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Preparing  the  World  Year  of  Physics  –  2005,  the  most  general scientific review “Euro-physics  News”  (from the 31 scientific reviews) of the European Physical Society published (beginning  from  March  2003)  a  series  of  papers intended to the presentation of the most important  topics  of  the  present  Physics.  The most important 3-4 topics presented in each issue of “Europhysics News” were announced on its front cover. Taking into account that in the 14 issues of “Europhysics News” published between March 2003 and June 2005, there were examined approximately 50 essential topics of the modern Physics, and - between them –  the work “Complexity; A science at  30 (years)”,  it  results that the topics referring to the Complexity  (and  its  associated Universality aspects) represent one of the most important 50 preoccupations  of  the  modern  Physics.  Due  to  the generality of complexity features, they are  met  in many  completely  different  fields,  this  finding  pointing  out the Universality of many results obtained in different domains. The main goal of this work is to identify some complexity and universality features present in Physics of materials.
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1. Introduction

While the preliminary studies on the Complexity features belong to the fields of Electrical engineering (of Computer Sciences, inclusively), Mathematics, and Physics [1]-[2], the first such studies were accomplished in the domains of Biology [3], Electrical Engineering [4]-[6], Physics [7]-[8], in conjunction with Mathematics [9], Chemistry [10], etc., a first bibliography of the Complexity studies being offered by work [11] . The importance of this topics imposed systematic international studies, involving the foundation of some research institutes intended to the study of Complexity features, as that from Santa-Fé (California) [12]-[14].  Between the most important Complexity studies belonging to different scientific fields, published in the last years, we will mention the works [15]-[17] in Physics, [18] in Chemistry, Biology [19]-[21], Electrical engineering in conjunction with Biology [22], Economics [23]-[25], Social Science [26], Cognition [27]-[28], etc.  

Starting from the most important methods of the modern Physics:  a) the “synthesis” method, which identifies some analogous laws and equations in different fields of physics, and:  b) the “analysis” method, which uses the procedures of renormalization [29] and of the similitude theory [30]-[31], to join different evolutions by a common quantitative description, it is possible to point out some specific features for physical processes of different nature, or referring to systems of different sizes.

  While the identification of the Complexity aspects in physical systems of different natures allows to point out the Universality features related to the “synthesis” (physical analogies) method, the “analytic” method requires a considerably more detailed study, in order to find the physical quantities that are invariant relative to the physical scales. Somehow similarly, the second Kirchhoff’s law of the thermal radiation: 
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 represents a classical example of “renormalization”, which leads - by means of the emitter absorption coefficient function A(λ) – to the universal function 
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 representing the spectral density of the emitted thermal energy for the “black” bodies [A(λ)=1].  For the complex systems (characterized by non-integer physical dimensions), especially, the identification of the “renormalization” procedures represents a rather difficult task [32].  A detailed study of the universality aspects in physics of materials was accomplished by of our work [33b]. 

2. Main features of the complexity and universality in physics of 

    materials 

Besides the above indicated main concepts and results referring to the Complexity and Universality features, during our research activity we met several such aspects. Starting from the main results obtained in the international specialty literature, as well as in frame of our studies, Table 1 synthesizes and indicates the main Complexity features in physics of materials.

Table 1. Complexity features in physics of materials.

Complexity Features
Fluids Flows
Elastic  Materials
Dielectric

Materials
Magnetic Materials

AUTO-CATALYTIC GROWTH

(accommodation)
Vortices Cascade (Kolmogorov,

[50])
1) Crystals Growth

2) Deformation by Growth of Voids between Grains
1) Polarization/Magnetization after the sudden application of an external field

                                    2) Growth of some

                                         Weiss magneti- 

                                          zation domains

FRACTAL DIFFERENTIAL EQUATIONS
-
-
Cole-Cole [51a]
Mikami [51b]

(Cole-Cole type)

SELF-SIMILAR

FUNCTIONS
Convective heat exchange in tur-bulent flows [40]
Ultrasound Propagation in Different Media [45]
-
-

FREQUENCY POWER LAWS
-
Q  factor for the seismic waves field

(Müller [52])
tgδ = f(ν) in restricted frequency fields [33a]
Viscous friction coefficient of the magnetic domains walls oscillations [36], [69]

GRAINS SIZE EFFECTS
-
Glasses 

(Botvina [53])
-
Ferrimagnetic materials  [54]

SAMPLE SIZE (FRACTAL)

EFFECTS
-
1) Glasses [53]

2) Rocks & Concrete samples [32]
Super-capacitors

[55]
-

LIMIT LAWS
Fully developed turbulence 

[39], [40]
-
-
Technological series of magnetic materials [35]

We will mention also that the most important Complexity features found by us in the field of the physics of materials refer to: a) the (fractal) power laws in description of the domain of low magnetic field strengths of the magnetization curve [34], b) the limit laws governing the performances of the best industrial ferrimagnetic materials [35], c) the frequency power laws corresponding to the viscous friction coefficient of the oscillations of the magnetization domains walls [36],  d) the dis-accommodation time dependencies of some magnetic materials equivalent to fractal time power laws [37], e) the Domb-Fischer power law of the phase transition between the ferri- and paramagnetic states of some industrial materials [38],  f) the “crossing of the chaos ocean” in transitions from the laminar regime to the fully developed turbulence in some cryogenic fluids flows [39], [40],  g) the frequency fractal (Cole-Cole type) equations in the descriptions of the permittivity [41], and permeability dispersion [42], respectively, of some industrial materials,   h) the fractal size effects for different concrete specimen and rocks [43], i) frequency power laws corresponding to the grains oscillations in rocks and other elastic materials [44],  j) connection between the size effects and the frequency power laws indicating the presence of some self-organized criticality states [45].

Between the numerous Universality features found by us in physics of materials and biophysics, we will mention only the general validity of the:  a) Arrhenius relation (for chemical reactions, semiconductors [46], some biophysical processes as the Ryanodine receptors binding to the Sarcoplasmic reticulum vesicles [47]), b) master equations (for diffusion & reaction processes [48], for some biological processes, as the ligand – receptors reactions [49]), etc.

3. Growth/accommodation and dis-accommodation (after-effect) 

     processes

A typical plot of the growth/accommodation processes is that presented by Fig.2, p. 807 [56]. For an arbitrary parameter p of the growing system, the growth/ accommodation plot is that from Fig.1 (below), where p0 and p∞ are the initial and final values, respectively, of the considered parameter.
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Fig. 1. The typical time dependence of physical parameters for growth/accommodation processes

A possible quantitative model of the growth/accommodation phenomena is given by the differential equation: 
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with the general solution:
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Because the dynamics of a quantity is said to be auto-catalytic if the time variations of that quantity are proportional (via stochastic factors) to its current value [15b], it results that the validity domain of equations (3) represents the auto-catalyticity growth domain of the growth/accommodation processes.   

Conversely, if:   
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which corresponds to the “relaxation” domain of the growth/accommodation processes.

Because the characteristic growth/accommodation or relaxation times corresponding to different physical (as those corresponding to the strain 
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 relaxation, resp. [44a,b])  or biophysical (e.g. as those corresponding to the head and lungs growth, resp. of a child) parameters are different, it results that during the auto-catalytic growth/accommodation – according to relations (3) – we have:    
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i.e. the auto-catalytic growth leads to some specific (fractal) power laws between the different parameters 
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one obtains for 
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i.e.:      
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One finds so that, at least in the time domain of technical (industrial) interest, the dis-accommodation (post-effect) processes can be described by means of some (fractal) time power laws, the corresponding coefficient D representing the fractal dimension of the respective time power law (7).

4. Frequency fractal features

4.1. Fractal Differential Equations

It is well-known the good accuracy of the descriptions by means of the Cole-Cole relation [51a]:                       
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of the permittivity dispersion of many industrial dielectric materials (of polymers, especially).  We have to underline here that:

a)   the Cole-Cole relation results (for harmonic fields: 
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) from the fractal (constitutive) differential equation:  
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where the derivative order  β  is a real (positive, but non-integer) number;

b) such fractal frequency expressions are met also in descriptions of the magnetic susceptibility dispersion, e.g. in frame of the remarkably accurate Mikami’s [51b] relation:
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4.2 Frequency power laws

It seems that the first results concerning some frequency power laws describing the dispersion parameters of certain materials were published practically concomitantly, and they referred to:

a) the frequency power law of the quality factor corresponding to the seismic waves propagation [52]:
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b) the frequency power law of the viscous friction coefficient corresponding to the oscillations of the magnetic domains walls in the radio-frequency field [36]:      
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The detailed study of the mesoscopic oscillations of the: (i) magnetic domains walls, and of the: (ii) material grains, which lead to the magnetic and to the elastic dispersion, resp., pointed out [42] that the viscous friction coefficient R corresponding to the oscillations of the elastic media grains obeys also a frequency power law:     
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one finds that the “common denominator” of these mesoscopic oscillations is the frequency power law dependence both of the magnetic walls r and of the elastic wave R  viscous friction coefficients.

5. Size effects in physics of materials

The Size Effects represent a direct consequence of the fractal structure of some materials. Taking into account that many materials (elastic, magnetic, etc) are formed by grains or domains of finite size (usually or the magnitude order of μm), it is possible to meet both size effects corresponding to the:  a) grains sizes, and to the:  b) specimen (sample) sizes, respectively.

5.2 Grains Size Effects

The fractal distribution of the main parameters (area, perimeter) of the slit islands (of steel, surrounded by nickel) of the fracture surfaces was pointed out for some steel specimen plated with electroless nickel [58]. Assuming a similar fractal distribution of the grains of some ferrimagnetic materials, the effectively occupied (by grains) part of a volume 
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 (where d is the corresponding fractal decrement), it results that the magnetic energy stored in a such material is:   
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That is why we will compare (see Table 1) the main parameters of the parabolic correlations: 
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corresponding to multifractal scalings of some microstructural parameters of certain alloys (steel) and of some ferrimagnetic materials, respectively. Our study of the experimental results [54a] points out a multi-fractal grains size dependence of the apparent permeability of some Mn-Zn ferri-magnetic materials, somewhat similar to that reported for some steels [58]. 

Table 1. Comparison of the main parameters of the multi-fractal scaling of some microstructure parameters of certain elastic and magnetic materials, respectively.

Nature of P
Slit islands area [58]
Initial permeability
Initial permeability

Nature of l
Slit islands perimeter
Grains diameter
Grains diameter

Range of l  values, μm
3 … 5000
0.4 … 10
0.1 … 10
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-1.5595
-0.9614
-9.8033
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2.4024
1.4882
3.1788
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-0.1796
-0.0605
-0.2009

Average relative errors
6.823%
2.335%
7.546%

Fractal dimension
1.976 … 2.8615

(fracture surface)
2.3 … 2.616

(sample volume)
1.35? … 2.935

(sample volume)

References
[58];  [43b]
[54a];  this work
[54a];  this work

5.3 Sample Size Effects

Starting from the basic theoretical models of the size-effects on the fracture parameters [the tensile strength 
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]:  a) the fractal model studied by the works [59a-c] and: b) the Modified Size Effect Law [60], the correlation coefficients and the error risks corresponding to the rejection of compatibility of the Carpinteri’s and Bazant’s, resp. theoretical relations relative to the experimental data corresponding to the Red Felser Sandstone [61], were calculated and synthesized by Tables 2 – 4.
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where 
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 is the strain fractal decrement,  c) the characteristic convergence towards proportionality with 
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, we obtained 3 new semiempirical relations of the size-effects on fracture parameters:  2 of the Bazant’s type and one of the Carpinteri’s type:  
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where 
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 is the upper threshold of the critical fracture strain.  From (16), it results that the fractal increment dG and the fractal decrements dσ and dw are related by the expression: 
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Table 2. Study of the compatibility with the experimental results corresponding to the Red Felser   Sandstone   [61]  of   the   main   theoretical   models   of    the   size  -  effects on the 

                                                              tensilestrength.

Range of  sizes, dm

Theoretical model
0.5 … 16  

[59]
0.5 … 16

Bazant’s model [60]

Range of fractal dimensions
1.6747 … 1.9725
1.99896 … 1.99997

Increment extreme values ratio
11.831
31.941
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1.02726
1.15839
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9.31076
77082.17

Average  Standard  Error (%)
20.152
24.4132

Correlation coefficient, r
0.8262
0.4966

Minimal Rejection Risks, %   
10-10; 0.01%,  for  b=0.5…4 dm
10-36; 0.01%,  for b = 0.5; 2 ; 4 dm

Table 3. Study of the compatibility with the experimental results corresponding to the Red Felser   Sandstone   [61] of   the   main   theoretical models of   the size-effects on the critical 

                                                              fracture strain.

Range of sizes, dm

Theoretical  model
0.5…16

Fractal Model: relation (17c)
0.5…16

Bazant’s Model:  relation (17b)

Range of fractal dimensions
1.60928 … 1.9804
1.5096 … 1.9708

Increment extreme values ratio
19.8877
16.7976

wu (m)
1096.419
14.1474
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249.504
4.81156

Average  Standard  Error (%)
12.468
8.6568

Correlation coefficient,   r
0.9990
0.9228

Minimal Rejection Risks, %
36.94%,  for b=1 dm
1.826%,  for b = 4 dm

Table 4. Study of the compatibility with the experimental results corresponding to the Red Felser Sandstone   [61] of   the   main   theoretical models of   the size-effects on the fracture 

                                                                      energy.

Range of  sizes, dm

Theoretical  Model
0.5 … 16

[59]
0.5 … 16

Bazant’s Model:  relation (17a)

Range of fractal dimensions
2.00918 … 2.1872
2.00024 … 2.0076

Increment extreme values ratio
20.39
31.5445

GF,   N/mm
105.967
97.9466
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2.9927
10371.88

Average  Standard  Error (%)
20.548
22.560

Correlation coefficient, r
0.4948
-0.0449

Minimal Rejection Risks, %  
3.210-4 %,  for b = 1 dm
3.3310-2 %,  for b = 0.5 dm

As the error risk  qi  is larger than 2%, or it is less than 0.1%, the compatibility of the studied theoretical relation relative to the local experimental data referring to the “state” (sample size b) has to be accepted, or it has to be rejected.  It results that: a) the predictions of the fractal model [59] and of the Bazant’s models [60] agree very well with the experimental data corresponding to the critical fracture strain (Table 3),  b) while the predictions of the fractal model [59] agree rather well with the experimental data corresponding to the tensile strength, the corresponding agreement of the Modified Size Effect Law [60] is mediocre, c) the agreement of the fractal model [59] with the experimental data corresponding to the fracture energy is mediocre, while the corresponding agreement of relation (17a), based on the Modified Size Effect Law [60] is rather poor.  One finds so that the fractal models [59] predictions agree generally better (than the predictions of Bazant’s models) with the experimental data corresponding to the Red Felser Sandstone [61].

6. Crossing the “Chaos Ocean”

6.1 Transition from the laminar regime to the fully developed turbulence in fluids 

       flows

Table 5 presents a synthesis of our results [39], [40], [62] concerning the transition from the laminar regime to the fully developed turbulence in fluid flows.  One finds that after the crossing of the “transition regime” the number of similitude criteria necessary to ensure sufficiently accurate descriptions of the flow parameters decreases drastically, this finding corresponding to the installation of a certain (fractal) order in the fully developed turbulence fluids flows [50].

Table 5.  Main features of the flow regimes corresponding to the transition from the laminar regime to the fully developed turbulence flows.

                            Parameter

Flow Regime
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Number of necessary similitude criteria for accurate descriptions

Laminar
< Recr   (1500 … 2500)
< 0.125
1   (Reynolds number, Re)

Transition
 (Recr … Returb)

Huge  Avogadro number

Smooth Pipe
> Returb   (2500 … 4000)
< 0.125
7  (for Nusselt’s number description, Nu)*

Pre-squared Flow
“
 (0.125, 100)
2   (Re and 
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6.2 Limit Laws in Descriptions of some Industrial Materials

The presence of some limit laws describing some advanced industrial materials [e.g. those describing the characteristic frequencies of magnetic materials: 
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], was pointed out by works [63]. The analysis accomplished in our work [45] has found that the trend to improve permanently the parameters of the industrial materials leads to several limit laws, reflecting specific orders (e.g. the magnetic one) installed in the optimized industrial materials.

6.3  Self-organized Criticality States

Another exit (“harbor”) after the “chaos ocean” crossing can be the so-called “self-organized criticality” states [64], characterized by the concomitant presence both of the frequency power laws and of the classical fractal scaling (size effects). In order to explain this feature, let consider now the particular processes of the electromagnetic waves dispersion and the elastic waves propagation, which can be described by means of the 6 uniqueness parameters: specimen size D, microelements (grains, inclusions, cracks, pores, etc) size d, characteristic (wave phase, oscillations) velocity v and frequency f,  the density ρ and the dynamic viscosity η of the medium. Because the above indicated phenomena have a dynamical character (with 3 active fundamental quantities), it results that the number of irreducible similitude criteria for the above processes is: 
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. These irreducible similitude criteria can be chosen as:  D/d,  f.D/v, and:  Re = ρ.d.v/η .  From the 2nd theorem of the similitude theory [30], it results that any other physical parameter (similitude criterion) can be expressed as a function of (only) irreducible criteria: 

P = f(D/d, f.D/v, Re) .  
                                                     (21)

According to Barenblatt’s theorem [31], if f  is a self-similar (and differentiable) function, so that:
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From relations (21) and (22), it results that for a such self-similar function:
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This explains the concomitant appearance of: (i) frequency power laws (of flicker noise, particularly): 
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, (ii) size effects relative to the microstructure elements sizes, (iii) size effects relative to the specimen dimensions. 

7. Conclusions

The main findings of this study refer to the: a) presence of several Complexity and Universality features in the physics of materials,  b) the appearance of some power laws as a consequence of the auto-catalytic growth processes, c) the existence of (at least) 3 apparently different types of physical states at the end of the “chaos ocean” crossing: (i) the fully developed turbulence states, (ii) the optimized (corresponding to some limit laws) states of the industrial materials, (iii) the self-organized criticality states.  Taking into account the persistence of concomitant presence of the fractal structures (and scaling) and of the frequency power laws in all these “terminus” states, their detailed comparative study will be necessary.
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