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Abstract : It is known that some internal defects exist in metal materials . Preliminary atte mpt to relate dislo-

cation evolution with metal rheological forming was done . By the attempt, it is learned that the evolution of

dislocation density p( X,y t) is essentially the change of n independent internal variables qa( a=1,2, ...,

n) with material . The preliminary research in theory and experiments showed that dislocations piling-up could

be avoided. One can improve the internal microstructure and mechanical properties of products by rheological

forming method .
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1 INTRODUCTION

Until now, for most of the applied engi-
neering materials , there would be some internal
defects in them; for examples, impurities,
cracks , cavities , point defects such as displaced
atom or foreign matter atoms, and line defects
such as dislocation, plane defects caused by piled
dislocation in layers and crystal boundary, etc.
All these materials can be called bodies with de-
fects .

Usually , defect has dual characteristics . On
one hand, those defects in the material are stud-
ied as some unfavorable rheological factors, be-
cause some components may lose effectiveness as
time increases, even though the defects seem
negligibly small . However in this paper, on the
other hand, some kinds of defect such as disloca-
tion, are studied as a favorable rheological fac-
tor. The theory and experiments revealed that'!}
if no evolution of dislocation density, then no
any rheological deformation . It is the line defects
existing in crystals that would slide easily under
the function of shearing , and so cause the rheo
logical formation. Conversely , by metal rheolog-
ical formation some internal defects such as cavi-

ties, microcracks etc will vanish, therefore the
mechanical properties of products will be im-
proved. In fact, both of rheological deformation
and rheological fracture are ste mmed from dislo-
cation evolution. In order to prevent the source
of dislocation fracture, one may create certain
condition , for instance , in order to prevent dis-
locations from piling-up and be favorable for un-
dergoing rheological deformation, one may heat
the material to a proper te mperature , and choose
a proper deformation rate .

It is well known that since the concept of
dislocation was proposed in 1934, the research
on dislocation theory has gone through three
stages[2’3]. The first was from 1934 to 1955,
the statics and dynamics of single dislocation
were mainly studied, aiming at solving the relat-
ed stress field. The second was from 1955 to
1978 , beginning the study of continuous dis-
tributed dislocation theory and continuous dis-
tributed dynamics . The third was from 1979 on-
wards , beginning with the research on Lasota’ s
theory[3] and geometry theory of defect stan-
dardized field. The com mon characteristics of all
the above theories are that the displace ment vec-
tors caused by strain field and stress field are
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added up according to the principles of vector ad-
dition , so as to cause the addition of strain tensor
and stress tensor on the strain field and stress
field , therefore there would be two sets of con-
stitutive equations and two sets of physical con-
stants , which is difficult to measure .

From the point of view of mechanics, re-
searchers called the above content as rheological
solid mechanics combining micro and macro lev-
els. In recent years, it is getting more and more
deeper and wider in development combined with
macro- meso- micro  levels. Some  significant
achieve ments on the constitutive equations of
metal polycrystal of the infinite deformation have

been obtained *!.

2 THEORETICAL STUDY ON EVOLUTION
OF DISLOCATION DENSITY

Up to now, there are four kinds of theoreti-
cal models on evolutional dynamic of dislocation
density. They may be divided into two sorts:
Holt model’®!, low energy[6] dislocation struc-

ture model and Kratochvil modell”] belong to the
first sort ; the characteristic of this kind of model
is that the dislocation flow | would be defined by
stress tensor or dislocation energy , although the
theory structure is complete, the two sets of
physical constants are difficult to be measured so
that it is not easy to use . The second one is Wal-
graef- Aifantis’ dynamic model of reactiomr diffu-
[81]

sion'®’, except some constants and parameters,

the others can be described by dislocation density

p(x, Y t) .

2.1 Dynamic physical model of evolution on
dislocation density

Because dislocations exist in materials with
te mperature field and stress field, the plastic de-
formation of metal material is a kind of irre-
versible process which is far from a balanced
state of thermodynamic. From the point of view
of physics, plastic deformation is a macro reac
tivity of dislocation density and move ment (i.e.
the evolution of dislocation density) , and is a
kind of dislocation evolution. When we treat a
set of dislocations’ state as a system, the physi-

cal model is displayed as follows .

The irreversible essential of plastic deforma-
tion is the irreversible move ment of dislocation .
Hence the evolutional system of the dislocation
density also has irreversible characteristic. This
irreversible characteristic must destroy the irre-
versibility of time inversion, so that the disloca-
tion dynamic equations should be parabolic, and
not the hyperbolic .

As the temperature field exists in the sys-
tem, the dislocation move ment under the effect
of thermoactivation is controlled by diffusion
processes , therefore the dislocation has certainly
some diffusibility . They can be increased in the
shearing processes and submerged in crossed slips
and climbing motion. The characteristics of dis-
location are comparable to che mical reactions, so
that the evolutional system of dislocation is a
complex coupling system of chemical reactions
and diffusion, the evolution of dislocation densi-
ty is a comprehensive acting result of the che mi-
cal reactions and diffusion!?-3-°1.

According to the principle of total mass con-
servation in the irreversible thermodyna mics,

%f: V[Dv/d+aa’:n (1)
and

d;m

ar = X (2)

This is to say the substance produced by che mi-
cal reaction equals generalized force

X = v(ﬂ;’) (3)

where m is the mass of the evolutional sys-
tem, tis time, D is evolution coefficient, T is
te mperature, p represents che mical potential
function, generally speaking, g is a nonlinear

function of dislocation density p, therefore p =

u(p -

2.2  Evolution dynamic equations of disloca-
tion density
If Tis treated as parameter, from Eqn.3
one can obtain the generalized force
X=T'vy (4)
where 11(,0) expanded into polynominal of yo
it should have minimum value, if one considers

the nonlinear mutual effect among dislocations ,
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the expanded equations of u( 0 may become as
the following
up = dp - cp- g (5)
Under the conditions of assuring that Eqn .5
has minimum value and has compendious state in
the real space, Eqn.5 has and only has two
kinds reasonable forms

up = dg - bg (6)
and wp = do - cg- bg (7)
It is easy to see that Eqn.6 has two com-

1/2, at this time

pendious states p = (b/d)
symmetrical cracks can possibly happen, while
Eqn .7 has no compendious state , it is i mpossible
to have sy mmetrical cracks .

Put Eqns .6, 7 into 4 , and divide by the pa-
rameter with the highest power of 0, one can ob-
tain "

Xi=p- B(Dp (8)
and _ _

X, = p- C(DG- B(Dp (9)
Put Eqn .8 and Eqn.9 respectively into Eqn.1 ,
we can obtain the evolutional dynamic equations
expressed in dislocation density /0( X, y, t) ,i.
e.

%f: V(DVp - B(T) p+ p (10)

and

()]

aﬁf= V(DVp- B(T) p- C(T) G+ p
(1r)

Both of them are nonlinear diffusiomn reac-
tion type dynamic equations . Let P= A+ POn,
then put it into Eqn .10, according to the duality
relation of source and sink of im movable disloca-
tions and movable dislocations, and the principle
of high power ite m of mutual effect and reactivi-
ty, we can get the evolutional dynamic equations
as the following to describe the movable and im-
movable dislocation densities . Subscript i repre-
sents im movable dislocation, m represents mov-
able dislocations .

2
= vy + g -

B(T) g+ o 12)
2 ~
= v(D,vp) + B(Dg-

Pnfd
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where
g(@) = g+ AP (13)

represents the source of immovable dislocations
caused by the retention of the dislocation incre-
ment . The model 12 is called Walgraef Aifantis’
diffusion- reaction type dynamic equations[ 81,

From Eqn.I1, we can also obtain

a ~
= V(v + gl - B(Da-
C(T) puaa + Puf
2 o -
3= T(Duve) + B(D g+
C(T) put - P
(14)
where

@@ = g+ gup- C(CD g (15)
It is easy to see that the difference of model 12
and 14 stems from the choice of Eqns .6 and 7.

2.3 Discussion about properties of models

It appears two kinds of nonlinear evolutional
dynamic equations of dislocation density, model
12 and 14 given in the above section ; now let us
discuss the properties of the models .

Based on the general principle of the least
free energy , the low energy dislocation structure
means that the driving power of dislocation pat-
terns formed is the decrease of free energy in the
dislocation system , while the dislocation patterns
is a kind of stable low energy dislocation struc-
ture . Therefore we can obtain from the general-
ized forces 8 and 9

X - X =- C(T)g <0 (16)
that is tosay X, < X; . According to the princi-
ple of low energy dislocation structure , model 14
is the more reasonable fine dynamic model of the
evolution of dislocation density .

According to the stable theory, the model
12 is the result of losing stability (that is, C( T)
= 0) of the above model’ s structure. In this
sense , the evolutional dynamic models of disloca-
tion density is model 14 . It is worth pointing out
that the parameters b, ¢, d,or B(T), C(T),
given in the above section should be

u= uCp, € T) (17)
so that we can obtain
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b=1">b(e, T) locations shaped just like a knife edge are often
c=c(e, 1 (18) obstructed by the crystal boundaries, sub-grain
d=d(¢e, T) boundaries, the second phase and fixed disloca-
B.= B(¢&, T) (19) tion. They can not move and hence pile up, as
C= C(e, 1) shown in Fig .1 .

It is not difficult to see that those parameters are
really dependent on the functions of strain £and
temperature T . Eqn.17 and the formulae below
e=e¢e(& T, q0
o= o(&, T, g0
[10]

(20)

have the same forms , whilst Eqn .20 is the
expression for extracting internal energy and

stress discussed in the imaginary & state space
q

on the internal variable theory , hence the mean-
.., n) must be the
same , therefore we can extend the evolution of
dislocation density p into the change ment of n
independent internal variables g,. The specific

ings of pand qa(a =1,2,

physical meaning of Ja is very extensive , it de-
pends on the internal structure and the structural
state of special material under the specific condi-
tion, in a word, it indicates some move ment or
structure rearrange ment inside the material, for
metal , it indicates all sorts of evolution and de-
velopment of multrcrystal internal structure,
such as dislocation, lattice skewing, and recrys-
tallization. This kind of evolution and develop-
ment is actually a sort of chaotic dynamic pro-

cesst!

3 EXPERI MENTAL RESEARCH

3.1 Dislocation research

It has been pointed out that the deformation
and fracture are two different kinds of results of
dislocation evolution. During the metal’ s ther
mo-rheological forming, one should test and
choose out of proper forming force , deformation
rate or forming velocity, according to working
instruction or new successful technique ,for ex-
ample, computer simulation of forming process
under certain te mperature condition and velocity
condition. If one choose the above factors im-
properly, it may lead to dislocations piling-up
even to fracture . The reasons which caused this
kind of phenomenon are that during the defor
mation process of metal crystal, the movable dis-

Dislocation
To
1 AL 4 L 1L
N 1 21
Obstruction
Fig.1 Dislocation piling-up sche me
It is not difficult to obtainl!?]
T'= NT, (21)
where  Tis the force applied to obstructing by

leading dislocation whose value equals the react-
ing force by the obstruction, 7, is the outside
stress , Nis the number of dislocations in the pil-
ing group. Eqn.21 shows that there is a stress
concentration at the forward position in the pil-
ing group . If this stress concentration cannot be
relaxed, the forward position in the piling group
will become fracture source of dislocation. Fig .2
shows the micrograph of the Ti ( Tr6AlF4V) al-
loy forming product, which was formed under
improper te mperature 800 C . Dislocation pilings
and micro-cracks usually occur on the crystal
boundary as shown in Fig.2, thus it is easy to
form a fracture source of dislocation, and proper
deformation should be 950 -~
970 C.

By qualitative analysis, if there are suffi-
cient piling dislocations in front of the obstruc-

te mpc rature

tion, the stress concentration in piling group in-
creases to a certain value, it may stimulate the
dislocation source of the neighboring crystals to
move , make the deformation extend from one
crystal to another, or might destroy some im-
movable obstruction, this is the yield process
produced in the material. In order to carry out
metal’ s rheological forming, to prevent it from
producing fracture source of dislocation, it is
very important to study the effect on rheological
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Fig.2 Micrography of Ti-6Al-4V alloy

stress by te mperature and strain rate .

3.2 Effect on rheological stress by tempera
ture and strain ratel 13> 14

We conducted the experiment on aluminum
alloy plate A6061 , at the different te mperature
levels of testing, we can see clearly that heating
carries complex effects on rheological properties
of the material, owing to the different tensile
speed and different drawing strain rate . In the
formula 0 = KSM, K is a material constant , we
treat the stress as the function of strain-rate , the
sensitivity index M of straim rate is not a comnr
stant , it should be a function of deformation .

3.3 Test of products properties

S 100 pm | R
-

Proper rheological deformation te mperature
and speed cannot only prevent the dislocations
from piling-up and the production of source of
dislocation fracture , but also eliminate some in-
ternal defects, for examples , s mashing crystals ,
dispelling holes and micro-flaws , etc. Therefore
the internal structure in product material can be
improved, and the mechanical properties can also
be improved. Figs.3(a) , (b) and (c) show the
material metallographical structure before and af-
ter thermo-rheological forming of Ti alloy im-
peller, respectively . It is not difficult to see that
before deformation the material is needle consti-
tution of @ + g, the hub part with larger defor-
mation shows equiaxial transformed constitution
of a + p, and some new extended a less than
0.5mm in length. The vane part with the
largest deformation shows complete equiaxial a +
pconstitution . It is thus clear that the process of
thermo rheological forming is a s mashing process
of crystals and improving process of internal
structure and mechanical properties continually .

It is because rheological forming eliminates
some internal cracks , s mashes crystals , therefore
the mechanical property index of products has
been improved. Table 1 and Table 2 give the
test results of Tr6AlF4V alloy product as some
examples .

At the same time, we produced a kind of
parts with thin wall and high ribs. The parts
were made of a kind of high strength, low

RIS,

Fig.3 Material micro

made by rheological forming method
(a) —Raw material ; (b) —Hub part; (¢) — Vane part

rapﬁies of Ti-6Al-'4 V ally impeller
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Table 1 Room te mperature test results(20 C)
Test ite ms g,/ MPa G,/ MPa 8 % o %
Pre;:gbed 2930.00 2830.00  29.00 >25 .00
Test data  1080.44 1030.27 13 .30 55.30
Improved 116 .13 124 .13 147 .78 221 .20

ratio/ %

Table 2 High te mperature test results(300 C)
Test ite ms g,/ MPa G,/ MPa 8 % o %
Prescribed

TeSEIDEC >650.00  2530.00 29.00  235.00
data
Test data 780 .38 650 .20 14.00 64 .50
Improved
’ 120 .06 122 .68 155 .56 184 .29
ratio/ %

plastic aluminium alloy material ( LYL2 ) by
thermo rheological creep forming method. The
socalled creep forming is to keep stress as con-
stant, let the thin equal thickness wall forming
increasing with t. Before this time, it was pro-
duced by machine cutting , cold or warm extru-
sion, it was easy to produce dislocation piling
that would lead to fracture and internal cracks at
the transitional area where the thick and large
cross-section and thin one meet, because the

Fig.4 Material micrographies of
aluminium alloy material ( LY12)
(a) —Thick and large cross-section ;

(b) — Meeting place of thick and thin cross sections

thinnest area is only 2 mm thick, but about 100
mm high! 7.
thermo rheological
choosing proper forming te mperature and for m-
ing speed, heating the dies and the processing
material at the same time , we are able to prevent
dislocations from piling-up , and ensure the inter-
nal material quality . Fig.4 (a) shows the metal-
lographical structure of thick and large cross-sec-

As we adopted a new method of

creep forming technique,

tion of the part, Fig.4 (b) shows the metallo-
graphical structure at the interface of thick and
thin cross-sections of the part, crystals are s mall
and distributed uniformly, hence the internal
quality at the transitional area has been ensured .
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