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A B S T R A C T :  The effects of the dislocation pattern formed due to the self- 
organization of the dislocations in crystals on the macroscopic hardening and dy- 
namic internal friction (DIF) during deformation are studied. The classic dislocation 
models for the hardening and DIF corresponding to the homogeneous dislocation con- 
figuration are extended to the case for the non-homogeneous one. In addition, using 
the result of dislocation patterning deduced from the non-linear dislocation dynamics 
model for single slip, the correlation between the dislocation pattern and hardening 
as well as DIF is obtained. It is shown that in the case of the tension with a constant 
strain rate, the bifurcation point of dislocation patterning corresponds to the turning 
point in the stress versus strain and DIF versus strain curves. This result along with 
the critical characteristics of the macroscopic behavior near the bifurcation point is 
microscopically and macroscopically in agreement with the experimental findings on 
mono-crystalline pure aluminum at temperatures around 0.STm. The present study 
suggests that measuring the DIF would be a sensitive and useful mechanical means 
in order to study the critical phenomenon of materials during deformation. 

K E Y  W O R D S :  dislocation patterns, work hardening, dynamic internal friction, 
critical phenomenon 

1 I N T R O D U C T I O N  

The plastic deformation of metal  crystals involves intrinsically the multiplication/ 

annihilation, reaction and movement of dislocations, consequently, leading to energy dis- 

sipation. This is a typical irreversible process far away from equilibrium state. As a result 

of dissipation structure formation, the ordered structures or pat terns  of dislocations can be 

formed through the self-organization process of dislocations [1]. This dynamical  phenomenon 

shows the self-adjustability of materials to be compatible with the deformation and to re- 

sist failure, the same as bio-systems in adapt ing themselves to the environment. Meanwhile, 

there appear  some distinct stages along the hardening curve, indicating the hardening behav- 

ior of crystals to vary with the self-organization process. Hence, for the purpose of resolving 

rationally the problem of the crystal hardening, it is essential to s tudy the self-organization 
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process of crystal dislocations and ~hen to correlate dislocation patterns with the hardening 

behavior. Tiffs is an important tendency in tile development of the, modern hardening the- 
ory, in contrast to cite classic one that addresses the det)endencc' of the hm'dening only on 

tile global dislocation density but not on the dislocacion configuration. 

Internal friction is considered as the macroscopic damping of kinetic energy during 
the vibration of substances caused by nficrostructural variation. Owing to its sensitivity to 

tile evolution of the microstructure, measuring the internal friction has become an effective 

means used in materials science and condensed physics. By superposing a small vibrational 

stress upon the plastic deformation of materials, tit(; internal friction measured in-situ is 
usually called the dynamic internal fl'iction during deformation, or the DIF for brevity. With 

its relevancy to plastic deformation, the DIF provides us with important information about 

the movement, multiplication/annihilation and self-organization process of dislocations and, 
thus, is helpful to developing the correlation between the dislocation configuration and 

hardening. Some experimental and theoretical work has been done on the DIF, as reviewed 

critically by Zhou in his Ph.D. thesis [21. It is worth noting that just like the classical 
hardening theory, the previous models for the DIF developed by researchers [a~61 are all based 

on tile presumption that dislocations are arranged spatially in a statistically homogeneous 
manner. Therefore, the DIF is correlated to the mean values of the density, velocity and 

nmltiplication rate of dislocations and the contribution due to the dislocation patterning 

has not been taken into account in their models. 

It includes both tile positive and inverse problems of the transition from macro-scab, 
to micro-scale and vice versa to determine the evolution of dislocat ion patterns based on the 

experimental findings on lohe DIF and then applying it; to predicting tile hm'dening behavior. 
The key issue related is to model tile relation amongst the dislocation patterns, hardening 

and DIF. As the first step of the research, the single slip stage of crystal hardening will 

be focused in the present study of the relationship aforementioned. The present paper is 

divided into four sections. Firstly, a dislocation dynamics model for single slip proposed 

by the authors [r] will be outlined in Section 2, along with the characteristics of the self- 

organization of dislocations predicted based on it. Then, the macroscopic mechanical effect 

of the self-organization of dislocations on the hardening and DIF will be studied in Section 
3. Next, in Section 4, we will give a comparison between the present theoretical result and 

experimental one available in the literature. Besides, the potential applications of the means 
of the DIF are discussed. Finally, a summary will be made on the present study in Section 

5. 

2 D I S L O C A T I O N  D Y N A M I C S  M O D E L  

As suggested recently by Huang et al. [7], the dislocation population can be grouped 

into dipoles and mobile dislocations, with the former being slightly mobile, and their spatial 
density functions are denoted by pa and Pro, respectively. In addition, the slip direction is 
denoted with x and the normal direction of the slip plane with y. Taken into account of 
the mechanisms of the drifting and conservative climbing of dipoles, and that of the slipping 
and cross-slipping of edge and screw dislocations, based on tile long and short distance 
interactions between the two groups of dislocations as well as themselves, the governing 

equations for dislocation dynamics are obtained as follows 
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} Otfld = D~xOxzpd + DyyCOyyfld + f(I]d) -- d/pd + gPmPd 

Cgtflm = D ' ~ O ~ p m  + D~yOyyPm + Dzmzazzpm+ (1) 

2D'x~zO~zpm + d/pd - gPmP~ 

d d D m m m where Dzz  , Dyy,  ~ ,  D~y, D~z , D m are diffusion coefficients. The term of gp,~p~ means 
that mobile dislocations are captured by dipoles at rate of g and so becomes the sink of mo- 
bile dislocations and the source of dipoles. The term of d / p  d represents the mobilization of 
the dislocations captured, where d is tile main controlling parameter (bifurcation parameter) 
related to the external force. The function f (Pd) expresses the generation rate of dipoles 
resulting from the other mechanisms. The governing equations are non-linear reaction- 
diffusion equations that  determine the dynamical mechanism of the self-organization pro- 
cess of dislocation populations. As compared with those suggested by Walgraef et al. Is], 
the three-dimensional rather than two-dimensional movement of mobile dislocations has 
been considered and more physically reasonable reaction terms have been included in the 
present equations. The initial spatial distribution of dislocation populations is assumed to 
be homogeneous, with periodic boundary conditions. 

Linear stability analysis has shown that when the bifurcation parameter d reaches a 
critical value 

1 
= , + - -  ( 2 )  dc VV . 

i 0 where a = - f  (Pal) > 0, the homogeneous state of dislocation populations, pO and pO 
satisfying 

dc f(pO) = 0 p O = 0, (3) 
gPa 

may loss its stability and the following embryo of dislocation pattern appears 

with 

Pd = P ~ + P d  p~  = p,~ + ~  (4) 

t)m = (()~) sin(qcyy + ~) D~y (1 a D~'~ + + 2) (5) 

w h e r e  ^ o ^ o 2 ~ /  o d m , P d / P d  << qcy ~- (agpd) / (D~yDyy)  and ~ is the phase and ~ the Pro~Pro << 1 1, 
y 

coefficient dependent on the bifurcation parameter .~ = d - de. Furthermore, the non-linear 
bifurcation analysis has also indicated that the bifurcation is in the form of fork as shown in 
Fig.l,  in which Fig.l(a) is referred to as super-critical bifurcation and Fig.l(b) as sub-critical 
one. It is noted that  ~(A) = 0 is the trivial solution corresponding to the homogeneous state 
and ~(A) # 0 the non-trivial one corresponding to the dislocation structure periodic along y 
direction. That  is to say, the spatial distribution of dislocations has the symmetry broken 
along the normal direction of the slip plane. This structure stands for a layer-structure with 
the layers mainly comprised of the dipoles parallel to the slip plane, and in the gap between 
any two neighboring layers, the density of mobile dislocation is higher while that  of dipoles is 
lower. That is just a typical dislocation structure often observed experimentally in the stage 
of single slip, termed carpets [9]. It is different from another typical dislocation structure, 
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Fig.1 Bifurcation figure of the dislocation pattern formation 

0 --  homogeneous state, 1 --  carpets 

termed walls, which is also a layer-structure but whose layer planes are perpendicular to the 

slip plane. 

3 H A R D E N I N G  A N D  THE D Y N A M I C  I N T E R N A L  FRICTION D U R I N G  
D E F O R M A T I O N  

3.1 Hardening 
The plastic slip strain rate in a single crystal is given by Orowan's formula 

"~ = pmvmb (6) 

where b is the norm of Burger's vector and Vm represents the collective velocity of mobile 
dislocations which, based on the classic relation of dislocation dynamics, is related to effective 
resolved shear stress re through 

vm : M~-: (7) 

in which M stands for the mobility coefficient, n is the reciprocal of the velocity sensitivity 

exponent and 
, - ~ .  1 / 2  re = r - a~o& (8) 

where G is the elastic shear modulus, a the non-dimensional constant and r the applied 
resolved shear stress assumed to be uniform within the crystal. 

Near the critical point, expanding Pra, Vm in (6) into series and ignoring the high-order 

terms give 
Ovm Ar OVm ^ \ = (po +  m)(v ~ + o ,  + (9) 

Defining the mean of ~ around the crystal volume V as the macroscopical plastic strain, 

then, by using (5~8), we have 

1 ; 5o nMbpOmr2_lAr+ 5 = -~ ~ d V  = + 

Ddy (1 + ~ a uymy "~1:2 
~anMGb2(P~ \ gOOd-D~yy]. (10) 

0 0 For the case of constant strain rate, ~ = ~o = pmvmb, it is readily shown that 

/ a Du~'~ 2 (11) 
Ar  = 4pO(pOd)'/2 Dv~ 
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As ~ is small, there would appear in this case a phenomenon that the stress decreases slightly 
or remains unchanged approximately near the critical point as a result of the dislocation 
pattern formation. 

For the homogeneous state before dislocation patterning, it is shown through (3) and 
(6~8) that 

d M b  (T - aab(p~ n (12) 
";/ = ~ o  ~ 2 g(pd) 

In general, d increases monotonously with r and so does the dislocation density with strain 
during the earlier stage of deformation. Therefore, it is easy to know from (12) that r 
increases also with strain to keep the constant strain rate, i. e., the crystal hardens during 
the earlier stage. Meanwhile, averaging (4) and (5) over the volume leads to 

rid = pO tim = P~ (13) 

It means that near the bifurcation point, although the mean dislocation densities remain 
constant, significant changes occur in the behavior of the hardening. Hence, the dislocation 
pattern is more important to the hardening than the dislocation density itself. 

3.2 The dynamic internal friction 
If a mechanical vibration is superposed to the plastic deformation of crystals, the DIF 

is defined as 
Q - l _  1 AW 

27r W (14) 

where W is the total free vibration energy and AW the damping of the energy per cycle 
induced by the microstructural modification. According to Ke and ZhangD], the vibrational 
resolved shear stress, r '  - T~ sin wt,  takes part in the plastic deformation and then results in 
the DIF, where r~ is the amplitude and w the circular frequency of the vibration. Expanding 
vm = Vm(Te) into series and neglecting the terms of high order in view of 7~ << r, we get 

dvm I 
Vm = Vm(Te + T') = VmO + ~ 7 -  (15) 

dre 

where Vmo is the velocity of mobile dislocations without vibrational stress action. When the 
dislocation density is homogeneous, we have 

f 
21r/~ 

A W  = p ,~vmbT'd t  (16) 
J 0  

Substituting (15) into (16) and then carrying out integration, by means of (6,7), yield that 

A W  = = ( l r )  
WTe WTenp 

where g is the tensile strain rate (neglecting elastic strain) and np the orientation factor of 
the tension axis. The total free vibration energy is 

W = a~ = r; /2an] (18) 

where a ~ is the amplitude of the vibrational stress and nt  its orientation factor. Combining 
(17) and (18) gives 

O - 1  _ n~ n a g  (19) 
np TeaJ 
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For tile tension with constant strain rate, + = pmvmb = const, in view of (7), we get 

dT~ %dpm/ds 

de nflm 
(20) 

As dpm/de > 0 during tile earlier stage of deformation, it follows directly that d%/de < 0 

and thus, from (19) 

dQ -1 n 2 dv~ nGg n~ dp,~ Gi 
ds np de T~w np ds 7~pmw 

> o (21) 

That  is to say that the DIF increases also with strain in the earlier stage of deformation 

where dislocations are distributed uniformly in a statistical sense. 

Define the DIF after dislocation pattering as the average over the volume of Q-1. Then 

from (19) and (6~8), we obtain 

1 Iv  n'~nMGb/v %,,_lpmdV = Q-1 = ~u Q-l  dV - Vw 

n2nMGb 

n ] n ( n -  o o 1 aGb D~vv (1 (2] 
1)MGb (T~)'~-eP'" 4 pO(,,o~l/2 gpO d Ddu~ ] Qo + ] U) 

(22) 

in which 
o 0 0 n - 1  0o  I = ntnMGbpm(re) _ n 2 nGi ~ 

np Teed 

corresponds to the DIF when dislocations are distributed uniformly. For the deformation 

with constant strain rate, applying (11) it follows readily that 

Q_, = Qgl (23) 

It shows us an interesting result that just after dislocation pattern is formed the DIF remains 

unchanged. Consequently, there occurs a fiat stage in the DIF versus strain curve near the 

bifllrcation point. In other words, we may say that the bifurcation point is a turning point of 

the DIF versus strain curve. This result, to the author's knowledge, has not been obtained 

before. 

4 DISCUSSION 

Figure 2 depicts the experimental curves of the DIF (Q-l-e)  and hardening (a-c), 
respectively, for the constant velocity of tension at different strain rates [2'1~ The circular 

frequency, w, used for measuring the DIF is 1.0Hz and the tested material is the crystal 
of pure aluminum (99.999%), whose tension orientation is [331]. The test temperature is 
190~ (0.STm). As shown in Fig.2, in the earlier stage of tensile deformation, both the 
DIF and flow stress enhance acutely until their maximum is reached near e = 1%. Next, 
the flow stress reduces slightly or remains unchanged, and so does the DIF, except for 
Fig.2(a). If our attention is restricted to the experimental findings within the range of 
small deformation, it is easy to know that the tension with constant velocity is equivalent 
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approximately to that  of constant strain rate. Moreover, despite the fact that  [331] is the 

orientation corresponding to double-slip, the interaction between the two slip systems is weak 
because they share a common slip plane. Therefore the macro-mechanical behavior is similar 
to that  corresponding to the orientation of single-slip (which stands for the superposition of 

two single-slips). Comparing the experimental findings on the macro-mechanical behavior as 

well as the related critical phenomenon with theoretical results obtained in the last section, 

it is suggested strongly that  the point of ~ = 1% might be the bifurcation point for the onset 

of the dislocation patterning. 
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Fig.2 Q-l_e curve and a-r curves during constant; velocity tension of pure A1 mono-crystals 

Tension orientation: [331]; Temperature: 190~ Frequency: 1.0Hz 

Figure 3 is the results of TEM observation on dislocations by Zhou et al. [2'z~ The 

experimental condition is the same as indicated in Fig.2(a). From the TEM experimental 

observation, there are a few dislocations in the samples of the raw material. When c = 1% 

is reached, the dislocation density becomes higher but distributes in a statistically homo- 
geneous fashion. Lately, when the strain increases to 8%, dislocation clustering appears. 
Furthermore, when the strain reaches 15%, a distinct dislocation pat tern forms. In general, 
it is hard to determine by TEM observation the exact position of the bifurcation point where 
dislocation patterns start  to be formed, since the dislocation pat tern just formed is merely 
the small embryo. Therefore, only a disorder state of dislocation populations with the high 
density could be observed in this stage. Until the embryo grows up to some extent, the 
clustering of dislocations becomes visible. However, the system has been far away from the 
bifurcation point. On the other hand, as known from the theoretical analysis presented in 
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Section 2, the macro-hardening and the DIF curves are sensitive to the bifurcation point 
and so exhibit the critical phenomenon. Combining the macro-mechanical phenomenon and 
the findings of microstructural observation, it could be expected that there has been the 
embryo of dislocation pattern in the configuration displayed in Fig. 3 (a), that is to say that 
the point of s = 1% is just the critical point of the bifurcation. 

Fig.3 TEM photographs corresponding to the different positions in the curve 

of Q-I_~ indicated in Fig.2(a) 

The experimental results as shown in Fig.2 and Fig.3 support both macroscopically and 
microscopically the theoretical correlation, as given in Section 3, between the dislocation pat- 
tern and strain hardening as well as the DIF. Hence, it has been illustrated experimentally 
and theoretically how dislocation patterns affect significantly the macro-mechanical prop- 
erties. More meaningfully, it provides us with a potential means to study the DIF using 
the dislocation pattern or vice versa. There are many critical phenomena in the dissipative 
process of the nonlinear and non-equilibrium complex systems, which have been attracting 
academic concerns. From the critical phenomenon of complex systems, many important 
information on the internal dynamical mechanisms can be captured such as the omen of 
phase transformation or catastrophe induced by the self-organization process of the system. 
With the sensitivity of the DIF to the self-organization of dislocations, it is suggested that 
the measuring of the DIF is a useful mechanical means to study experimentally the critical 
phenomenon of the plastic deformation of metals and could be manipulated in a simple 
way. In addition, if the lithosphere is viewed as a nonlinear dynamical system, it is easily 
understood that  the means of the DIF is closely similar to the loading-unloading method 
used effectively to predict earthquake. In fact, measuring the DIF stands for superposing 
a loading-unloading process to the dynamical system and then examining the dissipation 
of the energy in order to uncover the internal evolution of the lithosphere. Therefore, the 
research of the DIF can be extended to the cases involving not only the plastic deformation 
but also the other mechanisms of dissipation such as damage for studying the strength and 
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durability of materials. 
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5 C O N C L U S I O N  

In the present paper, the classic models for the hardening and the DIF correspond- 
ing to homogeneous dislocation configurations have been modified to be applicable to more 
general cases that take into account of dislocation patterns. Besides, by combining the evo- 
lution of dislocation pattern determined by nonlinear dislocation dynamics, the correlation 
between the dislocation pattern and hardening as well as the DIF has been obtained. Some 
conclusions could be made as follows for the tension with constant strain rate. 

(1) In the early stage of deformation, the flow stress and the DIF increase with the den- 
sity of dislocations. Near the critical point, the homogeneous dislocation configuration 
becomes unstable and the density of dislocations reaches the maximum. Consequently, 
dislocation patterning begins. However, in the neighborhood of critical point, the global 
density of dislocations and the DIF remain unchanged, and the flow stress either starts 
to decrease or keeps approximately constant. It means that the turning points in the 
curves of hardening and the DIF are consistent with the point of bifurcation of dislocation 
pattering. 

(2) As compared with the experimental results of A1 mono-crystals, the theoretical re- 
sults achieved in the present paper are supported experimentally by both the macro- 
mechanical response and microstructural dislocation configuration observation. 

(3) In the earlier stage of deformation, the hardening and the DIF are mainly governed by 
dislocation density, while in the middle and later stages, dislocation patterns become 
more important. 

(4) Measuring the DIF is an effective mechanical means for studying the critical phenomenon. 

The present study has been restricted to the phenomenon near the bifurcation point 
of dislocation patterning in the stage of single slip. Those corresponding to double-slip or 
multi-slip and far from the bifurcation point are worth exploring further with the help of 

computer simulation. 
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