m V m .  (17) 

(Of Course, if we assume M = 2 for fibre, matrix 
and composite, as often assumed, the following 
treatment becomes simpler.) 

Substituting the measured values of A In 6/A0c ~ 
into Wc = MckTA In 6/Ao~, we have W~ as shown 
in Fig. 6, 

As AOec is given by Equation 4, Wc shall be 
given by 

3 in ~ 3 In 
Vc* = M c k r  - M c k T  

(18) 

Inserting V~ = M f k T  (3 in 4/3o~), l~m = M m k T  
(3 In 6/30~) and Equation 17 into Equation 18, 
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Figure 6 The measured values of V* at e = 0.12 and 0.20 
v e r s u s  Vf. 

we have 

1 1 
- -  = - -  . 

vg v? MfVf + Mr. 

1 MmVm 
+ - - "  (19) 

M Vf + MmVm" 

Using the measured and known parameters of each 
component, we cancalculate the ~ -- V~ relation. 
The result is shown as the solid curve in Fig. 6, 
indicating that Equation 19 is a good approxi- 
mation for ~ in spite of the unverified assumption 
of Equatio n 16. In the present Work, it was shown 
that V~c is determined only by the parameters of 
the fibre and the matrix. Equation 19 is regarded 
as the ROM for V* since if we p u t M f V d ( M f V f  + 
Mm Vm) = a, Equation 19 becomes 

1 1 + _~1 . (1 - -  c~). ( 2 0 )  
v g - v ;  v a 

3.5. Act iva t ion  en th a lp y  
The activation enthalpy, H, is given by 

_[3 In ~\ [307"\ 
- - k r  ~ ~ - -  (21) 

Combining Equations 13 and 21, we have 

V* T ~3o ~c] 
H = -- M 1 - ~ ) ~  (22) 

Substituting the measured values of V* shown in 
Fig. 6, T, Me given by Equation 17 and AOTc/AT 
shown in Fig. 3 into Equation 22, we have the 
values of Hc as shown in Fig. 7. 



T , TABLE I Summary of the ROMs for ac, ai, c, a*, hoe ~, &a c , m e, m c, V* and H e 

a c  = ~ f ' ~ + a m ' ( l - - a )  
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Figure 7 The measured values of H e at e = 0.12 and 0.20 
versus If. 
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Inserting Equations 5, 17 and 19 into 

I[c - M~ \aT~' 

we have 

g o =  
Hr. (MfV~/V:) + Hm " (MmVmlWm) 

(Mf Vd V: ) + (Mm Vm/~) 
(23) 

Substituting the parameters o f H ,  M and V* of the 

fibre and matrix, we have the He -- Vf relation as 

shown as the solid curve in Fig. 7. It is obvious 

that Hc can be predicted only by knowing the 
parameters of the components,  and Equation 23 

is, of  course, regarded as the RaM since it 

becomes 

H c -- a f ' ~ + H m  " ( 1 - - ~ )  (24) 

if we put (MfVf/V[')/(MfVf/V[' + MmVm/Vm*) 

Thus the parameters of composites in stage 
III-(1) investigated in this work may be described 

only by the properties of the components,  
indicating that the interaction between the 

components is, as expected, too small to be 

detected. Table I gives a summary of the RaM for 

each parameter. 

4. Conclusions 
Flow stress, internal stress, effective stress, change 

in flow stress due to change in strain-rate and 

temperature, stress exponent of strain-rate, 

effective stress exponent of dislocation velocity, 
activation volume and activation enthalpy of  
composites were measured in the deformation 
stage, where the mechanical interaction between 

the components is negligible, by using single 

carbon-steel f ibre-copper  matrix composites. It 

was found that all the parameters were determined 

only by the parameters of the components.  For 

each parameter, the rule of mixtures was derived. 
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