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ABSTRACT 

Polycrystalline aluminum -copper a.Uoys contait)ing 4 and 

5% copper were given heat treatments designed to develop disper

sions of Al2Cu precipitate particles of various sizes and distribu

tions. Tensile tests were performed on the dispersion hardened 

alloys at 4. 2, 77, 90 and 114 °K to determine the strain rate and tern

perature dependence of the flow stress. The low temperature ten

sile data were analyzed and evaluated in terms of the strain hardening 

theory of thermally activated intersection of dislocations. 

The intersection analysis of the tensile data showed that the 

dispersed particles significantly increase the average effective forest 

dislocation density produced for a given amount of strain. The in

creased dislocation density was found to be in qualitative agreement 

with selected electron-microscope observations of the deformed 

structure of the alloys. 

Estimates of contributions to the flow stress arising from 

effects coincident with the intersection of dislocations and those asso

ciated with the build-up of long range stress fields were made. 

The results of this investigation indicate that the Fisher. Hart 

and Pry mechanism of strain hardening in dispersion hardened alloys 

is not the major source of strengthening in the aluminum-copper system. 

The major strengthening contribution of the dispersed particles during 

. plastic deformation is shown to be due to an increase in the dislocation 

density. The increase in aislocation density appears to be associated 

with relatively high density tangles of dislocations observed to be local

ized near particles and groups of particles. 
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INTRODUCTION 

Although investigations of mechanical properties of pure 

metals have firmly -established the role of dislocations in many funda-

mental processes of deformation and strain hardening, relatively 

little fundamental experimental information is available concerning 

the nature of the particle-dislocation interactions which contribute 

to the strengthening of dispersion hardened alloys during plastic 

deformation. Previous investigations carried out on dispersion har

dened alloys have been concerned principally with correlating the 

strengthening with observable parameters such as particle size and 

degree of dispersion. Several theories have been advanced, notably 

1 2 . 3 
by Matt and Nabarro, Gensamer, Orowan and Fisher, Hart and 

• 
Pry4 to explain the results of these investigations in terms of simple 

models of particle-dislo.cation interaction. 

The Fisher. Hart and Pry model has generally been considered 

an acceptable explanation of non-deformed dispersed particle contribu

tions to work hardening due to its simplicity and reasonable agreement 

with experimental results of mechanical tests on alloys containing a uni

form dispersion of essentially spherically shaped particle. 5 This 

theory explains the contribution of precipitate particles to strain har

dening by assuming that the accumulation of dislocation loops left 

around precipitate particles lying on active slip planes due to the oper-

ation of the Orowan mechanism gives rise to a back stress which must 

be over,come by dislocations moving on the plane. This back stress 

is assumed to be a significant contribution to work hardening. The 

results of the Fisher, Hart and Pry theory show that after a given 
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amount of strain, the shear stress for further deformation, ?::;, 
31.z. I 

should be given by Lh ::: 3 NGh f /r + Lh 

where N is the number of disloca.tion loops around each particle. f 

is the volume fraction of precipitate, r is the mean planar particle 

'?-~ radius and c.;., is the increment of flow stress due to all other 

sources of work hardening. 

Recent electron-microscopy observations·of deformed dispersion 

hardened alloys suggest that the nature of the particle -dislocation in-

teraction is considerably more complex than indicated by the Fisher, 

Hart and Pry model. Thomas and Nutting6 using replica techniques 

have shown that during deformation of averaged Al-Cu alloys. slip 

is confined to regions between precipitate particles and the particles 

are not generally deformed. These observations also revealed that 

many slip systems are operating in the early stages of deformation 

of these alloys. Nicholson, Thomas and Nutting 7 have made trans-

mission electron-microscope observations of the deformed structure 

in thin foils of averaged Al-Cu alloys. This investigation showed 

that considerable cross-slip occurs in the alloys during the early 

stages of plastic strain. A prominent feature in these observations 

are complex tangles of dislocations of relatively high density tending 

to be localized at precipitate particles. Phillips8 has described the 

same features in his observations of thin foils of dispersion hardened 

· Al-Cu alloys. While the complexity of detail so far observed in the 

electron-microscopy prohibits positive identification of the fundamental 

mechanisms by which particles strengthen the matrix, these observa-

tions do indicate the need for a more comprehensive _theory of diaper-

aion hardening. 

Strain hardening of pure face-centered cubic metals has been a 
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subject that has received much attention by investigators attempting 

to relate observed mechanical properties of metals to their structure 

and imperfections. There is general agreement that a significant 

contribution to strain hardening in F. C. C. metals results from the 

intersection of glide dislocations with forest dislocations threading 

their glide plane. Mitra, Osborne and Dorn9 have demonstrated 

that the self -strengthening of pure aluJninum and copper during low 

temperature deformation arises principally from effects assodated 

with the intersection of dislocations. Their investigations were found 

to be in agreement with an analytical theory of strain hardening which 

is essentially an extension of theories originally proposed by Seeger1 0 

and Basinski. 11 This analysis permits an estimation of the force-

displacement diagram for the thermally aided intersection of disloca-

tions and enables an estimation of the separate contributions to the 

flow st~ess resulting from effects coincident with the intersection of 

dislocations and from the build up of long range stress fields . 

. Assuming that the rate controlling mechanism of strain hardening 

in dispersion hardening F. C. C. metals deformed at low temperatures 

is the thermally activated intersection of dislocations, an analysis of 

low temperature mechanical tests in terms of intersection theory would 

disclose the effects of dispersed particles on contributions to the flow 

stress resulting from the build-up of long range stress fields and con-

' iributions associated with the intersection of dislocations. Knowledge 

of these effects are of significant a'id in getting an insight into the nature 

of the fundamental mechanism my which dispersed particles strengthen 

the matrix. 

The present investigation, devoted to the low temperature def-

ormation of dispersion hardened aluminum -copper alloys was initiated 
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to ascertain if .strain hardening of these alloys could be interpreted 

in terms of the intersection model and to establish through the inter-

section analysis the nature of the strengthening contributions of the 

dispersed particles. 

EXPERIMENTAL PROCEDURES 

Preparation of Specimens: 

The aluminum -copper system was selected to develop dis-

persions of Al2Cu precipitate particles for this investigation. This 

system has received considerable study and it is known that good control 

of auxiliary variables can be achieved while developing a uniform dis-

persion of precipitate particles. Also. the r.esults of the analysis of 

the low temperature mechanical tests could be compared with previous 

work on pure aluminum and aluminum-magnesium solid solution alloys. 

In addition. to the degree of dispersion. the following factors were con-

sidered to be important in interpreting the properties of the alloys. 

· 1. Grain size of the alpha phase. 

2. · Composition of the alpha phase. 

3. Uniformity of dispersed particles, particularly the absence 

or only nominal presence of grain boundary precipitates. 

4, A single type of incoherent equilibrium precipitate. 

Alloys containing 4 and 5o/o copper by weight as shown in Table I 
I 

were prepared from high purity aluminum -copper alloys cast into an 

ingotb homogenized, hot and cold roll'ed to 12'"'inch wide sheets, 0. 100 

inches thick and finally annealed. 

The heat treatments required to obtain the desired features 

noted above had been previously determined. 12 The heat treatments 

selected for the test specimens were as follows: 
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A. The as-received alloys were solution heat treated and 

homogenized for 72 hours at 540°C and water quenched. 

B. The alloys were then cold worked 30% preliminary to a 

recrystallization treatment at 540°C to provide a constant final grain 

size of the alpha phase. Since additional grain growth occured during 

subsequent precipitation treatments, the time at the recrystallization 

and grain growth temperature had to be controlled for the various alloys 

and dispersion so that the final alpha solid solution grain size would be 

identical in all specimens. 

C. The recrystallization treatments were followed by appro

priate aging treatments. The aging treatments were selected to avoid 

excessive grain boundary precipitation and crystallographically orien

ted precipitates. 

D. Finally, the alloys were given a preliminary aging treat

ment after which they were funace cooled to 305°C and aged for two 

days. Specimens were then machined and an additional two days of 

aging at 305°C was practiced to remove the effects of machining and to 

establish the composition of copper in the alpha solid solution at the 

limit of solubility of copper in aluminum at 305°C. The actual heat 

treatments which were used are shown in Table II. 

Nom.% by 
wt. Cu 

Table I * 
Chemical Composition of Alloys 

Percent Weight Alloying Component 

Chemical 
Analysis Spectographic Analysis 

Cu Fe Si Mg Ca Na Mn 
-4%---·----4.,..:.=--u~3,...----. ..;:o_,.o:.,.2--.-,o;.:;o,:;,2,..----."""'o"""'o-fii'oLr4-< ..... -,o"'o"'o"'6.---:;<:-. r.o""o"o6;;;---.~oo;1 

50Jo 5. 240 . 001 . 001 . 000 . 000 . 000 . 000 

*All alloys and analyses were furnished courtesy of the Aluminum Company 
of Ame1 ica Hesearch Laboratories. 
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The resulting solid solutions 'Were established by previous 

studies to contain about 0. 19 atomic percent copper. 12 Furthermore, 

subsequent room temperature aging or strain aging during testing were 

observed to be insignificant. The specimens were etched in a solution 

of 6 HN03, 9 HCl. 2HF and 15 H
2

0 parts by volume to establish iden

tical surface conditions and to determine the average alpha grain size. 

The grain size determinations were made by the intercept method. The 

results of these observations are recorded in Table H. 

The average number of particles observed per unit area of pol-

ished surface. (N). were established for each group of specimens by 

metallographic inspection of a number of specimens of each of the de-

grees of dispersion. Calculations of the mean planar particle radius 

and mean planar interparticle spacing were made assuming the particles 

to be spherica:I and uniformly distributed throughout the matrix. Neither 

of these assu:v::aptions is perfectly valid in these alloys. Assuming also 

that each particle of radius I" on the plane of polish has a circle of 
2. 

influeQce of radius R. tl;len ~2 = f where f is the volume 

fraction of particles in the matrix. The number of particles per unit 

· area of matrix is and the mean planar particle spa-

cing. D. is taken approximately equal to 2R. The volume fraction of 

precipitate is obtained from the aluminum-copper phase diagram to-

gether with values of the density of the alpha solid solution and ihe e 
particles. Taking a density of 4. 35 for CuA12 , a density of 2. 73 for 

the alpha solid solution and the solid solution to contain· 0. 194 ,atomic 

percent copper the values of f J f"' one/ D obtained are shown in 

Table H. 

Mechanical Tests: 

' 
The low temperature tensile tests required for the analysis 

of strain hardening in terms of the intersection model were made on 
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Table II 
Heat Treatments for Dispersions of CuA12 

Preliminary 
Recrystallization Aging Treatments 

Description of o/o Time Temp Time t;emp Time Temp Grain size N X f r D 
Cu dispersions min. oc hrs c hrs °C grains /mm. 10-4 c~5 cm_ 4 

X 10 X 10 

4-M 2 1/2 540 w. Q. 1/2 440 A. C. & 3 350 2.3 1631 . 0453 2. 98 2 .. 8 

4-C 2 3/4 540 w. Q. 24 465 2.4 98 .0453 10.8 11.4 

5-F 2 1/2 540 w. Q. . 025 525 w. Q.& 1 400 2.3 7620 . 0595 1.56 

Symbols: C = coarse, M = medium, F = fine, W. Q. =water quench, A. C .. = air-cooled, N =number of particles 
per unit area of plane of polish, r = mean planar particle radius. D = mean planar distance between 
particles. f = volume fraction of precipitate. · 
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the Instron testing machine. Recorded stresses were estimated to 

4 2 -4 
be accurate to.:!:_ 3 x 10 dynes/em and strains to.:!:_ 10 . 

The mechanical testing consisted of determining the change in 

flow stress with rapid changes in the strain rate while the specimen 

was being strained in tension at a given temperature. The strain rate 

changes were made by means of a quick gear shift which changed the 

rate of head motion on the Instron from a minimum of 0. 002" /min. to 

a maximum of 0. 02" /min. 

Tests were also conducted to determine the change in flow stress 

with changes in specimen temperature while straining at a constant 

rate of . 02" /min. These tests were made by straining the specimen a 

desired amount. reducing the load to approximately 15% of the defor-

mation load and quickly changing temperature controlled baths. The 

specimen was then allowed to come to equilibrium with the new bath 
,;;, 

temperature for ten minutes and the tensile straining was resumed at 

this temperature. This procedure was found to minimize creep and 

recovery during the interval of tim'e the specimen was coming to equil-

ibrium at the new bath temperature. 

Application of the theory of thermally activated intersection of 

dislocations to the strain hardening of F. C. C. metals requires that 

the strain rate and temperature dependence of the flow stress be known 

for various states of deformation. The state of deformation of a work 

hardened F. C. C. metal is defined by a certain average density and dis-

tribution of dislocations that exhibit a characteristic flow stress at a 

given temperature and strain rate. Thus, two identical SfH~cirncns 

strained at the same temperature and strain rate exhibiting identical 

stress-strain curves are assmned to contDin the s~nne average density 

and dbtl'il•11tion of dislocations at a given point on the: stress-strain curve 

, 
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In order to experimentally establish the temperature ami strain 

rate dependence of the flow stress at a given state of strain in all of 

the specimens of a given degree of dispersion. the specimens were pre

strained at 77°1( and . 02 11 /min. to a previously selected stress level 

at which point they were assumed to be in the same average structural 

state of strain. The temperature was then changed as previously des-

cribed and the straining resumed. Immediately after the specimen be-

gan to deform plastically at the new temperature, strain rate changes 

were made to determine the strain rate dependence of the flow stress at 

this temperature. A portion of the stress-strain curve depicting the re-

sults of the above procedure is given in Fig. 1. Calculations were made 

of the parameter p' = .d k ij.tHr at each point where strain rate 

changes were made. The (3 1 
values were then plotted as a function 

of the flow stress and the resulting curve extrapolated to the stress cor

responding to the previously .selected strain state. This procedure was 

0 repeated at test temperatures of 114, 90, 77 and 4. 2 K for pre-strained 

states corresponding to" tensile strains 0. 90, 1. 49, 2. 08, 2. 66 and 

3. 24%. The results of these tests are shown in Figs. 2a to 21. The T 

and (3 values plotted in these /igures are the von Mises values where 

1: = 0/z. and (3 = Z (3 
Some questions existed as to the possibility of specimen recovery 

upon changing from the pre-strain temperature of 77°K to the higher 

temperatures of 90 and 114°K. This problem was resolved by alterna

ting the bath temperatures so as to compare the Cottrell-Stokes ratios
13 

for changes from higher to lower temperatures with those obtained for 

changes from lower to higher temperatures over identical stress regions. 

The stress ratios were found to be identical within experimental error 

indicating that the flow stress changes were completely reversible and 
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specimen recovery was insignificant; 

Additional Observations: 

A few selec~ed transmission-electron microscope observations 

of the deformed structure of the dispersi?n alloys were made to estab

lish t.he nature of the dislocation distribution arou_nd the ·Al2Cu particles 

and to check previous observations described iJ.l the literature. 6• 7 • 8 

The specimens observed were prepared by heat treating thin sheets of 
• j' \ 

the aluminum-copper alloy approximately 100 microns thick in the same 

manner as the tensile specimens and straining th~m ~bout 5o/o at 77°K. 

Thin films were then obtained by electropolishing the deformed sheets . ' ; 

in an electrolyte solution of 20o/11 perchloric acid (60%) and 800fo absolute 
. . ' . .· . '. : 2 

alcohol at an e. m. f .. of 20 volts and current density of 0. 1 amps/em . 

During thinning the electrolyte was suspended over a dewar of liquid 

nitrogen to maintain a low polishing temperature. 

RESULTS AND DISCUSSION 

The intersection theory of work hardening is based on the assump

tion that the thermally activated intersection of forest dislocations by 
' · .. • 

glide dislocations is the rate controlling process of deformation. The 

analysis presented here is that developed by Osborne, Mitra and Dorn. 
9 

As shown by Seeger10the strain rate arising from thermally acti-

vated intersection of dislocations is given by 

(1) 



where 

24 • 
.. 

/ 1 = shear strain rate, 

N = number of points of contact per unit volume between 

dislocations moving on principal glide planes and 

forest dislocations, 

L = the mean spacing between forest dislocations, 

"\To = the Debye frequency, 

P = the Burgers vector. 

,A = Boltzmann's constant, 

7' = the absolute temperature, 

[/ = the acti vai:ion energy for intersection. 

In general, the activation energy for intersection will depend 

upon the type of intersection and fault created. One would expect screw-

screw. edge-edge, and screw-edge intersections to contribute to the 

deformation; therefore, the activation energy in Eqn. (1) should be 

thought of as a smeared average of energy supplied by a thermal flue-

tuation to effect intersection. 

Basinski 
11

has postulated -a unique force-activat+on distance curve 

tor· interse~tion between dislocations shown in Fig. 3. The thermal 

activation energy is related to this curve by the equation 

where 

1
~ 

U=F xc!F 

~ , = the maximum force required for intersection, 

F = the average applied force, 

(2) 

X = the average distance dislocations move during thermal 

activation, 

The average applied force on the dislocation in the lower limit of Eqn. (2) 

is given by 
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where 1: = the applied shear stress, 
11 r = the average back stress acting on the dislocations. 

~ 
The back stress, ?: ~ exerted on the glide dislocations arises from 

(3) 

contributions which are independent of the temperature except through 

the shear modulus, The sources of these contributions will be considered 

in more detail later. 

The temperature dependent contribution to the flow stress is 

associated with the constriction of the extended dislocations and the for-

mation of the jogs occuring during intersection. This contribution is 

retained in the force.-distance curve. !f the specimen was deformed at 

absolute zero the-work done to effect intersection would be contributed 

solely by the mechanically applied force given by: 

(4) 

During deformation at a temperature above absolute zero some of the 

.energy required to effect intersection is contributed by a thermai flue-

tuation as shown by the shaded area under the F- X curve in Fig. 3. 

The maximum mechanical force required to effect intersection is now 

(5) 

The very heavy upper curve in Fig. 3 refers to the Fo-X curve for 

intersection at absolute zero. At any other temperature, T, the ordinates 

are reduced by G'i'/G 0 as shown by the light solid curve. The 

corrects for the change in force through the temperature 
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dependence of the shear modulus. 

Combining Eqns. (1). (2) and (3) it follows that 

(3 = {cLt...f/,nJr=- /J.r (<~;Jdr) = Yhr (d%r)( ~r) 
(6) 

. 9 
Osborne» Mitra and Dorn have shown that is not sensitive to 

7:: but depends primarily on the strain hardened state, thus 

I 

f~T = Zf~i = LhX (7) 

Due to its units (em 3) (3.Jr T is called the activation volume. The 

activation volumes calculated for the three dispersion alloys is shown 

in Table III. 

Eqn. (7) permits an estimate. of L for various strain states to 

be made by utilizing Dorn and Mitra 1s 9 assumption that at 4; 2°K the 

thermal energy is small and the activation distance, x, is approximately 

equal to the Burgers vector b, hence at 4. 2°K 

(8) 

The calculated values of L. using b = 2. 86 x 10 -B em, are shown in 

column (6) in Table III. 

Considering the previous discussion and the approximations made 

in determining the average values of L it is doubtful that these values are 

reliable measures of the average spacing between the forest dislocations 

in the matrix. However, they do give a reasonable measure of the 
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Table III 
Specimens 4-M 

I 

ZfJAT 'CL/.J~ r z- :/! 1 X L 
-'I( or~,~ .;o8 ~~() ~ .Z.I ~ " o t:m •J() C/P1•/0 e'/11·/0 a'rn ~ s • /o 

E= .010 114 2.69 5. 90 9.30" 11. 0 2.94 2.38 

90 2.78 5. 25 6~52 7.75 2.94 2.44 

77 2.82 5.00 . 5. 31 6.3 2. 94 2.46 

4.2 3.36 2.86 2. 94 2.83 

f.= . 015 114 3.68 4.25 6.70 10.6 2.20 2.45 

90 3.79 3:85 4.80 7.6 2.20 2.50 

77 3. 85 3.75 3.98 6.3 2.20 2.52 

4.2 4.59 2.86 2.20 2. 90 

i,= • 021 114 4.46 3.65 5.75 10. 7. 1. 89 2.53 

90 4.60 3.30 4. 10 7.6 1. 89 2.58 

77 4.66 3.20 3.40 6.3 1. 89 2.60 

4.2 5.55 2.86 1. 89 2.99 

~ ~027 114 5.17 3 .. 10 4.87 11.0 1. 54 2.40 

90 5.33 2.80 3.48 7.9 1. 54 2.45 

77 5.41 2.75 2.78 6.3 1. 54 2.47 

4.2 6.45 21. 6 1. 26 2.86 1. 54 2.85 

£= .• 0"34 114 5.80 2.70 4.25 10.9 1. 36 2.36 

90 5. 99 . 2.45 3.05 7.85 1. 36 2.42 

77 6.08 2.40 2.44 6.3 1. 36 2.44 

4.2 1.25 19. 2 1.11 2.86 1. 36 2.81 

Values of 2f3Ar, X.J L.J ond l:Lb G7G1' for five pre-strain 

states in each disp~rsion alloy. 
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Table III 
Specimens 4-C 

r / 

2f3A'1' ?Zh ~r 7: -~ 2rlf 7 
X L 

OA" dyn% -._/0 C/Jif. •/0 cm3./tJv CIT} •/IJS" 
b ojr/1~;) •/0 

( IT1 Cly /) ~ C/T!·;o 

£..;=. 010 114 2.26 5.45 8.55 10.6 2.82 1. ~)2 

90 2.34 5.00 6.20 7.7 2.82 1. 97 

77 2.40 4.80 5. 10 6. 3 2.82 2.00 

4.2 2.91 2.86 2.82 2.36 

f= • 015 114 2. 92 4.30 6.80 10.6 2.25 1. 99 

90 3.07 4.05 5.02 7.8 2.25 2.04 

77 3.14 3.82 4.05 6.3 2.25 2.07 

4.2 3.78 2.86 2.25 2.43 

f= . 021 114 3.52 3.80 5.96 10.9 1. 91 2.03 

90 3.67 3.52 4.36 8.0 1. 91 2.08 

77 3.75 3.25 3.46 6.3 1. 91 2. 11 

4.2 4.54 2.86 1. 91 2.48 

E.= • 027 114 4.01 3.45 5.42 11. 1 1. 72 2.08 

90 4.16 3. 15 3.90 7.9 1. 72 2. 13 

77 4.26 2.90 3.08 6.3 1. 72 2. 16 

4.2 5.14 24.4 1. 41 2.86 1. 72 2.53 

(= . 034 114 4.51 3.08 4.85 11.0 1. 54 2.09 

90 4.70 2.75 3.41 7.8 1. 54 2. 15 

77 4.80 2.62 2.78 6.3 1. 54 2.18 

4.2 5.79 21. 8 1. 26 2.86 1. 54 2.54 

Values of 2/]A'r ,I X.) L one/ (Lh Gp1;,.. for five pre-strain 

states in each dispersion alloy. 

.f 
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Table III 
Specimens 5-F 

'T 
I ~ 

LL.b~r X L ?: -e ;(! ,. 2j3A'7 
OK dynes •/0 c.'%, •/0 3 v 

cm·/o1 b 5 
A41.. Of/1• C/1} .. /{) C/77 •/0 dyn~.s ·10 

C.= . 010 114. 3.24 5.40 8.50 10.5 
90. 3.33 4.95 6.15 7. 7 

77 3.38 4.80 5. 10 6.3 

4.2 3.98 2.86 

E= . 015 114 4.29 3. 95 6.21 10.7 

90 4.42 3.60 4.47 7. 7 

77 4.48 3.45 3.66 6.3 

4.2 5.28 2.86 

E= . 021 114 5.19 3.20 5.04 10.9 

90 5.36 2.85 3.54 7.65 

77 5.44 2.75 2.92 6.3 

4.2 6.41 2.86 

£= . 027 114 5. 76 2.85 4.49 10.8 

90 5.94 2.60 3.22 7.8 

77 6.03 2.45 2.60 6:3 

4.2 7. 11 20.3 1. 18 2.86 

£= • 034 114 6.62 2.40 3.78 10.9 

90 6.85 2.20 2;73 7. 9 

77 6.94 2.05 2. 18 6.3 

4.2 8.20 17. 1 0.99 2.86 

Values of 2;9Ar J X./ L ond 'l:Lh G;y&, 
states in each dispersion alloy. 

2.82 2.76 

2.82 2.80 

2.82 2.82 

2.82 3.22 

2.03 2.61 

2.03 2.66 

2.03 2.68 

2.03 3.06 

1. 62 2.53 

1. 62 2.58 

1. 62 2.60 

1. 62 2. 97 

1. 44 2.50 

1. 44 2.55 

1. 44 2.57 

1. 44 2.94 

1. 21 2.40 

1. 21 2.46 

1. 21 2.48 

1. 21 2.89 

for five pre-strain 
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effective forest denfiity chan1{eH with Bt.ndn l11 the three diaper·sion 

alloys. 

With these values of L for each strain stale, Eqn, (7) can be.• 

used to determine the activation distance (x) corresponding to the other 

test temperatures. shown in column (5) of Table III. 

The force acting on a dislocation depends on the temperature 

through the shear modulus. therefore, the force-distance curves will 

differ for deformation at different temperatures, This difference is 

corrected for by reducing all test data to equivalent values at' absolute 

zero through the relation 

(9) 

While the temperature dependence of the shear modulus for the alloys 

is not known, the corrections should be quite small over the temperature , 

range of the tests. Also, the ratios should not be very different f1·om thoso 

of pure aluminum; therefore. we shall use the shear .moduli ratiou of pure 

aluminum for this correction. 9 

Fig. 4 shows plots of 

dispersions. Since the curves for a given dispersion differ withi11 expert-

mental error only by constant differences in elevation, lt followt:l I hat 
, ... _;1' IG ) (_ L 6 \ 0/&7 between these curves is constant regardleHs of the 

value of 7.: , confirming the previous statement that 1:·•· is not 

sensitive to r but depends primarily On the strain harderwd Btute. 

These curves are essentially force-distance curves except that ttwy are 

displaced along the ordinate axis by an amount equal to the force exerted 

by the average back stress corresponding to the purticular· ~>train state. 

The plot also shows that the Fo-X curves for the three difip(:rsiont:J 

are essentially identical within experimental error over the region of 
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strain studied indicating that the sa.n1e unique ;Li;- X curve exists 

during deforrnat.ion of the three dispersions. These results are in agree

ment with. the intersection theory postulate that a unique Fo-X curve 

exists for intersect'ion controlled deformation and show that the rate con-

trolling mechanism of deformation is not altered by variations in the de

gree of dispersions of precipitate particles. 

Having shown that the rate controlling mechanism of deformation 

in the alloys might be interpreted in terms of intersection theory, tne 

analysis can be extended to estimate the strengthening contributions 

arising from effects associated with the intersection of dislocations and 

those due to the build-up of long range stress fields. 

The temperature dependent contribution to the flow stress during 
,_+ 

deformation at a given temperature, (... 'I' • can be estimated from the 

L Lh (Go/Gr} versus x curve in Fig. 4. During deformation at 

higher .. temperatures corresponding to larger values of x where the curves 

become asymptotic to the x-axis. the energy required for constriction 

and jogging is contributed by thermal fluctuations and the mechanical 

contribution is essentially zero. Thus, an estimate of the mechanical 

force required for constriction of the extending dislocations dtlri.ng def-

ormation at a lower temperature can be obtained from the difference in 

ordinate values of the curve at the x corresponding to the temperature of 

deformation and at values of x where the curve becomes aE;yrnptotic to 

0 the x-axis. The temperature dependent force at 77 K is estimated to be 

0. 2 x 10- 5 dynes. 

During deformation of the alloys, the average back stress em the 

glide dislocations arises from the sum of contributions at two sources: 

the interaction back stress and the long range back stress. 
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(10) 

* The interaction back stress, ~e • results from the elastic 

interaction between dislocations intersecting at various angles of incH-
' 

.nation and having vanious angles.betweenlthe£r d3urgers vectors. An es

·timate of :the .a~erage ,value •of 'the .interaction 'back ~tress can be obtained 

from experiments on single crystals of aluminum. Near the beginning 

of Stage l of the stress-:strain curve.of aluminum single crystals the dis

location density is quite low and the long range back stress arising from 

the stress fields of dislocations in the matrix is assumed to be negligible. 

When a single crystal of aluminum is strained at a low strain rate and at 

a temperature corresponding to a point on the versus 

x curve, where it is asymptotic to the x-axis •. the flow stress will be al

most entirely due to the back stress on glide dislocations resulting from 

short range elastic interaction. Mitra, Osborne and Dorn9 have obtained 

* values of ~-Lb for single crystals of aluminum of about 0. 76 .x 10- 5 

dynes . This value is thought ·to be a little high due to the assumptions 

stated above. 

Hirsch14 and Basinski 11 have shown that the temperature indepen-

dent contribution to the flow stress due to short range elasHc intE!racHons 

between intersecting dislocations is given by 

+ 
7:~· = o< Gb/L (11) 

Theoretical discussions Gf interactions between intersecting dis

locations have also been presented by Friedel15 and Saada. 16 These in-

vestigators suggest that a major source of strengthening from dislocation 

intersection arises from the recombination of the disloc~tions over a length 
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depending on the angle of inclination at which the dislocations cross. 

The results of their calculations give the back stress due to recombina-

tion as 

o<
1

Gb/L (12) 

I 
The factor o< for recombination is calculated from an average 

inclination angle between the intersecting dislocations and is approxi-

mately equal to 0. 2. 

The value of o( in Eqn. (10) or (11) determined from aluminwn 

single crystal experiments gave o<. :::::::.. 0. 035. Similar experiments 

for copper gave o< ..:::::::.. 0. 046. While it is difficult to establish def-

initely the interactions that accompany the thermally activated inter sec

tion· of dislocations, the discrepancy between the experimental values of 

0{ and those calculated from the recombination theory indicates that 

recqmbination is not a significant factor in the strengthening of these 

metals. The short range interaction contribution to the flow stress will 

be taken as 

o.035 GiJ/L (13) 

The long range back stress~ • may arise from the stress. 

fields associated with the distribution of dislocations in the matrix or in 

overcoming attractive stresses between dislocations in entanglements. 

· While the back stress resulting from the interaction of the long range 

stress fields is complex and may, vary locally throughout the matrix, an 

estimate of the average long range back stress can be obtai ned from the 

intersection analysis as follows: 
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The force acting on a dislocation is given by 

~· 

F = (7:- r I Lh 

hence 

•• (14) - . 

Thus, if increases linearly with 1/ L, a log -log plot of the above 

equation could result in a 45° line. A non-linear increase in z:J 
would be indicated by a deviation from the 45° line. Fig. 5 is a plot of 

log L versus log fA 'F for the thr~e dispersion alloys strained at 

77°K. The deviation from the 45° line indicates a non-linear increase in 

the long range back stress with strain. An estimate of the magnitude of 

the long range back stress at a given strain state is taken a,s the difference 

between the datum values and the 45° line resulting from the calculated 
( 

constriction and short range interaction contributions to the flow stress . 

. The change in the effective forest dislocation density with strain 

for the three dispersion alloys strained at 77°K is shown in Fig. 6. 

These plots indicate that the degree of dispersion has a significant effect 

on ·the average forest dislocation de.nsity produced for a given amount of 

strain. Comparison of the relative magnitudes of these forest densities 

with those previously determined for polycrystalline pure aluminum speci-

mens (having the same grain size) reveal that the presence of precipitate 

particles significantly increases the effective forest dislocation density 

over that which would be obtained for the same amount of strain in a par-

ticle free matrix deformed at the same temperature and strain rate. 
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Transmission electron-microscope observations of the deformed 

structure in thin foils of these dispersion alloys revealed complex tangles 

of dislocations of relatively high density tending to be localized at particles 

and groups of particles. Observation of loops around particles was un-

common; however, there was some tendency for the dislocations to bend 

around the particles. These observations are in agreement with those 

described in previous electron-microscope investigations of Al-Cu allo~f3! 18 

The calculated values of the average spacing between forest dislocations. 

is in qualitative agreement with the spacing between dislocations observed 

in the tangles in the thin foils. Thus, it appears that the effective densities 

of forest dislocations are associated with the relatively high density tangles 

of dislocations localized near the precipitate particles. 

Figs. 7a-7c show the contributions to the flow stress as a function 

of strain for the three dispersion alloys strained in tension at 77°K and 
-4 ~ 

at a strain rate of 10 I sec. The long range back stress, L_L 

increases rapidly in the early stages of deformation and levels off to 

nearly a constant value at higher strains. The interaction back stress, 

z-~ 
::<: • increases in proportion to the increase in forest density with 

strain as does the temperature dependent contribution to the flow stress. 

The results of this investigation indicate that the Fisher, Hart 

and Pry mechanism of dispersed particle hardening is not a major 

source of strengthening of the Al-Cu dispersion hardened alloys. While 

it may be possible that this mechanism does make some contribution 

to strain hardening the observed distribution of dislocations around the 

precipitate particles indicates that in general the particle dislocation 

interactions are much more complex than the simple mechanism of dis-

·location loops forming around the particles. Previous investigations 

which tend to confirm the Fisher, Bart and Pry theory of particle 

strengthening were based on the assumption that the dispersed particles 
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make no significant changes in the dislocation density in the matrix. 5 
.. . 

These investigations assume the strengthening contribution from the 

matrix by some mechanism such as t_he intersection of dislocations is 

independent ofthe degree of dispersion of the particles and on this basis 

the experimental results were shown to be in reasonable agreement with 

the Fisher. Hart and Pry theory. The results of this investigation show 

that the dispersed particles significantly alter the density and distri-

bution of dislocations in the matrix and that this is a major source of 

. strengthening the alloys. 

The initial large increase in the long range back stress relative 

to the increase in the back stress associated with the intersection of 

dislocations leads one to expect that the Cottrell-Stokes ratios should 

initially be relatively small and increase during the first few percent 

of strain. At larger strains the long range back stress levels off to 

nearly a constant value and since the back stress associated with the 

intersection of dislocations increases in proportion to the dislocation 

density one would expect the Cottrell-Stokes ratios to be nearly constant. 

Measurements of the Cottrell-Stokes ratios at larger strains were found 

to be constant within experimental error. During the first few percent 

of strain there did appear to be a tendency for the Cottrell-Stokes ratios 

td be smaller and increase with strain; however, these observations ar~ 

not positive since the flow stress values for changes in temperature 

were extrapolated from recorded stress-strain curves and the accuracy 

of these extrapolated values is not considered good enough to establish 

definitely a trend of small changes in the Cottrell-Stokes ratios. 

The results of the intersection analysis together with the electron-

microscope observations of the deformed structure of the dispersion 
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hardened alloys suggest that the major strengthening effect of the 

dispersed particles is due to an increase in the effective forest dis-

location density in the matrix. The increase in forest density appears 

to be associated with the relatively high density tangles of dislocations 

localized near particles. While the fundamental particle-dislocation 

interactions which result in these tangles are obscure there appears 

. to be only two likely mechanisms of developing the observed distri

butions of dislocations. The dislocation tangles may result from a 

complex process of bending and cross-slip of dislocations that meet 

particles lying in their glide plane as t!ley move through the matrix. 

A mechanism of this type has been proposed by Hirsch6 to explain the 

slip characteristics and dislocation distribution observed by Thomas 

.and Nutting6 in overaged Al-Cu alloys. A second possible mechanism 

responsible for the increase in the forest dislocation density is the 

generation of dislocations at the particle-matrix interface. This is 

not an unreasonable mechanism since the incoherent particle -matrix 

interface. could .contain local regions of high stress concentration which 

act as sources of dislocations under an applied stress; however, the 

available evidence seems to favor the cross-slip mechanism of in-

creasing the dislocation density. Determination of the principal mech-

~nism responsible for the increase in the dislocation density in the dis-

persion hardened alloys is a problem for the electron-microscopist. 

., 
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CONCLUSIONS 

v 

Assuming that the rate controlling mechanism of deformation 

of the dispersion hardened alloys is the thermally activated inter

section of dislocations, the following conclusions may be reached: 

1. The presence of Al2Cu precipitate particles in the solid 

solution matrix significantly increases the effective forest dislocation 

density over that which would be produced for the sa:me amount of def-

ormation under identical experimental conditions in a particle free 

matrix. The rate of increase in dislocation density with strain in

creases with finer dispersions of precipitate particles. 

2. The major strengthening contribution of the precipitate 

particles arises from effects coincident with the increased disloca-

tion density in the matrix. The large increase in effective forest dis-

location density during deformation is associated with the formation of 

relatively high density dislocation tangles localized near particles and 

groups of particles. 

3. The Fisher, Hart and Pry mechanism of particle contri

bution to strain hardening does not appear to be a significant source of 

strengthening of the alloys. While the build-up of long range back 

stress in the alloys is irt accord with the predictions of the Fisher, 

Hart and Pry theory, the back stress more likely results from the 

observed dislocation tangles than from loops formed around particles 

which were observed to be relatively uncommon. 
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