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Comparison of strengthening in wire-drawn or 
rolled Cu-20% Nb with a dislocation 
accumulation model 
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Strengthening after large deformations by wire-drawing or rolling of Cu, Nb and Cu-20% Nb was 
compared with the predictions of a proposed modified substructural strengthening model for 
ductile two-phase alloys. The comparisons indicate that the more extensive and refined model of 
Funkenbusch and Courtney offers no improvement over the original model of Ashby in predicting 
the strengthening with increased deformation processing or the dislocation densities necessary to 
produce the observed strengthening in Cu-20% Nb. Both models can predict the strengthening 
behaviour of Cu-20% Nb. However, neither model is in accord with the observations that the 
dislocation density in the Cu matrix is essentially independent of the degree of deformation 
processing, and that the magnitudes of the dislocation density are much the same in the Cu in Cu- 
20% Nb and pure Cu identically deformation-processed. In addition, there is no experimental 
support for the Funkenbusch and Courtney model prediction of an order of magnitude greater 
dislocation density in the Nb filaments than in the Cu matrix in Cu-20% Nb. It appears that a 
mechanism that does not require an accumulation of dislocations for strengthening, such as the 
difficulty in propagating dislocations between closely spaced barriers, is more likely to be 
responsible for strengthening in Cu-Nb-type deformation-processed composites. 

1. I n t r o d u c t i o n  
In a recent exchange of comments [1, 2] on the 
relative merits of interphase barrier or dislocation 
accumulation models for predicting strengthening in 
deformation-processed Cu-20% Nb, results were 
presented for the predicted dislocation densities in the 
Cu matrix based on a modified non-homogeneous 
deformation model [3, 4]. According to these results 
the predicted dislocation densities in the Cu matrix 
appeared to be in reasonable agreement with the ex- 
perimental measurements. This seemed to give cre- 
dence to the proposal that dislocation accumulation 
as a result of non-homogeneous deformation, because 
of incompatibility between Cu and Nb, was the pri- 
mary cause of strengthening in Cu-20% Nb [5-7]. 
However, recent work [8] has shown that this also 
gives credence to a barrier model where the Cu-Nb 
interfaces are assumed to act as sources of dislocations 
which control plastic flow across the interfaces [9, 10] 
because this model gave similar predictions of disloca- 
tion accumulation during deformation processing 
as a non-homogeneous deformation model [11]. 
Although in this recent work [8] the dislocation den- 
sities predicted by both the barrier and non-homo- 
geneous model were similar, their magnitudes were 
significantly larger than the measured values or those 
values indicated as predicted by the modified non- 
homogeneous deformation model [3, 4], and both 
models were deemed inadequate for explaining 
strengthening in Cu 20% Nb. To gain better insight 
into the modified non-homogeneous model [5, 6], 
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results obtained for wire-drawn or rolled Cu, Nb and 
C u 2 0 %  Nb were used to explore the substructural 
predictions of the model in greater detail than pres- 
ented previously [3, 4]: in particular, the predictions 
of the dislocation densities in both the Cu and Nb in 
Cu-20% Nb after various degrees of deformation pro- 
cessing. The dislocation densities in the Nb in 
Cu-20% Nb are of significant interest because it has 
been proposed that it is this phase that primarily 
controls the strengthening behaviour in alloy systems 
such as Cu Fe and Cu-Nb where the Cu phase under- 
goes saturation hardening during deformation pro- 
cessing [5, 7]. No mention was made of the predicted 
dislocation densities in the Nb phase in the previous 
analysis [3, 4]. 

2. Experimental procedure 
Two ingots of Cu containing 20 vol % Nb were pre- 
pared by consumable arc-melting electrodes contain- 
ing Nb strips in a Cu cylinder as previously described 
[12]. One ingot was about 6.35 cm in diameter and 
about 20 cm in length. The diameter of this ingot was 
machined down to about 6.1 cm and the ingot was 
rod-rolled to 1.3 cm in a series of steps and sub- 
sequently drawn into wires at room temperature using 
successively smaller dies to a minimum diameter of 
0.15 mm. The second ingot was about 7.6 cm in dia- 
meter and about 20 cm in length. The diameter of this 
ingot was machined to 7.4 cm and diametrically oppo- 
site flats were machined on the ingot to give a nearly 
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rectangular cross-section of 6.1 cm by 7.4 cm. This 
ingot was rolled at room temperature from 6.1 cm to 
a minimum thickness of 0.064 mm. A 6.1 cm diameter 
rod of the Cu and a 6.1 cm casting of the Nb used in 
the electrodes were processed in the same manner as 
the Cu-20% Nb alloys. 

Tensile specimens with a 2.8 cm gauge length were 
machined from wires drawn down to 0.25 cm, while 
the smaller-diameter wires were used directly by em- 
bedding their ends into Cu sleeves which were used as 
grip ends. Tensile specimens were machined from the 
rolled sheet at various thicknesses down to 0.064 mm. 
Their gauge cross-section was 0.5 cm by the sheet 
thickness and the gauge length was 2.8 cm. All tensile 
tests were done at room temperature using an initial 
strain rate of 1.7 x 10 .4 s- 1. At least three specimens 
were tested at each wire and sheet size and reproduci- 
bility was within 3%. The mechanical properties and 
microstructural development have been previously re- 
ported for the wire-drawn [13] and rolled [14J 
Cu-20% Nb. The mechanical properties of Cu and 
Nb after deformation processing by wire drawing 
[15, 16] and of Cu after deformation processing by 
rolling [8] have been reported earlier. The mechanical 
properties of rolled Nb, like those of rolled Cu [8], 
were similar to those obtained for wire-drawn Nb 
when compared on the basis of effective strains [17]. 

3. Dislocation-strengthening model 
The results for strengthening in wire-drawn and roiled 
Cu-20% Nb will be analysed using a previously pro- 
posed model for strengthening in deformation-pro- 
cessed two-phase alloys [5, 6], which is based on 
a modified rule-of-mixtures criterion 

(3" c -'~ VcuO'Cu  Jr- VNbO'Nb (1 )  

where V is the volume fraction and a is the flow stress 
of each metal. The flow stresses of Cu and Nb are 
assumed to be given by 

cy = (7;o + u M G b p  1/2 (2) 

where cy and (So are tensile stresses, G is the shear 
modulus, b is the Burgers vector and ~ and M are 
constants. The dislocation densities in the Cu and Nb 
phases are assumed to vary with deformation strain, 
% and interphase spacing, X, according to 

d9 P K  
- -  = C l p  1/2 - -  C 2 p  -~- - -  (3) 
dq VX 

where C1 and C2 are constants for each phase, P is 
a dislocation partition coefficient having potential 
values between 0 and 1 and K is a constant accounting 
for plastic incompatibility between Cu and Nb [5, 6]. 

This model is a modification of the Ashby model of 
non-homogeneous deformation in two-phase alloys 
[11] for adaptation to the large-strain behaviour ob- 
served in ductile two-phase alloys. In the Ashby model 
[11] the dislocation densities derive essentially from 
the third term in Equation 3. In this model the geo- 
metrical dislocation density, PG, can be expressed 
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as [8] 

4Kltan-13` 
PG - b~ (4) 

where b is the Burgers vector, 3' is the shear strain and 
K 1 is a compatibility constant but different in magni- 
tude to K in Equation 3. In the Ashby model 9c is 
substituted for p in Equation 2 to calculate the tensile 
strength of the two-phase material. Therefore the Fun- 
kenbusch and Courtney model [5, 6] uses the total 
dislocation density, statistical and geometrical dislo- 
cations, while the Ashby model [11] uses only the 
geometrically necessary dislocations. In two-phase 
alloys the statistical dislocations predominate at small 
strains while the geometrical dislocations predomi- 
nate at large strains. 

Values of M, the Taylor factor, in Equation 2 de- 
pend on the texture of the polycrystalline metal. The 
generally accepted initial value for undeformed Cu is 
about 3.1 [18, 19] and it increases with increasing 
deformation to an expected value of about 3.4 during 
subsequent deformation processing [19]. In b.c.c. 
metals M is expected to have a value near 2.8 initially 
[19] but the (1 1 0) texture that develops causes the 
metal to deform under plane strain rather than 
axisymmetric flow and the value of M is expected to 
be about 2.1 after subsequent deformation processing 
[20]. Using the value a =- 0.3 measured in Cu single 
crystals [21] and taking M = 3.1 results in 
aM = 0.93 for Cu, which is very similar to the values 
of aM = 1.0-1.14 measured in polycrystalline Cu 
[22, 23]. In polycrystalline Nb, aM = 0.85 [24]. 
Therefore, aM -~ 1 for both Cu and Nb in Equation 1. 
Further support for :zM ~_ 1 in both f.c.c, and b.c.c. 
metals is shown by more extensive dislocation density 
determinations in A1 and Fe [19]. In A1, aM ranges 
from 0.70 to 1.25 and in Fe, aM ranges from 0.76 to 
1.4. Therefore, we have taken aM = 1.14 in Cu, the 
average of the measured values (1.03) for single-crystal 
and polycrystalline Cu [21-23] increased by 10% to 
take into account the predicted increase in M with 
subsequent deformation processing [19]. For Nb we 
have used czM = 1, even though M is expected to 
decrease with increasing deformation processing [20]. 
Based on the results in the literature, these values of 
aM seem to be reasonable for Cu and Nb. The same 
values were used for wire-drawn or rolled Cu-20% 
Nb. 

These values for aM contrast with the previous 
arbitrary assumption that aM = 3 for both Cu and 
Nb [5, 6J. Although the value of aM does not affect 
the trends obtained from the analysis, using aM = 3 
instead of ~ 1 in Equation 2 results in about an order 
of magnitude decrease in the predicted dislocation 
densities for a given strength level. While the original 
formulation of the model did not determine the pre- 
dicted dislocation densities in the Cu and Nb phases 
[5, 6], although subsequent work showed the pre- 
dicted dislocation densities in the Cu phase assuming 
a M - - 3  [3, 4], direct comparison of the observed 
strengths and dislocation densities in the Cu-20 % Nb 
studied here makes the values used for aM for the Cu 
and Nb phases important. 



For Cu-20% Nb, P is taken as 0.5 for both Cu and 
Nb because both phases appear to deform equally 
[-5, 6] and X is given by 

X/X0 = exp( - 0.36q) (5) 

for wire-drawn material [13] and by 

X/Xo = exp( - 0.74q) (6) 

for rolled material [14]. In Equation 5, q = 2 In (do~d) 
where do and d are the initial and final wire diameters, 
respectively. In Equation 6, r 1 = In (ho/h) where ho and 
h are the initial and final sheet thicknesses. Equations 
5 and 6 also apply for the reduction in Nb filament size 
(t) with deformation processing. The initial sizes of 
;Z and t are designated ;Lo and to, which are 24.8 and 
6.2 pm, respectively, for wire-drawn [13] and 25.6 and 
6.4 btm for rolled [14] Cu-20 % Nb. Values used for 
G and b in Equation 2 were 48.3 G P a  and 0.26 nm, 
respectively, for Cu and 37.5 G P a  and 0.29 nm for Nb. 

Figs 1 and 2 show the tensile stress data for pure Cu 
and Nb, respectively, wire-drawn to reductions up to 
r I = 11.9. On these figures are plotted the predicted 
curves for pure Cu and Nb. While the models consider 
the flow stresses, the ultimate tensile stress was used 
for comparison purposes because it was very repro- 
ducible and well defined. In addition, because of the 
pronounced work-hardening in the deformation-pro- 
cessed specimens during initial straining an offset 
stress criterion for the flow stress was inaccurate. Be- 
cause the uniform elongations were small ( _< 2%) in 
the deformation-processed wires and sheets, the ulti- 
mate tensile stress should be a good representation of 
the flow stress for comparison with the models. Values 
for the constants C1 and C2 along with the values used 
for (So for Cu and Nb are shown in Figs 1 and 2. The 
values for C1 and C2 were obtained by fitting the 
experimental strength data shown in Figs 1 and 2 for 
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) predicted and ( i )  observed effect of Figure 1 Comparison of ( .  
deformation processing by wire-drawing on the tensile stress of Cu. 
Constants  used to construct the predicted curve are % = 45 MPa, 
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Figure 2 Comparison of( ) predicted and ( i )  observed effect of 
deformation processing by wire drawing on the tensile stress of Nb. 
Constants used to construct the predicted curve are % = 200 MPa, 
:~M= 1.0, C 1 =2.0x107m 1 C2=0.06. 

pure Cu and Nb, deformation-processed in a similar 
manner to Cu-20 % Nb, to Equation 3 with the term 
PK/VX set to zero. Values used for ~o corresponded 
to the yield strengths of the initial pure Cu and Nb. 
The fit of the predicted curves to the experimental 
results appears reasonable in view of the use of numer- 
ical integration techniques to obtain the values for 
C1 and C2. 

Using these fitted values for C1 and C2 for Cu and 
Nb in Equation 3, Equation 5 for X, taking P = 0.5, 
V = 0.8 and 0.2 for Cu and Nb, respectively, results in 
a value for K that produces agreement with the experi- 
mental observations of strength with increasing defor- 
mation processing. The model predictions are shown 
in Fig. 3 for K = 5.0x 10 9 m - I ,  which gives good 
agreement with the experimental observations at the 
larger strain values. As observed previously in the 
application of this model to various two-phase alloy 
systems [6], a constant K value does not give a good 
fit throughout the deformation processing range 
(r 1 = 3.1-11.9). Using this value for K in Equation 
3 results in the predicted dislocation densities shown 
in Fig. 4 for the Cu and Nb phases in Cu-20 % Nb. 
Included in Fig. 4 are measured dislocation densities 
at q = 11 for pure Cu and for Cu in C u - 2 0 %  Nb 
using high-voltage TEM [25]. These values are the 
maximum dislocation densities measured and not 
average values. Numerous regions occurred that were 
devoid of dislocations and these were not taken into 
consideration in determining the dislocation densities 
reported [251. Also included at small strains are dislo- 
cation densities measured on polycrystalline Cu 
[22, 23] and a curve for K = 0, representing the pre- 
dicted dislocation densities in pure Cu. The curve for 
K = 0 is in reasonable agreement with the measured 
dislocation densities in pure Cu at both small and 
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deformation processing by wire drawing on the tensile stress of 
Cu-20% Nb. The K parameter used to construct the predicted 
curve is 5.0 x 109 m -  1. Values of the other constants are the same as 
in Figs 1 and 2. 
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Figure 4 ( ) Predicted dislocation densities in the Cu and Nb in 
Cu -20% Nb after deformation processing by wire-drawing, to- 
gether with predictions by ( - - )  the Ashby model and ( - -  - - - )  the 
Ashby model added to the K = 0 curve. Included are measured 
dislocation densities in (11, O, ~ )  Cu and ( �9  Cu in Cu 20% Nb. 
"[he K parameter used to construct the predicted curves is 
5.0 x 109 m -  1. Values of the other constants are the same as in Figs 
t and 2. 

large strains. Other results for pure Cu and Cu-20% 
Nb deformation-processed by wire-drawing using 
regular TEM measured dislocation densities between 
1014 and 1015 m -2 for pure Cu and for Cu and Nb in 
Cu-20% Nb, independent of the degree of deforma- 
tion strain [13, 26]. 
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Also included in Fig. 4 are curves showing the 
predicted dislocation densities in the Cu in Cu-20% 
Nb using the Ashby model with no rule-of-mixtures 
criterion [8, 11]. The initial lower values of dislocation 
density predicted by the Ashby model [11] result from 
the model predicting only the geometrical dislocation 
density, whereas, the Funkenbusch and Courtney 
model [5, 6] predicts the total dislocation density. At 
large strains the geometrical dislocation density is 
expected to predominate in accord with the observed 
similar predictions of dislocation density by both 
models. At smaller strains the statistical dislocations 
are expected to predominate, i.e. the first two terms in 
Equation 3. The effect of adding the statistical disloca- 
tion densities predicted by the K = 0 curve in Fig. 4 to 
the geometrical dislocation densities predicted by the 
Ashby model [11] is also shown in Fig. 4. This curve 
for the total dislocation density predicted using the 
Ashby model is similar to that shown for the total 
dislocation density in Cu by the Funkenbusch and 
Courtney model [5, 6]. Comparison of the predicted 
dislocation densities in Cu in Cu-20% Nb from either 
model with the previous TEM measurements shows 
poor agreement. Particularly in contrast to the pre- 
dictions of the models are the TEM observations 
indicating that there is little if any difference in the 
dislocation densities in identically deformation-pro- 
cessed pure Cu and the Cu in Cu-20% Nb. In addi- 
tion, the few measurements that have been made of the 
dislocation densities in the Nb filaments show densit- 
ies equivalent to those measured in the Cu matrix [13, 
24], not an order of magnitude greater as indicated in 
Fig. 4. Therefore, both the Ashby [8, 11] and the 
Funkenbusch and Courtney [5, 6] models show 
a poor correlation with the measured dislocation 
densities shown at q = 11 in Fig. 4 and those meas- 
ured previously [-13, 26] at deformation strains be- 
tween q = 3.6 and 11.9(1014- 1015 m-2). 

Fig. 5 shows the predicted stresses in the Cu and Nb 
phases in Cu-20% Nb based on the predicted disloca- 
tion densities shown in Fig. 4 for each phase. Also 
included in Fig. 5 are the predicted and the experi- 
mentally measured stresses for Cu-20% Nb from 
Fig. 3. The Cu in Cu-20% Nb is predicted to develop 
increasing strength with increasing deformation pro- 
cessing, similar to Cu-20% Nb. The maximum stress 
attained in the Cu in Cu-20% Nb at rl = 11.9 is about 
2.5 times greater than the maximum stress measured 
in pure Cu at this strain (Fig. 1). Likewise, the max- 
imum stress predicted in the Nb filaments in Cu-20% 
Nb at q = 11.9 is more than 2.5 times greater than 
that measured in pure Nb (Fig. 2). These predictions 
that the Cu and Nb phases in Cu-20% Nb can attain 
stresses of about 1260 and 3650 MPa, respectively, do 
not appear reasonable and have no experimental sup- 
port. In addition, the prediction that the Cu in 
Cu-20% Nb exhibits exponential hardening is in 
sharp contrast to the observed saturation hardening 
that occurs in pure Cu (Fig. 1) and the similarity in 
dislocation structures observed in pure Cu and the Cu 
in Cu-20% Nb [13]. 

Similar calculations were carried out for Cu, Nb 
and Cu-20% Nb deformation-processed by rolling to 
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) Predicted tensile stresses in the Cu and Nb in 
Cu-20% Nb and in Cu-20% Nb after deformation processing by 
rolling, together with (m) experimental data for Cu-20% Nb. The 
parameter K used to construct the predicted curves is 
1.0 x 109 m- 1. Values of the other parameters are the same as in 
Figs 1 and 2. 

q = 6.9. Figs 6 and 7 show the stress and  dis locat ion  
densi ty  predict ions,  respectively,  with process ing 
strain. Values used for the cons tants  Ct and  C2 a long 
with the values used for (~o for Cu and N b  were the 
same as those used for wi re-drawn Cu and N b  (Figs 
1 and  2). There  was no significant difference in the 
tensile s t rength behav iou r  of rol led or  wire-drawn 
mater ia l .  Us ing  these fitted values for Ct and  C 2 for 
Cu and N b  in Equa t ion  3, Equa t ion  6 for k, tak ing  
P = 0.5, V = 0.8 and 0.2 for Cu and Nb,  respectively, 
results in a value for K that  is in agreement  with the 
exper imenta l  observa t ions  of s t rength with increasing 
de fo rma t ion  processing.  The model  predic t ions  are 
shown in Fig. 6 for K = 1.0 x 109 m - 1 .  The K value 

required for rol led C u - 2 0 %  N b  is smaller  than  the 
one necessary for wi re -drawn C u - 2 0 %  Nb. This is 
s imilar  to wha t  is observed in using the Ashby  model  
[8]. The fit of observed and predic ted  stresses is quite 
good  using a K value of 1.0 x 109m 1. Using  this 

value for K in Equa t ion  3 results in the predic ted  
d is loca t ion  densit ies shown in Fig. 7 for the Cu and 
N b  phases  in C u - 2 0 %  Nb. Inc luded in Fig. 7 are 
measured  d is loca t ion  densit ies using h igh-vol tage  
T E M  for pure  Cu, for Cu in C u - 2 0 %  N b  and for N b  
f i laments  ex t rac ted  from C u - 2 0 %  N b  [27]. These 
densit ies were ob ta ined  from regions showing max-  
imum dis loca t ion  densities,  and  are not  average 
values. Also included in Fig. 7 is a curve for K = 0 
represent ing the pred ic ted  d is loca t ion  densit ies in 
pure  Cu. The curve for K = 0 is in good  agreement  
with the measured  d is loca t ion  densit ies in pure  Cu. 
C o m p a r i s o n  of the pred ic ted  d is loca t ion  densities in 
the Cu mat r ix  in C u - 2 0 %  N b  with the previous  T E M  
measurements  shows p o o r  agreement  at  the larger  
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Figure 7 ( ) Predicted dislocation densities in the Cu and Nb in 
Cu-20% Nb after deformation processing by rolling, together with 
predictions by (-- ) the Ashby model and ( . . . . .  ) the Ashby 
model added to the K = 0 curve. Included are measured dislocation 
densities in (0) Cu and in (In) Cu and (O) Nb in Cu-20% Nb. The 
parameter K used to construct the predicted curves is 
1.0 x 109 m -1. Values of the other constants are the same as in Figs 
1 and 2. 

strains. Also the obse rva t ion  that  at  q = 6 and 6.9 the 
d is loca t ion  densi ty  in the N b  fi laments in C u - 2 0 %  N b  
is s imilar  to that  in the Cu mat r ix  [14] is in disagree-  
ment  with the  significantly greater  predic ted  disloca-  
t ion densi ty  in Nb. Also included in Fig. 7 are curves 
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of the predicted dislocation densities in the Cu in 
Cu 20% Nb using the Ashby model [8, 11]. The 
predicted values for the total dislocation densities are 
similar to those predicted from the Funkenbusch and 
Courtney model [5, 6] when the statistical dislocation 
densities (K = 0 curve in Fig. 7) are added to the 
geometrically necessary dislocations predicted by the 
Ashby model [8]. The predicted stresses in the Cu and 
the Nb in rolled Cu-20% Nb (Fig. 6) by the Funken- 
busch and Courtney model [5, 6] are essentially the 
same as those shown for wire-drawn Cu-20% Nb in 
Fig. 5 when compared on the basis of effective strains. 

The effect of taking aM = 3 in Equation 2, as was 
previously done [-5, 6], is shown in Figs 8 and 9 for 
wire-drawn Cu-20% Nb. Values for the constants C1, 
Cz and K are shown in Fig. 8. The fitted values 
obtained for C1 and C2 for the Cu used in this study 
are smaller and the value of K needed to get a reason- 
able fit with the stress data is larger than those used 
previously [-5, 6]. Previous values used for C1 and 
C2 for Nb do not appear to have been reported [-3 6]. 
The value of K needed to get a reasonable fit with the 
experimental results is decreased by an order of mag- 
nitude as a result of increasing aM from about 1 to 
3 (compare Figs 3 and 8). Fig. 8 is almost identical to 
Fig. 5. The biggest effect of increasing the value of aM 
is in decreasing the predicted dislocation densities as 
shown by comparing Fig. 9 with Fig. 4. While the 
trend of the curves remains similar, the curves are 
displaced to significantly lower values of dislocation 
density as aM increases. As discussed earlier, experi- 
mental evidence for Cu [21-23] and Nb [24] supports 
aM ~ 1 as a realistic value. Also included in Fig. 9 are 
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) Predicted dislocation densities in the Cu and Nb in 
Cu 20% Nb after deformation processing by wire-drawing, to- 
gether with predictions by ( - -  - - )  the Ashby model and ( - - - )  the 
Ashby model added to the K = 0 curve. Included are measured 
dislocation densities in (11, 0 ,  ~ )  Cu and in (�9 Cu in 
Cu-20% Nb. The parameter K used to construct the predicted 
curves is 5.0 x 108 m -  1. Values used for % were the same as in Figs 
t and 2, and a M  = 3 was used for both Cu and Nb. 

curves of the predicted dislocation densities in the Cu 
in Cu-20% Nb using the Ashby model with :tM = 3 
[8, 11]. Again, the predicted values for the total dislo- 
cation densities, when the statistical dislocation 
densities (K = 0 curve) are added to the geometrical 
dislocation densities predicted by the Ashby model [8, 
113, are similar to those predicted for the Cu in 
Cu-20% Nb by the Funkenbusch and Courtney 
model [5, 63. However, taking aM = 3 results in pre- 
dicted dislocation densities in pure Cu (K = 0 curve in 
Fig. 9) that are significantly lower than those meas- 
ured at both small and large strains. This further 
supports the use of a M -  1 rather than 3 as being 
more realistic. 

Recent work [8] "has shown that a barrier model for 
strengthening in Cu-20% Nb also predicted disloca- 
tion densities equivalent to those predicted by the 
dislocation accumulation model of Ashby [11], indic- 
ating that barrier models as a probable explanation of 
strengthening in Cu-20% Nb suffer from the same 
shortcomings as the dislocation accumulation models. 
It appears that a mechanism that does not require 
accumulation of dislocations for strengthening is more 
likely to be responsible for strengthening in Cu-Nb- 
type deformation-processed composites. A model 
based on the difficulty in propagating dislocations 
between closely spaced barriers may offer a possible 
alternative mechanism. Recent preliminary work has 
shown that a dislocation propagation model [28] for 
strengthening in deformation-processed Cu-20% Nb 
wires was in good agreement with experimental results 
when more accurate measurements of filament spac- 
ings in the heavily deformed wires, obtained using 
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high-voltage conical-scan dark-field TEM, were used 
in the model [29]. 

4. Conclusion 
It appears that the more extensive and refined model 
of Funkenbusch and Courtney [-5, 6] offers no im- 
provement over the original model of Ashby [8, 11] in 
predicting the strengthening with increased deforma- 
tion processing of Cu-20% Nb and the dislocation 
densities necessary to produce the observed strength- 
ening. However, neither model is in accord with the 
observations that the dislocation density in the Cu 
matrix is essentially independent of the degree of de- 
formation processing or that the magnitudes of the 
dislocation density are much the same in the Cu in 
Cu-20% Nb and pure Cu identically deformation- 
processed. It appears that a model [28] based on the 
difficulty in propagating dislocations, rather than 
accumulating dislocations, between closely spaced 
barriers is more likely to be responsible for strengthen- 
ing in Cu-Nb-type deformation-processed com- 
posites [29]. 
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