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ABSTRACT

The ASB initiation and growht in high strength steel are investigated. An integrated energy
theoretical approach is suggested for modeling ASB development and identifying post critical
structure state in the bands. Criteria are formulated for both micro cracks and macro cracks
initiation along the band length. On that basis a numerical simulation model is developed for
axially symmetric body.

The process of ASB initiation and growth is descritized in time and in space co-ordinate
steps. For defining process parameters a variant of the finite difference method, called
Method of finite systems, is applied. In this method for every discrete moment of time and for
every point of the body space mesh an iterative procedure is realized in which the calculations
are made in blocks of the basic groups of equations for the process. The post critical state is
calculated with an a priori assuming the type of distribution of the plastic strain and
temperature across the ASB thickness. Thus considerable difficulties are overcome in the
defining the mechanical-mathematical models for the different ASB structures.

The ASB initiation and growth are studied experimentally on high strength martensite steel.
The strength properties of the initial material in dynamic conditions are identified by using
the Hopkinson bar. An approximation of the yield condition is proposed taking into account
the plastic and dynamic hardening and the thermal softening.

A series of experiments by Hopkinson bar of various sizes of impulse loading are carried out
to investigate the process of plastic and temperature localization. The development of
localization bands is studied by optical, scanning and transmission electron microscopy. The
micro structural changes caused by localized plastic strain are traced and the required
temperature increase for their occurrence accounted for. Zones along the band length are
identified where the changed structure types appear. The crack propagation in dependence of
the structure type of the respective zone are discussed.

On the basis of the performed experimental, theoretical and numerical investigations a
method is suggested for studying and describing ASB in high strength steels. The comparison
between the theoretical, numerical and experimental results shows good agreement. The
method allows to identify the model functions and parameters.
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1. INTRODUCTION. BASIC ASSUMPTION

1.1. Plastic strain localization as local loss of stability of plastic deformation process

The plastic strain localization is a phenomenon that has been observed already at the end of
last and the beginning of the present century (Luder’s bands etc.). As a phenomenon this is a
loss of stability of plastic deformation process in a material particle, line or surface of
plastically deformed body. To establish such instability it is required to accept experimentally
verificable criterion. The internal energy level is stabilized again after the loss of stability and
small one-dimensional zones, bands or stripes of small thickness are formed. The
determination of the post-critical state and the stabilization zone thickness is of essential
importance for material science. The structural changes which run in these zones lead to new
thermal and mechanical properties of the material. These zones are dangerous for
accumulation of failures in the material as well as for initiation of cracks due to the developed
plastic deformation, i.e. they are areas of failure initiation. In every design or assessment of
technological deformation processes of structures it is required to define the condition at
which in certain areas occurs macro-failure (initiation and propagation of macro-cracks
resulting the fragmentation of the body). This makes the problems of plastic strain
localization particularly important. The initiation of localization zones strongly changes the
field of stresses and strains in the body as the zones cause significant non-homogeneity in the
plastic strian and temperature distributions. The temperature is also concentrated in these
zones because of the dissipation of plastic deformation energy that offers an internal heat
source. The changes of plastic strain and temperature are also localized in the zones of stable
energy post-critical state. The characteristics of the plastic concentration in local areas depend
on the type of the localization, determined by:
a) the structure level where we observe:

e mezo level (crystal grains);

e macro level (deformed continuum)
b) the external mechanical loading:

® quasi static

e dynamic impact

e dynamic fluctuation (cyclic process)
¢) the thermal conditions:

e adiabatic

e thermo-mechanically coupling
d) the type of plastic strain localization:

e shear (e.g. shear bands)

e tension (e.g. necking in one-dimension tension)

 plastic looseness dilatation (dilatation bands)
e) the type of stress state in the plastically deformed zone of the body:

* one dimensional (one dimensional zone of localization)

e two dimensional (band of localization)

o three dimensional (strip of localization)
After the plastic strain localizaion a change of the stress state occurs. For instance, in one
dimensional tension and neck formation in cylindrical specimen the stress state in the zone of
the neck becomes axially symmetric.
The determination of the initiation of the loss of stability of the plastic deformation process
and of the zones of post-critical state arises considerable calculation difficulties because of
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the essential non-homogeneity of plastic strain distribution. This imposes the search of
reasonable compromises in the used models and criteria so that the results can be applied in

the engineering practice.

1.2. Some model approaches for determination of plastic localization initiation

Depending on the type of plastic localization, in compliance with the classification in §1.1,
different model approaches are applied for developing a criterion for the initiation of plastic
localization. The criteria are based on the fundamental concept that the localization is due to
the local loss of stability of the plastic deformation process.

We shall present some characteristic examples.

a) Neck formation in one dimensional tension

The conventional approach to determine the beginning of neck formation (localization in
tension) is based on the assumption that loss of stability in one dimensional tension occurs
when the relation between stress o and strain € reaches its maximum (conditional
measures). For quasi-static experiments the dependence ¢ = f{e ) reaches maximum at

€ =gp, when neck is formed:

(1) i=0., and d°f <0
de

The curve f(e ) can have maximum also if there is softening due to temperature or material
damage.
This criterion is equivalent to the criterion for reaching critical plastic strain €2 =¢ £ (See

Fig. 1.1). €f corresponds to the critical strain € 5 =€p+ef, where €5 is the elastic
component.

In some cases the experiments show that neck is formed at € =¢ ,19 >¢ 5. Explanation of that
can be looked for in the materials’ sensitivity to temperature. A dissipation of plastic energy

occurs in certain material particle during plastic deformation with rate W7 =ce?. A large
part of the dissipated energy (about 90%) transforms in heat. So heat is generated in unit mass

with rate rp =JK pW P where K p = 0.9 (Taylor), Jis the heat equivalent coefficient of the

mechanical work. This increases the temperature of the material particle and it causes it’s
plastic softening. The new relationc —¢ takes the form ¢ =¢(€,0 ). where 0 =T T o 1,

- is the initial temperature and 7 - the actual. The condition for maximum as a criterion of

“localization takes the next form:

o
@) %:0, %:0, fore =g} >e5,0 =0, for d’p <0.
Fig. 1.2 presents an illustration of this case.
If the process is dynamic one and the material is sensitive to the strain rate and temperature
the localization criterion of type (1) shall have the form:

If
3) c =y(gE,0)
then
0 os 0 "
4) %=0, Pl %zO, fore=eg, €=¢p,



0 =0, at diy <0

It is interesting to note that the neck is formed in the middle of the tensile specimen in spite of
the assumption that the stresses and strains are constant along the whole length. This
circumstance can be explained by the non-homogeneous distribution of the temperature along
the length of the specimen. The homogeneous plastic strain distribution results in
homogeneous rate of temperature supply 7, = const (See Fig. 1.4) but the temperature has a
maximum in the middle because of the heat exchange with the machine jaws. The higher
temperature in the middle will result that the criterion (2) will be satisfyied in this specimen
point.

b) Formation of the plastic localization zones in rigid-plastic bodies
We consider rigid-plastic material sensitive to strain rate and temperature. This is expressed

in the dependence of the pure shear yield limit 7  on the plastic sheeear strain Yp =Y , strain
rate intensity B, and temperature 0 , i.e. T p =Tp(Y,B,.0) . In the case of non-homogeneous

stress and strain distribution in rigid-plastic body in the conditions of plane strain,
localization shall also occur by loss of stability of the plastic deformation process. The loss of

stability is assumed as bifurcation of the process in certain point on (Ox;x,) for the moment

t=tc. There will be two parameters of the process changes f(// and 7 2) for which

Af=fm ~f(?) 0. That is expressed by the conditions Ay #0, AR #0, A8 #0. For the
bifurcations initiation the necessary condition of non-zero bifurcations is [35]:

2K,
(5) ry+p Ttp'cg +K, 19 =0
where
ot ot ot
(6) Ty :_ﬁ; Tg = ﬁp; Tp = p
oy 0 B,

for K p=K,J; p - material density; C; - specific heat capacity. It is assumed that there is

proportionality between the bifurcations ABO =K, Ay .

This approach was applied for shear plastic localization in:

e anisotropically hardening rigid-plastic bodies taking into account the plastic and dynamic
hardening and the thermal softening [36];

* rigid-plastic bodies with damage initiation and growth [37];

* rigid-plastic porous bodies taking into account damage initiation and growth [38];

¢) Formation of shear plastic localization bands in plane elastic-plastic bodies
We consider plane elements S in (Ox;x,) subjected to homogeneous stresses and strains,

ie. {Gq,p} and {Va,p } are constant in S, (o,p=12). {oa,p } is Cauchy stress tensor
and ¥, the velocity of the body points in ( Ox;x;). By comma it is designated the
differentiation by xp. The material is elasto-plastic at large deformations with constitutive

relation;



v
(1) oap=LypsDys, Dy =5(Vis+¥is)

where Lyps is the elasto-plastic tensor; Dys - is the rate tensor of high deformations;

v
{0 ap } - Yauman stress time derivative in the plane ( Oxlxz ).

At local loss of plastic stability of the body bifurcation of the rate gradients occurs, i.e.

AVyp =Vap—Vyp =8unp #0 where ng is the single unit to the line where shear strain
localization is realized. The condition of non-zero bifurcation g, #0 is reduced to a
condition of zero solution for the system of equations /[46], [53]/:

(8) (ny LaByS Ny + DBy )gy =Ny ALaByS Dys

for

) Aﬁy =-ng (nacay )+(1yG 515 )0 By ~O py

Thus the condition for the initiation of the shear plastic strain localizaion becomes:
(10)  det{ny Lygsng + Apy }=0

By the same approach a number of conditions is defined for initiation of localization in
elasto-plastic materials with accounting for:

e plastic dilatation [59]

e thermal effects [47]

e damage [67], [29], [7]

e induced anisotropy [48], [25], [28]

* sensitivity to the strain rate and temperature [23], [26], [49], etc.

d) Perturbation criteria for initation of localization lines in plane bodies

Another approach for determination of the initiation of the plastic shear strain localization in
rigid-plastic or elasto-plastic plane bodies taking into account the sensitivity to the strain rate
and temperature, are the so called perturbation criteria (See e.g. [50], [17], [30], etc.). These
criteria are based again on the concept that localization is a result of local loss of stability of
the plastic deformation process. Bifurcation of the process parameters is expressed as

perturbation of these values. For homogeneous strain y?, stress ©° and temperature 6 °
distribtions perturbations y’,t’,0" are preset according the following formulae:
(11)  y'=y *.exp{a.t+ikE };
v'=t* expfa.t+ikE };
0'=0 *.exp{o.t +ikE },
where y*e*0*a and kare constants and & is the coordinate in the direction of the

localization line.
The localization criterion in this case is reduced to conditions of non-zero perturbations.

e) Criteria for ASB initiation in dynamic loaded plastic deformable bodies

For the aims of the present investigation we shall analyze the used criteria for ASB initiation
in two-dimensional and three-dimensional bodies. The bodies are subjected to external
dynamic impulse loading. Processes of shock wave propagation, acceleration waves, etc.,
develop in. The criteria of ASB initiation are physically based again on the concept of local
loss of stability of the plastic deformation. We shall consider the most often used criteria.
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o Criteria for occurrence of stationary surface of acceleration jumps /See [23], etc./.
The criterion refers to elasto-plastic materials which are not strain rate sensitive. The local
loss of stability of the considered dynamic process results in appearance of surface of

acceleration jumps [V;]#0 and temperaturé‘ rate [0;]=#0etc.,, with zero propagation
speed. The condition for this is expressed in the following way:

(12)  det{ 4;}=0 |

where { A;- } is the especially introduced acoustic tensor.

e Ciriterion for bifurcation of the values of process parameters /See [26], etc./. For
elasto-plastic strain rate sensitive materials the viscous effects hinder ABS nucleation as a
stationary wave surface. The condition in this case is based on the occurrence of local
bifurcation of the dynamic process parameters changes. The constitutive equations in this

case are:
(13) &Y=1%p,

where {GY} is the constitutive time derivative of Cauchy stress tensor; LY® is the
constitutive elasto-plastic tensor. It depends on the process factors: strain rate intensity B 0>
temperature © and possibly the density of micro-defects & . The condition of non-zero

bifurcations AGY #0; AD,, #0; A8 20 etc., is reduced to
k!

ikl

(14)  det/IP* 3=0
if Ox, is directed along the normal to the surface on which ABS is initiated.
These criteria are developed with accounting for: plastic anisotropy [25]; thermal softening
[23]; substructure of the crystals in which ABS is initiated /See [27], [60], [71], [74], etc./.

e Perturbation criteria for ASB initiation /See [30], [70], [78], etc./. To these criteria
approaches could be referred the criteria in which ASB initiate in the point with preliminary
defect /[51], [79], etc./.

f) Energy criteria of plastic localization

There is a trend towards search of energy criteria for initiation of plastic localization based on
energy criteria for local loss of the plastic deformation stability. The reason for this is to
formulate criteria of more general applicability to the great variety of plastic localization
types /See § 1.1/

Frequently used criteria are those where zero change of certain energy parameter is
formulated as condition for loss of plastic stability. We shall mention Druker’s approach [61]
where the plastic deformation energy changes its sign from stable into unstable state, i.e.

(I5) oy é‘.’ =0

This criterion is well motivated thermodynamically [18]. However, it results some difficulties
for determination of the stressed state change in the post critical state [6].

A more general energy approach for formulation of a criterion for loss of plastic deformation
stability is developed in publications [3], [4], [5], [6], [89], etc. This criterion could be
applied also for local loss of stability of the plastic deformation process and for inititation of
the localization zones [6].

It is reduced to the following:

(16) SE=0

where E is especially defined energy potential.




The inconvenience of these criteria is that they give only the unstable change of the achieved
energy level in certain point of plastic deforming body with no assessment of the structure of
the material that will correspond to this level.

g) Further comments ‘ »
The criteria presented above give the necessary conditions for plastic localization. The

sufficient conditions for that should be obtained by mathematical methods [30] or
microstructure analysis [69].

1.3. Some approaches for assessment of post critical state in the localization bands

The localization process as discussed in § 1.1. starts with loss of stability of plastic

deformation in points, lines or surfaces. Bifurcation of the deformation process parameter

rate arise and stable post critical condition is achieved. At this stabilization one dimensional

zones, two dimensional bands or three dimensional stripes are formed where the plastic

deformation, temperature and the structure changes will be strongly localized. The material in

these zones possess different physical and mechanical properties [35].

The strong localization of the plastic strain can cause:

e effects of dipolarity /See [22], [33], [75], [69], etc./

o effects of influence of the plastic strain gradient (non-local theories of plasticity) /[11],
[80], [82], etc./

» effects of essential change in the material structure /See § 4/

We shall give examples of non-local plasticity models:

¢ P
a) The yield condition depends on the derivatives of the hardening parameter = [s;€ dr,
p X, ij
o

as:
(17 t,=1, (xp)-8V°%,

where 1, is the intensity of the tangential stresses; g - material characteristic.
b) The yield condition depends on the plastic deformation gradient:

(18)  t,=1p(v5.(v5)k0.B,)

Another approach is to formulate initiation-boundary problem of coupled thermo-plasticity.
In case of ASB the adiabatic conditions are also formulated. As a result of the distribution of
plastic strain and temperature across the band thickness are obtained. For non-homogeneous
stress and strain fields the band thickness will change along its length, as well as the
maximum values of the plastic deformation and temperature /See [4], [75], etc. /

In some cases lines or localization surfaces are used and they are treated as places of
acceleration jumps, rate temperature jumps, etc. Problems are formulated for determination of
the size of these jumps /See [35], [71], [72], etc./

In numerical simulations of the plastic deformation process the localization zones are defined
approximately. These zones are considered immersed in the plastic deforming body /See [84],
[85], etc./

The obtained distributions of plastic strain and temperature across the thickness of the zone
has a bell shape distribution with exponential or other localization functions. The
distributions essencially depends on the zone thickness /See [82], [84], etc./




1.4. Some methods for numerical simulation of the plastic localization process

In numerical simulation of the plastic localization process should be simulated, localization

criteria introduced, post critical state in the zones obtained and criteria for micro-cracks

initiation checked. This imposes essential numerical and model problems consisting in:

e solving the problems of plastic strain distribution in the body with points, lines or surfaces
of strong discontinuity or non-homogeneity /See [35], [81], [51], [79], [74], etc./

* overcoming the solution dependence on the mesh density in FE descritization [84], [83].

* accepting adequate models for the material in the band at condition of highly impeded
experimenting to find its properties [35], [21], [69].

* determination of the localization zones thickness [31].

Most frequently descritization of the process is made according to time and to space with

steps of sizes which ensure stability and convergence of the numerical procedure. Space

descritization is usually carried out:

e by the FEM /See [51], [74], [75], [78], etc./

e by the method of particles /See [72], [34], etc./

e by the FDM /See [68], etc./

A variant of the finite difference method called method of finite systems is of special interest.

The calculation is realized by the iterative procedure for every time step and every point of

the space mesh in the body. The convergence of the procedure is ensured by suitable

relationship between the time and space steps. The calculations are divided into blocks

containing the constitutive equations, the equations of motion and the geometrical relations in

velosities. We shall illustrate the method by simple example of one dimensional dynamic

problem with non-linear relation between the stresses o ('x,t) and deformations ¢ (x,t).

The system of equations that is to be solved has the next form:

(19)  o(xt)=f[e(x1)]

oV(x,t) &o(x,t)
= +
P>, pamid
oe(x,t) OV(x,zt)
ot Ox

for the corresponding initial and boundary conditions of the considered dynamic problem.
The calculation by the finite diferences method is organized for every discrete moment and
every discrete point of the one dimensional body by iterative procedure (Fig. 1.7).

The convergence condition of the procedure is:

(20) Ax £ E;At . C[ = a,C',
E, do . .

where C, = |-+, E, =?—; a; 1s a parameter which depends on the assumed dofferemce
p 3

operators D, =(..) and D,(..). The meaning of the condition (20) is that the descritization
error should propagate slower than the longitudinal wave propagation speed C;. The

advantage of the finite systems method is that it overcomes numerical comparatively easily
strong non-linearities in systems of equations describing the process and the block of the
constitutive equations is easily replaced in the calculation program when we have to solve the
problem for different materials. The case of the localization bands is of this type as the
material out of the bands and the material in the bands are modeled by different constitutive

equations.



ri 1.5. Further comments

-
The present investigation treats also some other essential problems such as:
* Experimental investigations of the ASB initiation and growth /See § 3/
* Experimental investigations on the change of the material in ASB /See §4/

* Criteria of micro and macro cracks initiation along the ASB length /See § 2.5/.

—



2. THEORETHICAL BASES FOR DESCRIPTION OF ASB INITIATION
AND DEVELOPMENT IN HIGH STRENGTH STEELS

2.1. Formulation of the problem. Program of investigations

Purpose of the present development is to study and describe experimentally, theoretically and
numerically the ASB initiation and growth in impulse loaded plane or axially symmetric
deforming bodies made of special high strength steels.

That is achieved by realizing the following investigation program:

(1) Carrying out standard tests including also dynamic experiments by means of
experimental set “Hopkinson bar” to determine the mechanica)l and strength properties
of a typical high strength steel;

(2) Experimental determination of the conditions for ASB initiation and growth in
cylindrical specimens of the studied steel subjected to impulse loading by the incident
bar of the “Hopkinson bar” set. The bar end has a cone shaped tip;

(3) Experimental study of the structure changes occurring in the material along the length
and width of the adiabatic band for various energy level of loading;

(4) Development of a theoretical model based on energy approach and containing:

e criterion of ASB nucleation;

*  model description of post critical condition in the band;

* model of stress and strain state of the cylindrical body in which ASB have
developed;

e criterion of micro cracks initiation and model of its development in the band
material;

e criterion of shear macro cracks initiation along band length.

(5) Development of simulation numerical model for the process of ASB nucleation and
growth in cylindrical bodies of high strength steel. The simulation numerical model is
based on the theoretical model of the process and time descritization of the process as
well as digitization of the area occupied by the body with the application of the finite
systems model;

(6) Development and application of methods for verification of the theoretical and
numerical models as well as for identification of the model functions and parameters of
the steel studied;

In the following text they will successively present the results of the realization of this
program.

2.2. Criterion of ASB nucleation

The cylindrical body considered made of high strength steel is subjected to dynamic loading
experiments. The material is sensitive to the strain rate and temperature /See § 3/. Up to ASB
formation the body is elastic-plastic with development of plastic zones in the stress
concentrations at the cylinder-loading cone contact /Fig. 1.1/. The dynamic process is with
relatively not so not big deformations which allows to approximately assume geometric linear
theory. The material is initially isotropic and at the present stage of investigations we shall not

take into account induced anisotropy [61].




The process measures are: Cauchy stress tensor {o j /s (i,j=123) (in rectangular co-
ordinate system), the strain rate tensor {€ ;4 and the temperature difference 6 . We assume

the well known conventional variant of the plastic flow theory [61].

.The strain rate consists of elastic € ,j , plastic € ,-J‘-’ and thermal € ,j parts i.e.

Q1) €;=gi+ef +€;, (i,j=123)

where:
(22) € = Hyyo iy (Hook’s law)
€ =djgsu, - Ef =0,  $;=6;-18,64 (Plastic deformation law)

H’_jkl =AG ;8 +§M(5ik6jl +5jk3i[) A =const., M = const., 6,-j ={é,’l’.':j:},

Ay =h, gF___ii # (0 for i Sy >0 (loading)
Gy 00y Okl
at
(23) F(s;,B,0)=0 or F(s;,B,9,6)=0
(yield condition) (yield condition with micro defect development)

B, = ,/%s’ ;€ 1s the strain rate intensity; { $; #1is the stress speed deviator; hy,is the
parameter of plasticity which depends on the process factors: strain rate B,, temperature 6
and eventually density of defects in unit volume C,; the condition of plasticity can be
assumed to be of Mises type, i.e.

(24) F=1,-1,=0, Tp=Tp(e5.Bob)ort,=1,(el,B,0%E)

¢
where €4 is the measure for plastic strain intensity €2 = [B dr (t,- initial moment of the
to

process); 1T, is shear yield limit; T, =,/§sijsij is the intensity of tangential stresses. Material

time differentiation is designated by a dot; by comma and subsequent index - space
differentiation and the summarion convention for the repeated indices is accepted.
For thermal strain rate:

25) €/=0,8,6
where «, is the thermal expansion coefficient.
For measure of the internal structure energy we accept the accumulated plastic work, i.e.

{
WP = j’s,-jsy‘-’dt
tO

We assume that there are no external heat sources and that heat is generated by the plastic
energy dissipation with rate r, =JK pW P, where J is the thermal equivalent of mechanical

work, K, ~0.9is the well known Taylor coefficient [62].
The temperature equation shall take the next form

(26)  pCr = K18,ii+3JK , WP

10
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for Cr in the specific heat capacity; p - material density, K- Fourier heat conductivity
coefficient. The initial and boundary conditions are assumed according to the problem treated

by us /See § 5/.
We assume that any stable internal structure condition in the non-elastic area of deformation

is characterized by energy levels W P, (J=L1l.) where (J) is the structure type of the
material. Any unstable internal structure state is characterized by energy levels W cp ,

(k=12.). Fig 5a presents an illustrative diagram of possible relation W7 —¢?
(WP —yP = —\%—8 7, respectively) at constant intensity of the strain rate { o =const . Fig. 1.5b

shows the energy interpretation for two structure states, type I and type II, for the relation
T, Y5 . The diagrams have maximum due to the temperature softening which (above certain

level) can combine with softening due to the damage /See 2.5/. We consider the case of ASB

initiation where localization of plastic shear strain occurs.
The criterion for ASB initiation of the basic structure ( type I material) could be formulated

as:
Q7) WP=W[(B,8)

After ASB formation and post critical stabilization of the internal energy state a new structure
of Il type develops there. If the external loading increases the internal energy in ASB until the
achievement of a new critical level Wc"; then transition to the new stable state W ,f occurs,

etc. These energy limits are determined by the methods discussed in § 2.5.

2.3. Analysis of the internal structural state of the ASB

We consider crystalline grain metals at mezo level. Each grain is a monocrystal immersed in
the intergranular area. We can estimate the structural changes on mezo level by the grains and
their orientation. At present we are not considering nucleation and growth of mezo defects in
the intergranular area. We study the case of planar or axially symmetric stress and strain state
according to the experimental studies made in item 3.

We consider in the plane Ox,x, a representative element with m_number of grains. Let the
grains are of one type of material. Every projection of the grain (o) (a0 =1,2,..m) in O% £,
(local co-ordinate system where O,&; is parallel to Ox; and O£, to Ox, (See Fig. 1.5)) we
approximate to ellipse with axes a,(a) and b,(a). Let the main axis of the ellipse
corresponding toa, (o ) is with 9, (o) slope towards O,&; (Ox; respectively). We consider
the following three characteristics of the grain:

e mean diameter dz(oc)=§[az(oc)+bz(oc)]

* grain elongation y_(a)=a,(a):b,(a)

e grain orientation 9, (o )
We introduce their statistical averages for the set of m, - grains, i.e.

28) 7. =(d,(a)), 1e=(xz(0)),  8:=(8,(x))

11



We accept them as macro structural grain characteristics. We interpret these values from
thermodynamic point of view as internal state parameters [61]. Let the macro parameters

p,, q.and s- are thermodynamically conjugated with them, i.e.

29) p.=-p-—=L
(29) p, padz
7.=-p e

z axz

_ oz,

5o =—p2l

89 .

Z 1s the specific free energy. We consider it divided into elastic part Z,and plastic part Z Py

The plastic part itself we assume to be the sum of the grains energy part Z,and the

intergranular energy part Z b 1€

(30) Z=Z(c,-j,8,.j’f,[30,9)

at

G Z=7Z,+2,, Z,=7,+Z,

for

(32) Z,=Z,(d:%,0:B,0)

Let the relationship between the two parts is K =Z;,/Zp, K. =Z; /Z,, K; +K. =1.

The values of these relationships with approximation could be assumed as percent content of
grains and intergranular areas in the representative element according to the simplified model
for two-component composites. In relation to the homogenization theory, the simplified
composite model is a comparatively strong approximation.

The macro plastic deformation itself {e ,.J‘-’ } is a good, macro characteristics of the metal
structural state. If the macro plastic power is W7 = Sy€ ;j‘-’ , then the part of it for the grains we

assume as W7 = K_I7 7. We express W/ in the following way:

’

(3) WP=KWP=p,d.+q,y.+5.0:)= K,s;ef

For the internal parameters of grain state we assume evolution equations of the type:

G4 d:=ReEl, =0, 6.=0Quf
Then:

P: p 4: , .S
z

Y < K

Z

It is seen that By,

parameters ( ;z,—q-z,gz ) are connected with the weight coefficients of these stresses

V4
Oy, Q j act as inner stresses arising from the structural changes while the

P 4. s
(—5=%,—).
K. K. K,

N~
N~

12
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The evolution equations and weight coefficients require special experimental investigations.
For the structures in the localization band such experiments can be, for instance, those
presented in § 3 and § 4. _
It is interesting to relate the averaged geometric parameters % . and 6 : with the main macro
P
: : € . .
plastic strains - Ox;x,: ¢ and €] . Let g p =-L and 9 p 1s the angle between the main

P
e

direction Ox; and Ox;. It is concenient to present in polar diagram vectors of value L (x p

respectively) under slope ) p (8 prespectively) (See Fig. 1.6). Thus it can be estimated to

what extent the plastic deformation has caused corresponding elongation and orientation of
the grains. This is important for the assessment of the induced anisotropy after plastic
deformation due to grain orientation and elongation. Co-linearity or close to co-linearity of
the two vectors is possible for some structures and strongly developed plastic deformation.
The present investigation does not treat induced anisotropy. In the simulation numerical
model the estimation of the structure and its changes is performed by the plastic strain and the
plastic strain rate. Information about the structural changes in ASB is obtained by the method

in § 2.6. /See § 4/.

2.4. Post critical stable structure state in the localization bands

If the criterion (27) is satisfied the system loses its stability. Changes start until reaching new
stable internal structural state. Internal structural energy levels W§, J=11,1II,... correspond

to that states (See § 2.2). The structure changes develop in the localization zone where
concentration of the intrastructural energy occurs. In the localization zone the plastic strain
changes considerably and the material there may becomes sensitive to the plastic strain
gradients. The material in the zone should be described by the so called non-local theories of
plasticity where the yield condition depends on the plastic strain gradients (See § 1.2). As a
result of simulating the process, with present there localization zones of non-local plastic
properties, we may determine of the transverse and longitudinal distribution of the plastic
strain and temperature in the localization zone. The transverse distribution is of bell shape
character. These problem are difficult to be solved because the localization zones change
during the process and the non-local plastic properties of the material are difficult for
experimental determination. Therefore we suggest a simplified approach that possesses
satisfactory accuracy because the thickness of the localization zones is very small compared
to the dimensions of the body.

We consider the cases of plane or axially symmetric plastic deformation. The approach
consists in the following. A priori we assume a partucular bell shape transverse distribution of

plastic strain and temperature y”(n,s,¢) and 8(m,s,t) for a fixed moment t and for every
point s from the middle line of the band (1 € /0, §%Q J). 8(s,t) is the band thickness and

the distribution is symmetric towards the middle line Mm=0).
We shall present some possible cases of this transverse distributions:
a) sine law

(36) yPMm,st)=maxyP(s,t)[1+cos(

n
d(s,t) Z
and also

13
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8(s,t))]

OM,s,t)=max0(s,t)[1+cos(

where 1 e[O,S(;’t)], se[O0ss(t)],telt,t;], s(0)=0 for fixed sand ¢ .

The final co-ordinate s  Wwill depend on time as we consider ASB growth in the time
interval [1,,¢; ] . We assume that the thickness changes along the band length according to

linear law, i.e.

(B7) d(st)=a(t).s, se[O,sf(t)]

the coefficient a being experimentally determined /See 4/.
b) exponential law

. 2
38 Pm,s,t)=maxy P (s,t).exp(— 4l )
(B8) vPMm.sze) Y()P(SZ(“)
2
and  O(m,s,t)=max0(s,t).exp(-

(M.5.1) ()~ —)

d(s,t)
forne[O,——Z——],se[O,sf(t)],te[to,tjj,s(0)=0 and fixed sand ¢.
c) power law
(39)  yP(ns.t)=maxy P (s,t)(1- ;””2 )

d°(s,t)
4112
OMm,s,t)=maxO(s,t)(1-
(M.5.1) ()15 —)

for e[O,S(ZLt)], sef[O0sp(t)], tet,t;], s(0)=0 and fixed s and .

The determination of the parameters of these laws is essential problem. The thickness can be
approximately found by the formula (37) or experimentally (See 3 and 4).
The other values characterizing the band (egs. (30), (38) or (39)) are the maximum values of

plastic shear strain maxy #(s,¢) and temperature max@ (s,t) for every point S from the
middle curve of the band in the plane Ox;x;and for any moment ¢of the process
Ite[ty,t;], s(0)=0/. For their determination and for numerical simulation of the process

of plastic deformation of the body with ASB presence we divide the process into time steps
A(K)=t(K+1)-t(K), K=12,..L. For each time interval At(K ) we describe the band

through selection of points from the middle curve of the bands(J,K), J=12,..M with
stepsAS(J,K)=S(JH,K)-S(J,K). We assume for the part of the band of AS(J,K)
length that the stresses 1(J,K ), the increase of the plastic shear strain Ay #(J,K) and the
band thicknessd(J,K) are constant in this length.

For the time interval A¢(K ) we determine the balance of the energies for the body:

(40)  AU(K)=AW(K)+AQ(K)

where AU(K) is the increase of the external energy, AW (K )is the change of the internal

deformation work, and AQ(K ) is the heat change in the body.
We assume that we know AU(K ) and there are no external sources of heat. Heat generates

only as a result of dissipation of internal plastic energy, ie. AQ(I)=K AW P(K),

14




K p =K,J . The internal deformation work consists of elastic part AW (K ) and plastic part

AWP(K). Then:

(41)  AU(K)=AWP(K)(1+K,)+AW*(K)

where the increase of the works per unit thickness of the body are:

42) AWE(K)= ch,-j(x,,xz,'K)As;(x,,xz.;K)a’S (i,j=123;K=12,..L)
S

AWP(K)=AWE(K)+AWF(K)

AW (K) = [s(xp, %2, K)Aef (x),x,; K)dS
5,
Then
(43) AWF(K)= ]N {AU(K)-W*(K)}-AW[(K)
I+K,
where §'is the area of the body in the plane Ox,x,and S p Is the corresponding area of the

plastic zone; AW, (1) is the increase of the plastic deformation work in the plastic zones and

AWF(I) - in the band. The latter increase we express in the following way:
M- -
(44) AWFP(K)= 31(J,K).Ny p(J,K).S(J,K).AS(J,K)
: J=1

where 1(J,K ) is the average stress in the band zone of length AS(J,K )and Ay p( J,K) is
the respective increase of the average plastic shear strain. This average shear strain is related
to the maximum shear strain in compliance with the accepted distributions (30), (38) or (39).
For example, for the (30) distribution law it is obtained:

@5) 77 = 2maxy P(1+——sin ™)

2nd s

and in the increases (approximately)

s .n2n6(J,K)

46)  AYP(J,K)=2A[maxy p(J,K)].(1+2 =i )
T

assuming that for the time interval A#(K ),8(J,K ) does not change.
By analogy:

47)  Afmax0(J,K)] =

A6 (J,K)
s . 2n8(J,K)
+ SN
25(J,K)n s

The adiabatic nature of the band connects A}T ? with A0 (A(maxy P )with A(max® ),
respectively) as follows:

48)  pCrAd(J,K)=K,1(J,K)Ay"(J,K)

The stresses T (J,K ) are obtained numerically after simulation of the process (See 5).

The simulation of the process allows to determine the change of the band length As r(K)

2[1 ]

according to the condition (27). The summation of AWF(J,K) up to the moment #(K) we

verify if the another critical energy levels WJ.,W£. are achieved. In this case they have

transition from II state of the structure into III state, etc. Thus, along the band, the zones of
different structures and thermal-mechanical properties are obtained for any t(K) moment. The
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comparison with the corresponding experiments can be used to determine the type of
structure and its thermal-mechanical properties (See § 2.6).

2.5. Development of micro defects in the ASB material. Criteria for damage and macro
crack initiation

There are many investigations revealing that with the development of the plastic deformation
micro defects will appear in the material mezo structure. It is well known that the two
processes: plastic deformation and the damage are connected /[86], [87], etc./. The plastic
strain in ASB high values and in the damage may develop /See [37], [42], [44], etc./. In our
investigations this was observed as well /See 4/. In accordance with the assumed energy
approach the criterion of micro defects initiation will have the form:

(49) WP=wh (B,0), (K=23.)

For every structure type (K) of the material in ASB there will be energy limit b above
which micro defects will initiate. This limit will depend on the process factors (B,6).
Above that limit the damage energy will be added to the internal structure energy, i.e.

(50) WP =s; £l +npé  for WP >WE,

where 1 p is thermodynamically conjugated with ¢ parameter:
oz
G np=-p—
g
where Z=Z(c i€ ,.J‘.’ .B5,0,6) is in this case the specific free energy depending on the process

factors (,.0,¢).

We accept the evolution equation of the internal state parameter in accordance with the
statistical concept. A number of investigations show that the evolution of micro defects is in
good agreement with Boltzman statistic law [88]. Therefore, we assume the equation in the

form:
: Cp P _yp P>wp
(52) ¢ =Yp.expf <(W —WDK)>} for W2 2WE,
KgJ

where Y, and Cp are material characteristics; K is Boltzman constant. The rate of defect

changes shall depend on exceeding the internal structure energy of certain energy limit B

and has an exponential character in compliance with Boltzman statistic law.
With the damage development the macro shear crack will appear at certain internal energy
level. The criterion of the macro crack initiation will have the form:

(53) WP =Wk(B,0.:)
The limit £, will depend on the process factors. This is discussed in 2.6.

The connection of the plastic deformation process and damage provoke the dependence of the
yield condition on the parameter ¢ , i.e.:

(54)  F(oyef,B,0,5)=0
If the case of Mises type [61] yield condition (54) takes the form:
(55)  F=t,-1,=0, t,=1,yt,B,0.5)

v2 and | B, cause hardening of material, while 8 and ¢ - softening.
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2.6. Method for verification of the proposed model and identification of model functions
and parameters

For the verification of the model and identification of the model functions and parameters we

propose the following method realized in stages: :

I STAGE. Carrying out experiments for identifying the static and dynamic properties
of the high strength steel considered;

II STAGE. Carrying out experiments by cylindrical bodies subjected to dynamic
impulse by the incident bar of the “Hopkinson bar” set. The experiments are performed by
series of impulses with different intensity. For wich impulse the initiation and growth of ASB
in the cylindrical specimens is registered for each impulse. The initiation of shear macro
crack along ASB length is also registered.

III STAGE. Carrying out micro structural investigations of the material outside and
inside the ASB for the different impulse levels. The type of structure (material) in ASB and
its transition. Determination of the damage initiation and growth in the different structure
types on ASB as well as in the transition to initiation of shear macro cracks are realized.

IV STAGE. On the basis of the worked out simulation numerical model the measures
of stres, strain and thermal states and their changes during the time of the dynamic
deformation process are calculated for the different impulses. Numerical procedure based on
the method of finite systems is applied.

V STAGE. By the simulation model based on the theoretical model the following is
calculated:
¢ ASB initiation;

* post critical stage and ASB growth (thickness and length) for the different impulses by
special approximation of the distribution of plastic strain and temperature along the
adiabatic band thickness.

They verify by comparison with the experimental results for the different impulses:

¢ the criterion of ASB initiation;

e the model presentation of post critical state in ASB.

VI STAGE. Along the ASB, through the simulation model, the internal structure
energy, deformation rate and temperature are calculated for the different cases of impulse
dynamic impacts. Comparison is made with the experiments at structure level and the internal
energies of transition from one into another type of structure are obtained as well as the
conditions in which this transition occurs (the values of the process factors - strain rate,
temperature and degree of defects). In this way the internal energy levels of transition related
to process factors can be determined. The average stresses, plastic deformation and
temperature for the points of the middle ASB curve can be found numerically. This permits to
obtain information about the relation between these measures for the different new structures
formed in post critical condition states of the ASB.

VII STAGE. Numerically, by the simulation model based on the theoretical
assumptions and by comparison with the experiments the internal energy levels of micro
defects initiation can be defined in the different types of new structure and their development.
Thus the critical energy levels for damage initiation and the parameters of evolution of these
defects identified. :

VIII STAGE. Numerically and by comparison with the experiments the internal
energy levels of shear macro cracks initiation in ASB can be obtained for the different type of

new structures.
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The method suggested combines experimental, model and numerical studies to obtain
information which by other means is very difficult to achieve. The method is applied to
typical high strength steel and the results are discussed in § 6.
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3. EXPERIMENTAL INVESTIGATIONS AT MACRO LEVEL

3.1. Experiments to determine high strength steel properties

Static and dynamic testing are carried out for the determination of the mechanical, strength
and thermal properties of the used high strength steel with composition and heat treatment

presented in § 4.
The dynamic experiments were performed on experimental set “Hopkinson bar” (F ig. 3.1).

The set consists of Hopkinson bar and measuring apparatuses.
1. Hopkinson bar including:
e pneumatic gun for acceleration of the striker
* incident HamoBapBauy bar suspended on elastic pads
* receiving npegaBauwy bar suspended on rubber pads
 rear pad to limit the motion of the receiving bar
e strain gauges reading axial deformation
* incident bar with cone tip suspended on elastic pads of dimensions given in Fig.
3.2
2. Measuring installation consisting of:
e two fast amplifiers
 two-channel fast Automatic Digital Convertor (sample rate sous) with memory
and monitor
e interface plate
¢ Computer with monitor to collect the experimental data
Block diagram of the connections is shown in Fig. 3.3.

For the steel considered in quenched state the following is found:
initial static yield limit (¢ , =1530 MPa);

static plastic hardening;
dynamic hardening for different deformation rates;
thermal softening;

After approximation of the experimental data the following major dependénce is established:
(56) F=1,-1,=0, T, =[(A+Byg)(1+c.ln(%)](1+€)
0

T,-T,

Vi o

For the studied by us steel they have the following values: A =1552MPa, B=309MPa,
C=0015,n=103,D=0013, m=1.03.

where 6 = , Tf is melting temperature; 4,B,C,D,nand m are material constants.

3.2. Experiments for ASB nucleation and development in cylindrical specimens

- The following experiments were carried out to determine ASB nucleation and development.

In the “Hopkinson bar” set incident bar with modified tip in accordance with the principle
shown in Fig. 3.4 was used. The experiments were performed in the following sequence:
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1. The test body and operational surfaces of the incident and receiving bars are coated by
fine lubricant to decrease friction
2. The test body is centered and pressed between the cone tip of the incident bar and the
receiving bar.
By means of vacuum the striker is charged in the barrel of the pneumatic gun
4. The tank of the gun is filled with compressed air up to defined operational pressure. By
variation of the operational pressure of the pneumatic gun the velocity of the striker is
regulated and from there the amplitude of stress (deformation) of the dropping impulse,
energy respectively, that is applied to the test body.
5. The apparatuses are prepared for single record.
6. By opening the gun valve the pressure from the tank enters the barrel and accelerates the
striker.
7. Striking the front flat head of the modified incident bar the striker produces in it an elastic
stress wave (deformation) of certain energy.
8. Through the cone tip of the incident bar the energy is transferred to the test body
being+divided in three basic parts:
* energy for deformation of the test body;
e reflected energy that goes back to the incident bar;
* transmitted energy that passes over to the receiving bar through the test body.
9. The characteristics of the impact (Fig. 3.5) , reflected (Fig. 3.6) and transmitted (Fig. 3.7)
deformation impulses are recorded in the two channel Automatic numerical processor.
10. By program, by means of interface plate, the data from the Automatic numerical processor
are transferred to the computer to be saved and further processed.

(8]

Two series of experiments were carried out with stepwise increase of energy (amplitude of
deformation stress)) of the dropping impulse.
The first series of experiments is performed with variation of the gun operational pressure
from 0.5 to 4 atmospheres and step of half an atmosphere. The loaded test bodies are
subjected to macro and micro structural analyses to establish the presence of the phenomenon
-adiabatic sliding lines. The range of the second series of test is determined - 2 to 3
atmospheres. In that range of investigating the phenomenon adiabatic sliding lines tests of test
bodies are carried out at pressure step of 0.2 atmospheres. The energies of all experiments are
calculated and macro and micro structural analyses of the tested bodies are made.

The results of the tests are presented in Table 3.1 where:
Ui - energy of the impact impulse
U - energy of the reflected impulse
Ut - energy of the transmitted impulse

The results of the micro structural studies of the produced ASB are presented and analyzed in
§ 4. The simulation numerical method describing their nucleation and development is
presented in § 5.
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Table 3.1

No Specimen Wi [J] Wr[J] Wt[J]
1 25-26 27.3 3.8 11.6
2 29-30 40.2 3.8 14.2
3 27-28 53.1 4.0 16.9
4 31-32 66.9 6.7 19.9
5 5-6 67.8 6.2 8.4
6 19-20 80.6 8.9 21.0
7 21-22 82.8 6.5 21.9
8 1-2 85.8 6.9 21.3
9 23-24 96.9 7.2 25.5
10 3-4 114.3 7.8 18.7
11 3-4 114.3 7.9 19.5
12 41-42 118.9 7.1 31.8
13 45-46 135.4 10.8 31.4
14 43-44 140.3 12.3 19.0
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4. CHANGES OF MICROSTRUCTURE CAUSED BY DEFORMATION

LOCALIZATION IN ASB

The chemical composition of the investigated steel is shown on Table 1.

Table 4.1
% C % Mn % Mo % Ni % Cr % Si
0,19 1,38 0,17 0,16 0,08 1,35

Delivery material was annealed rolled sheet with hardness on rolling plane HB=12-15.
Cylindrical test pieces of 20 mm diameter, 10 mm length with axis parallel to the rolling
plane were heat treated as follows: 10 minutes tempering at 970°C and quenching in water, 3
hours tempering at 270°C and cooling in water. The hardness of heat treated specimens was
HRc=45.

Split Hopkinson bar with conic top of incident bar, cone diameter 4 mm, cone angle 60 deg.,
was used for the dynamic loading. Absorbed in the specimen energy W, calculated as U,;=U;-
Ur-U; was used for tesing conditions and specimens designation. ASB formation and
propagation were studied by light (LM) and scanning electron microscopy (SEM) on axial
cross-sections of tested specimens after etching in 5%HNO; or HCI:HNO5=3:1 solution. The
microstructure of different zones along ASB was analyzed by transmission electron
microscopy (TEM) on thin foils prepared parallel to the plane of SEM samples. Thin foils
were produced by electrolytic jet-polishing in 10%HC104-90%CH;COOH solution.

Results and Discussion

A. Macrostructure

Set of macrographs of specimens dynamic loaded with increasing energy is presented on
Figs.1-9. Only traces of deformation localization were observed in specimens tested at energy
~ under 12 J (Fig. 4.1). The tests of higher energy produced ASBs of semi-conic shape starting
from the edges of the impact crater (Figs.3-9). The base diameter and base angle of ASB cone
were approximately equal to the dimensions of the incident bar top. ASB appeared as
continuous semi-conic line only in the specimen tested at 109 J (Fig. 4.9). In the other
specimens ASBs were approximately straight lines whit tendency for bending towards
specimen axis at the highest energy levels (Fig. 4.8). ASB lengths increased with energy
(Table 2) and ASB widths decreased linearly with the distance from crater surface (Figs.10-

15).

Table 4.2

No Specimen Ua [J] ASB length [um] | Crack length [um]
1 25-26 12 -
2 29-30 22.2 100
3 31-32 40.3 328
4 19-20 50.7 800 725
5 21-22 54.4 975
6 23-24 64.2 1450 1368
7 41-42 80.0 1760
8 45-46 93.2 2812
9 43-44 109.0 3250

full cone
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Cracks developed in some of the specimens, but no clear relation between testing conditions
and crack length could be established (Table 2). Cracking usually initiated at the edge of
crater bottom but in some of the specimens cracks were detected at random distance from

ASB start.

B. Microstucture
The microstructure of heat treated material was tempered lath martensite with length of

martensite laths under 10 mm and width under 1 mm (Fig. 4.16). Grain boundaries of parent
austenitic grains (diameter about 20-30 mm) were well defined. Fine carbide needles about
500 nm long and 10 nm thick were arranged in laths interior at 60 deg. to lath length.

The larger part of ASB length (more than 90%) appeared white in LM when etched in
5%HNO; solution (Figs.17-23). Cracks initiating from crater edge developed along the ASB
middle line in some of the specimens (Figs.19,21). Islands of relatively large grained metal
(grain diameter over 1 pum) were left between crack walls.

SEM observations revealed various microstructure zones along the length of ASB.
Homogenous relief of fine etching pits was found outside cracks and in the initial part of
ASBs without cracks (Fig. 4.24). The more severe etching by HCI:HNO;=3:1 solution
revealed in this part fine cells or grains (diameter under 500nm) (Fig. 4.25). The boundary
between ASB structure and matrix was rather diffuse and the adjacent martensite laths were
not affected by the deformation.

Further along the ASB the structure of fine etch-pits and cells gradually transformed into
packages of parallel laths oriented along the band direction (Fig. 4.26). The boundary
between ASB and the matrix in this region was more sharp and the adjacent matrix
martensite laths showed some tendency for orientation along ASB direction.

At the very ASB end the longitudinal orientation of laths was substituted by fan-like
orientation (Fig. 4.27). The band of localization broadened and gradually dissipated into the
non-affected structure. This segment (less than 10% of ASB length) appeared dark in LM,
which is characteristic for the behavior of deformation shear bands.

Several types of transformed microstructure were discovered by TEM observations:
martensite laths with altered internal structure, dislocation cells, bands of ultrafine grains. All
transformations were accompanied by carbides dissolution and all transformed structures
showed accelerated rate of electrolytic thinning. It is worth to note that only body centered
cubic crystal lattice (BCC) and no traces of face centered cubic crystal lattice (FCC) was
registered by means of electron diffraction in all zones with transformed structures.

Altered internal structure of martensite was observed in bands 1-2 pum wide. They contained
longitudinally oriented laths similar to those of martensite but of larger width (up to several
um) (Fig. 4.28). Significant changes of carbide phase and dislocation structure were observed
in laths volume. Carbide needles which were present in the initial tempered martensitehad
suffered different stages of dissolution in the modified laths (Fig. 4.16). The dissolution was
complete in the central part and partial near the periphery where only traces of half-solved
particles could be seen (Fig. 4.29). No modification was found in the structure of modified
laths-adjacent matrix boundaries.

The high density dislocation structure which is a base characteristic of martensite was absent
in modified laths. Only small number of dislocations were observed in separate islands in
laths volume (Fig. 4.30). They were arranged in dislocation cells with diameter under 0,5 um
and wall width about 100 nm, slightly elongated along lath direction. Features of
recrystallization contrast were observed in some places on TEM images of cells (Fig. 4.30a).
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As a rule no diffraction spots could be obtained from regions of laths without defects but the
regions containing dislocation cells showed BCC crystal lattice.

The next type of modified structure was observed always in the form of band of metal
attached to the wall of narrow cracks. The band presented on Fig. 4.31 was less than 1 pm
wide and was divided by transverse low-angle boundaries into grains up to 500 nm long. The
diffraction patterns from ultrafine grains corresponded to BCC structure which was in
accordance with the observed dislocations arrangement in tang]es.

Crack trajectory in the initial part of ASB contained segments parallel to ASB direction
divided by kick-offs along impact axis direction (Fig. 4.19, 4.21, 4.32a). The frequency of
kick-offs decreased with the distance from crater and further the crack propagated as a
continuous line. This line run always at the outer side of ASB cone along the boundary
between ASB and adjacent matrix (Fig. 4.32b). The middle-line crack propagation was
characteristic for ASB zones with enlarged grains, and the one-side propagation - for zones
with parallel arrangement of laths or directionally grown fine grains. Crack walls in the
second case had characteristic jagged shape with average length of separate steps 0,5 pum
(Fig. 4.32¢) which corresponded to the diameter of cells and ultrafine grains.

Discussion

The development of metallurgical processes leading to formation of structure in the different
zones of ASB could be better explained in reverse sequence - starting from the end of ASB.
On the base of microstructural observations the following characteristic zones along ASB
length could be determined:

- Zone A: Fan-like orientation of martensite laths

- Zone B: Parallel arrangement of martensite laths

- Zone C: Parallel laths of modified martensite

- Zone D: Chains of directionally grown ultrafine ferrite grains

- Zone E: Recrystallized ferrite grains.
In Zone A the deformation causes only reorientation of tempered martensite laths without any
change of their characteristics. The localization is not very active and this results in the larger
width of deformation zone. Zone B-is characterized by localization of deformation in a band
with strictly parallel arrangement of martensite laths. Deformation conditions are still too
mild to provoke phase transformations and the laths of tempered martensite preserve all
characteristics of initial state. These facts together with the dark appearance permit to classify
ASBs in Zones A and B like deformation shear bands.
The white contrast of the whole remaining part of ASB results on phase transformations, i.e.
it is of transformation type. Transformation includes carbides dissolution in all zones of this
part and this is probably the main reason for the white contrast of ASB.
The dissolution of carbides in Zone C is accompanied by annihilation of defects in laths
interior without change of laths shape, parallel orientation or boundaries character. On the
base of the temperature necessary for carbides dissolution the temperature increase in this
zone should be estimated as 700°C or more.
The islands of dislocation cells in laths interior in Zone C result most probably on the
incomplete annihilation of initial dislocation structure. The cells can serve as nuclei for the
next stage of recrystallization of fine ferrite grains. The transformation of tetragonal
martensite crystal lattice to BCC 3-ferrite demands temperature rise up to 1400°C. It is hard
to explain the absence of austenite transformation in this zone, but similar results have been
reported by other investigators also [90, 91].

24



i
i
i

The directional growth of columnar crystals observed in Zone D can result only on rapid
crystallization of remelted metal which demands temperature rise in Zone D up to 1500°C.
Unfortunately we could not study by TEM the structure of larger grains bordered by crack
walls in Zone E but on our opinion they are produced by secondary recrystallization of
primary ultrafine grains. The realization of this recrystallization mechanism is due to the
larger duration of high temperature cycle in Zone E.

The number of observed zones depends on the conditions of dynamic test. At energy 22.2 ]
we registered only structure types A and B (Fig. 4.17). The full sequence of transformation
was observed in the specimen loaded at 64.2 J (Fig. 4.21).

Our observations show that fracture always occurs in the transformed parts of ASB. In Zone
D where the grains are produced by directional growth the cracks propagate along the outer
ASB side only. This is due to the different strain condition at the two ASB boundaries, but it
can result on some difference in their structure and properties also (for example non-
homogenous carbon distribution). Cracking is most active in Zone E where the weakest
structure element are obviously the boundaries of largest grains located along ASB middle-
line.
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5. SIMULATION NUMERICAL MODEL OF THE PROCESS OF ASB INITIATION
AND GROWTH IN HIGH STRENGTH STEEL

We develop simulation numerical model for the ASB initiation and growth in cylindrical
bodies subjected to impulse loading. The bodies are made of high strength steel (See Table
4.1). The simulation model is based on the theoretical model in § 2. Descritaziation of the
process in time steps and space co-ordinates is accepted. The various impulse effects are
presented in Table 4.2. :

The simulation model contains the following components:

1. Calculation of the stressed and deformed condition and their variation in time till ASB

initiation. The cylindrical bodies are loaded by impulse in accordance with the scheme in & 3
(See Table 4.2). The major system of equations describing processes and based on the model
in item 2 has the form:

a) Equations of motion

(57) 0 o, +6 .. 0, Cs__ 9,

"
1

re
z r 0t

0
G, 01,7
z 0

0
0
where o,(r,z,t), o, (,z,1), c.(,z2,0), 1,.(r,z,t) are components of Cauchy stress
tensor; v,(,z,¢) and v, (,z,t) are the speeds of the points of the body. The axial symmetry

of the problem is taken into account. r e [O,R] where R is the radius of the test body (R=10
mm), z€ [O,H] where H is the height of the test body (H=10 mm) /See Fig. 5.10/,

te [to ,tl] to - start, t; - end of impulse duration (ti-te=251Ls).

b) Geometrical relations in velocities:

58) =0 Yr g Vo g 0V , 1[0 v, 0V,
o r r 0 z T 2{0 z 0O r

where €,(r,z,1), €,(,z,1), €,(,2¢), ¥,.(,z) are components of the strain rate tensor.
¢) The constitutive equations for elasto-plastic material in isothermal conditions (To=const)
(59) €,=¢€ +€], € =€, +€J, €. =€ +€7, ¥ =Y. +y7
where
1
g = -E[c, - v(cz +06)]
1
See = —E—[GB -V (Gz +Gr)]

i = p v, +0,)

Y§=—({%V-)fn

(59)
where E = const is Young elastic modulus (E=2,1.10" N/m?), v = const is Poison coefficient

(v=0,3).
Also:
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(60)
2
8”—7»,,[3-0_—(@4—09)
Yi=ht,., €7 +€7 +€/ =0
for .
0, to<t,0rt,=1,and s,6,<0
(61) }LF: 0. P 0 r B. B
Ty Jor ty=t, and 5,6, =0

for /See formula (56)/
Fo=r1 -1,

(62) 1, =(4+By])(1+CIn(B,/D)(1-H ™)
for A=1552 MPa, B=309 MPa, C=0,015; n=1,03,
(63) D=0,013, m=1,03 /See & 3.1/
The initial state (t=ty ) is assumed to be unstressed and undeformed. The boundary conditions
are formulated with preset pressing speed at z=H and zero speed at z=0. The lateral surfaces
of the cylindrical bodies are free.
The formulated problem is solved by the Method of finite differences /See & 2/ with
descritaziation by time step At (At=0.01 s) and space co-ordinates Ar and Az (Ar = Az =
0.2 mm).
The differential operators we replace by difference ones in the following scheme:

D.f(r.z.0) = f([,J,K+1A)t—f([,J,K)

{fU+LJ,K+)=2.f,J,K+1)+ f(I-1,J,K+1)}

1

64) D, f(r,z,n)= v
1

D,f(r,z,t)= Y (U, J+LK+)=2.f(I,J,K+1)+ f(I,J -1,K+1)}

where 1=1,2,... N (discreteaziation for r); J=1,2,...M (discreteaziation for z); K=1,2,....L
(discreteaziation for t) _

For every moment of the time (K+1) we know the process measures for moment (K)
including also the initial conditions for K=1.

We use iterative, according to the block diagram of the Method of finite differences, the
values of the process measures in the nodes (I, J) (Fig. 1.7). The calculations account for the

boundary conditions. The values of the steps At, Ar and Az are selected in such a way as to
meet the condition of convergence /See § 1.4/.

2. At every step of the process we verify the condition of ASB formation / §2.2/

3. After ASB formation we apply the approach of § 2.4 by setting distribution of the plastic
deformation and temperature in the band thickness according to formulae (39) for post critical
condition of the material. We calculate the maximum and average values of stresses T,

angular plastic deformations y” and temperature 6 for every point from the ASB middle

line and for the corresponding thickness 8.

4. Experimentally /See § 4/ the new structures of the material in ASB are identified and by the
simulation model the values of the inner structure energy calculated along the band length.
The values of this energy are numerically defined for the points of transition from one
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structure in another, i.e. numerical information for the boundary values of the inner structure
energy is obtained in compliance with the theoretical model in §2.5.

5. The values for the inner structure energy for micro cracks initiation and also for the
formation of shear macro cracks along the ASB length are determined by numerical-

experimental method.
The method described above was applied for numerical simulation and calculation of the

physical fields in the cylindrical area of 10 mm height and 10 mm radius. We assume that
initially the body (steel cylinder) is at rest, not subjected to internal stresses and is uniformly
heated to room temperature T,. One of the cylinder ends is loaded under the action of external
force doing a work for a time interval, known from the experimental data. The pressure is
applied on area of the cylinder upper base having the shape of a circle of 2 mm radius. The
following values .to the material parameters are assigned in order to compute numerical

results.
P=7640 kg/m®; Tw=1793 K c=477 J/kg’C

We consider two types of loading: in the first case the duration of the impulse is 25 ps and
the work done by the external force is U=50.7 [J] corresponding to experiment No.4 (Table

4.2) and in the second one with the same duration of 25 s and U=64.2 [J] corresponding to
experiment No.6. The calculated physical fields as functions of time and ASB length for the
both cases are presented at fig. 5.1 — 5.24. :
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6. APPLICATION OF THE METHOD IN & 2.6. DISCUSSION OF THE RESULTS

The method described in & 2.6 was applied to armour martensite high strength steel. In order
to verify the energy approach we compare the ASB parameters (lengths, widths, etc.) obtained
experimentally for various impulses applied to the cylindrical specimens with those

calculated by simulation approach.
Fig. 5.1, 5.2 and 5.3 present the evolution of the effective stress, effective plastic deformation

and the temperature, after the beginning of localization, in points along the ASB length for

loading force doing work of U=50.7 [J], and duration of action At=25 Us. As seen in Fig. 5.1
the effective stress decreases rapidly after achieving its maximum value. The stress drop is
quite rapid near to the crater surface and decreases slowly with the distance. There are various
concepts for determination of the moment of ASB initiation. In [65] it is postulated that ABS
starts to develop when the effective stress drops to 90% of its maximum value. In [66] for
beginning of ASB it is assumed the moment when the effective stress has dropped to 80% of
its maximum value. Depending on the choice of a criterion for ASB nucleation the values of
the effective plastic deformation and the temperature varied in the moment of its occurrence.
The temperature rise at the initiation of the shear band is nearly 100°C but the temperature

reaches the melting temperature about 10 us later. The effective deformation and temperature
continue to grow by increasing speed in the post localization period till the end of the loading
action in the respective point, after which gradually reach saturation. Depending on the
accepted criterion for ASB beginning the values of the times can be determined of ASB
nucleation in the different points. Fig. 5.4 depicts the history of the external plastic work done
in points along the ASB length.

The distribution of the calculated effective plastic deformation, temperature and external
work along ASB length are presented in Fig. 5.5, 5.6 and 5.7. Fig. 5.8 presents the change of
ASB with the increase of its length. The width is calculated on the basis of the condition for
adiabatic process in the ASB zone.

The evolution of the effective stress field in a cross-section of the considered cylindrical area
is presented in Fig. 5.9. In analogy, Fig. 5.10, 5.11 show the history of the distribution of
effective plastic deformation and temperature. In Fig. 5.12 the ASB development can be
observed in space and time.

Analogous results are obtained also in the numerical simulation of dynamic loading of the
considered cylinder by external pressure of duration At=25 Ms and loading force doing
external work U=64.2 [J].

Fig. 5.13, 5.14 and 5.15 present the evolution of the effective stress, effective plastic
deformation and temperature in points along ASB length. The evolution of the performed
external work in points along ASB length is presented in Fig. 5.16.

The distribution of the calculated effective plastic deformation, temperature and external
work along the ASB length are shown in Fig. 5.17, 5.18 and 5.19. It can be seen in Fig. 5.20
the change of the ASB width with the increase of its length. The evolution of the effective
stress field as well as that of the effective plastic deformation and temperature in a cross-

“section of the considered cylindrical area are presented in Fig. 5.21, 522 and 5.23,

respectively. The ASB development in this case is demonstrated in Fig. 5.24.
The comparison of the experimental with numerical results shows satisfactory coincidence.
The results of the numerical simulation (Fig. 5.12, 5.24) confirm the experimentally observed
fact that the produced ASBs are cone shaped and start from the edges of the crater produced
by incident bar tip. The comparison of the calculated width of ASB as a function of its length
(Fig. 5.8, 5.20) with the experimental results (Fig. 4.11, 4.13) shows adequate coincidence.
The calculated temperature along the length of ASB (fig. 5.6, 5.18) confirms the formation of
structure zones C (type II) and D (type III) observed in & 4.
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The application of the theoretical-experimental and numerical methods provides the
possibility to determine a number of energy boundaries for the accumulated inner structure
energy U’

In transition from ASB zone of matrix structure (type I) in structure zone C (type IT) the
following data were obtained: :

e beginning - about 4.5 - 5 Lis after ASB initiation

e temperature - 700°C :

e effective plastic deformation - 0.6 - 0.7

o effective plastic deformation rate - 4.5 x 10°s™!

e density of plastic work - 2 x 10° [J/m’®]

e cffective stress - 700-800 MPa

In transition from ASB zone C (structure type II) into structure D (type III):
e beginning - about 8 - 9 s after ASB initiation

e temperature - 1400-1500°C

o effective plastic deformation - 2.5

o effective plastic deformation rate - 3 x 10° s™

o density of plastic work - 6 x 10° [J/m’]

o effective stress - 450-500 MPa

CONCLUSIONS

1. Integrated energy approach is presented for theoretical modeling of the process of ASB
initiation, their post critical state, structure changes in the adiabatic band material, micro
cracks and macrocracks initiation in the band.

2. The approach with a priory assumed shape of the plastic strain and temperature
distribution across the ASB thickness is found suitable for overcoming the considerable
difficulties in modeling of the new formed structures in the bands.

3. The proposed method for description of ASB initiation and growth combines well
experimental, theoretical and numerical results. It has been experimentally verified for
high strength steel.

4. There are obtained the new results about micro structural changes occurring in the plastic
strain localization band. Successive structure zones are defined along the ASB length and
conclusions drawn for the temperature increase required for the transformations in the
zones.

5. It was found out by comparison with experimental results that by the numerical
simulation method can be obtained for the critical levels of the internal structure energy
and for the process parameters inside and outside the localization band.

6. The obtained experimental, theoretical and numerical results are a good basis for future
investigations with further model development for taking into account additional effects
like: induced anisotropy, microdefects development and macrocracks propagation along

the band length.
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a) Representative element of the mezo structure of the material

of plastically deformed body

b) Grain geometry approximation by ellipseA in the plane case

Fig.1.6. Polar diagram for the mean length-to-width ration
and the orientation of grains in the representative element
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Fig.4.11. Length-width dependence of ASB in specimen, loaded with energy 50,7 J.
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Fig.4.16. Microstructure of initial state of the investigated steel

a) SEM, x940; b) SEM, x 2000; ¢) TEM, x 20000; d) TEM, x 40000




Fig.4.17. Microstructure of specimen, loaded with energy 22,2 J. LM, x180
Fig.4.18. Microstructure of specimen, loaded with energy 40,2 J. LM, x180
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Fig.4.19. Microstructure of specimen, loaded with energy 50,7 J. LM, x180
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Fig.4.20. Microstructure of specimen, loaded with energy 54,4 J. LM, x180
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Fig.4.22. Microstructure of specimen, loaded with energy 80,0 J. LM, x180
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Fig.4'.23. Microstructure of specimen, loaded with energy 93,1 J. LM, x180
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Fig.4.28. ASB in specimen, loaded with energy 54,4 J, containing transformed laths,
i TEM, x20000
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Fig.29. Microstructure of transformed laths. TEM: a) x40000, b) x60000
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Fig.30. Dislocation structure of transformed laths. TEM: a) x60000, b) x100000
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Fig.31. Band of ultrafine grains attached to the wall of microcrack in specimen, loaded
with energy 54,4 J. TEM:
a) x40000, b) x40000, c) x100000
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a) In the zone with large grains, LM, x100,
b) In the zone of transformed laths, LM, x200
¢) One-side propagation of crack, SEM, x2000




Effective Stress [MPa])

Effective Plastic Strain

500.00 L
!
—
!
|
0.00 — . ; , .
! | i
4.00E-6 6.00E-6 8.00E-6 1.00E-5 1.20E-5
Time [s]
2.50 —
2.00 —
1.50 —
1.00 =
0.50 —
0.00 ] T 1 T :
4.00E-6 6.00E-6 8.00E-6 1.00E-5 1.20E-5
Time [s]

Fig.5.1,5.2



Temperature [deg]

Plastic Work Density [3/m~3]

1600.00 —

i
[ S

1200.00

800.00

B O S |

400.00 —

S U A

0.00 — - ‘ ;

4.00E-6 6.00E-6 8.00E-6 1.00E-5 1.20E-5
Time [s]

5.00E+9 —

4.00E+9 —

3.00E+9 —

2.00E+9

1.00E+9

7
!
i
i
:

0.00E+0 ; T | 7 ] T 7]

4.00E-6 6.00E-6 8.00E-6 1.00E-5 1.20€-5
Time [s]

Fig.5.3,5.4



Effective Plastic Strain

Temperature [deg]

1.50

1.00

0.50 :

0.00

0.00

1600.00

1200.00

800.00

400.00

0.00

. i ‘ 7
0.20 0.40 0.60 0.80
ASB Length [mm]

0.00

[ H E i ) }

0.20 0.40 0.60 0.80
ASB Length [mm]

Fig. 5.5,5.6




Plastic Work Density [J/m~3]

5.00E+9

4.00E+9

3.00E+9

2.00E+9

1.00E+9

0.00E+0

|
e

0.00 0.20 0.40 0.60 0.80
ASB Length [mm)]

1400 —

12,00 —

ASB Width [mkm]

10.00 —

8.00 —

6.00 —

4.00 — . 1 : |

0.00 0.20 0.40 0.60
ASB Length [mm]

Fig. 5.7, 5.8

0.80




Ty
!

]
]
J

Fig. 5.9

MPa

2000

1500

1000

500



Fig. 5.10

2.75

25

225

1.75

L5

1.25

0.75

0.5

0.25




Fig. 5.11

1430

1300

1170

1040

920

790

660

530

400

275

150




Fig. 5.12



Effective Stress [MPa]

Effective Plastic Strain

2500.00

2000.00

S

1500.00

1000.00

500.00

S S R B

o

0.00 ‘1

4.00E-6

4.00 —

3.00 —

2.00 —

: : i i : !

6.00E-6 8.00E-6 1.00E-5 1.20E-5
Time [s]

-

0.00
4.00E-6

: - , 1 -

6.00E-6 8.00E-6 1.00E-5 1.20E-5
Time [s]

Fig. 5.13, 5.14



[N
i
!

Temperature [deg]

S\

Plastic Work Density [J/m43]

1600.00

1200.00

800.00
400.00
0.00 — \ , -
f : ‘ : |
4.00E-6 6.00E-6 8.00E-6 1.00E-5 1.20E-5
Time [s]

6.00E+9 —
i
i
i

4.00E+9 — _
i
|
|
4
|
{
|

2.00E+9 —
! .
|'
4
|
|

0.00E+0 : ; ; . T T | ]

4.00E-6 6.00E-6 8.00E-6 1.00E-5 1.20E-5

Time [s]

Fig. 5.15,5.16




Effective Plastic Strain

Temperature [deg]

4.00

1.00 —

0.00 — K , { , :

0.00 0.40 0.80 1.20 1.60
ASB Length [mm]

1600.00 —

1200.00

800.00

400.00

[ ) 1 I | | i l
0.00 0.40 0.80 1.20 1.60
ASB Length [mm]

Fig. 5.17 5.18




Plastic Work Density [3/m~3]

ASB Width [mkm]

6.00E+9 —

L.

!

4.00E+9 —]
|
7
l’
2.00E+9 ~1
|
1
i
|
0.00E+0 — ; : g i
0.00 0.40 0.80 1.20 1.60
ASB Length [mm)]
2000 —
16.00

12.00

8.00

0.00 0.40 0.80 1.20 1.60
ASB Length [mm]

Fig. 5.19, 5.20




MPa

2000

1500

1000

500




1.75

‘N
Y

1.25
0.75
25

~ ‘N
S (=)

T—

1
L.

Fig. 5.22



Fig. 5.23

SR

1170

1040

920

790

660

530

400

275

150




.

B

[ S

Fig. 5.24




