2.2. The constitutive equations of the fracture model and its adequacy

Consider experiments for the determination of 

 and 

 as dependent on the stress state indices 

 and 

. The procedure in these experiments is not simple. It is difficult to select such kinds of testing (as a rule, one kind of testing is not enough) that the preceding amount of strain 

 and the indices 

 and 

 can be determined at the site of visible macro-fracture, that the test is conducted with constant stress indices and that it is monotonic. It is not simple to predict the site in a specimen where fracture is most likely to occur and to note it timely. However, all these difficulties have been obviated using the technique of testing materials in a pressurised liquid. We can recommend the experience of researchers from the Institute of the Physics of Metals of the Russian Academy of Sciences (Urals Branch) and those from the Urals State Technical University, both situated in Ekaterinburg, Russia [7, 9, 19, 20] and also the experience of the group of British researchers headed by H.Ll.D. Pugh [23].

Let us schematically describe testing of cylindrical specimens for one-directional torsion in a liquid under pressure p, see Fig.6a. Before testing, a mark is printed on the specimen surface along the generatrix. The deformation is monotonic in this case. Torsion is known to be accompanied by pure shearing. The principal normal stresses 

 and 

 on the specimen surface are inclined at an angle of (/4 to the specimen generatrix, where 

 is yield stress (strength) in pure shear. (This quantity is determined by conventional methods under atmospheric pressure. Bridgman [22] proved that it is independent of pressure p. Stresses 

 act along the normal to the specimen surface. This is enough for calculating the stress state factors on the specimen surface in this test (recall that 

), 



; 

. 
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As deformation increases during specimen torsion, the material strength 

 changes due to hardening or softening for unstable materials). To have 

=const, the test equipment can be completed with a program control system (manual or automated) to control p. 


Macro-fracture starts on the specimen surface (it is impossible to observe it visibly, as the specimen is inside a thick-walled steel container). The instant of macro-fracture initiation can be noted at the maximum torsional moment M, or simply after the visual examination and measurements after the specimen is taken out of the container.


Cracks will be seen on the specimen surface after testing or the specimen will disintegrate. The angle ( formed by the cylinder generatrix and the printed line is measured on the crack boundary or on the edge of the specimen part, see Fig.6a. It is obvious that



.
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The method described enables the value of 

 at a particular value of 

 (

=0) to be obtained for a particular specimen tested. Having conducted a test series for different values of 

, each specimen having its own value of 

, and approximated the test results, one can obtain the dependence



;
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its plot is referred to as the plasticity diagram, see Fig. 7 a, b, c, curve 1. 


With the use of the same equipment, one can obtain the dependence 

 at 

=0. To do this, an alternating torsion test is conducted to fracture in a pressurised liquid under constant or slightly controlled pressure p to ensure that 

=const during the test. The specimen length l must be small enough to avoid strain localization, see Fig. 6a. The amount of one-directional torsion (a section of monotonic deformation) should be kept constant when testing one particular specimen. When the specimen collapses (M=0), the number of monotonic deformation sections n accumulated before fracture is found. A series of specimens are tested at constant 

, the amount of one-directional torsion being changed specimen by specimen. (The amount of one-directional torsion, i.e., the increment of the amount of strain on the specimen surface is denoted by 

). The testing of a series of specimens at some particular value of 

 can result in an empirical dependence between 

 and n. (Recall that 

=0 in torsion). 


The approximation of this empirical dependence has proved to be a success for the metal fracture model discussed in Section 2.1. If the model represented by Eqs. (93) and (94) is valid and macro-fracture occurs in alternating torsion tests conducted by the technique described (at some 

), it can be written that



and   

,
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where n is the number of monotonic deformation sections in alternating torsion to fracture; 

 is the exponent yet to be found; 

, as the integral can be easily calculated within a test, even a series of tests when 

=const; here 

 is the known plasticity diagram. As a result, Eq. (98) acquires the form



.
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(In low-cycle fatigue there is an empirical dependence between the amount of deformation and the number of cycles before failure 

, and it coincides with Eq. (99), even in the nomenclature. This argues for the adequacy of the fracture model (93) – (94), and this is discussed again below.) In Eq. (99) there is an unknown quantity 

, which is to be determined from the results of a series of tests at 

=const by selecting the value with the use of the minimum square error technique. When conducting “a series of series” by varying 

 from one series to another, one can arrive at the required constitutive equation 

, the second and the last one for the fracture model (93) – (94). Figure 7e shows experimental data for several steels. Unfortunately, there is no data on the effect of 

 on 

 for the present. However, in what follows, the model is shown to offer sufficient engineering accuracy.


Turning to another plasticity test (with a different 

), we look at cylindrical specimen tension in a pressurised liquid, see Fig. 6b. Tension tests are characterized by a phenomenon that complicates experimental data processing. It is the loss of the stability of the uniform specimen flow upon reaching some strain. Strain localization causes necking, and further plastic flow develops in the neck. The stress state becomes non-uniform and dependent on the neck parameters a and R, see Fig. 6b. Macro-fracture starts at the centre of the neck where there is the least favourable stress state. The cavity formed near to the neck centre shows rapid propagation towards the periphery, and the sample disintegrates. The propagation is so rapid that the neck diameter has no time to change tangibly. The strains have been found to be uniform throughout the cross section of the neck.


The kinetics of necking was studied by Bridgman [22] and Pugh [23]. Their studies resulted in two inferences. 1) Necking is different in different materials under tension, and there is no universal 

-dependence of 

/R, even for steels of different grades. Thus, specimens of different steels and alloys have different values of specific elongation before necking;  the parameter 

/R characterising the shape of the neck changes differently with the development of deformation 2) The 

-dependence of 

/R is the same for one and the same material subjected to tension both under atmospheric pressure and in a compressed liquid.


Plasticity and stress state indices of cylindrical specimens subjected to rupture testing in a pressurised liquid can be calculated by the following formulae:







;
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and   

; 

=-1.
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Here, the subscripts 0 and 1 denote specimen dimensions before and after rupture, respectively; the parameter 

 is calculated with the use of the results obtained by Davidenkov and Spiridonova [24].


Plasticity 

 in tension (where 

=-1) and is tested as follows. Several specimens of those prepared for testing are subjected to rupture under atmospheric pressure in order to study the kinetics of the variation of 

/R  with 

 and to obtain the hardening curve 

. Then the rest of the specimens are tested series by series, each series being tested at a particular value of 

. Each specimen should be subjected to rupture with controlling pressure p (manually or automatically) so that the specified value of 

 is maintained. In Fig. 7 a, b, c curves 2 show the results of determining plasticity diagrams of some alloys at 

=  – 1 (for tension).


To obtain a record of 

 at 

>0.58 (more rigid than at rigorously uniaxial tension) and 

= – 1, cylindrical specimens with necks cut to have different values of 

/R and so acting as stress concentrators are tested for tension, or notched prismatic specimens are tested for bending. Let us consider the latter kind of testing in more detail. If a wide prismatic specimen with a sharp notch is subjected to bending (see Fig. 8), then, to determine 

 at 

=0, one can use McClintock’s solution on the stress-strain state near a sharp notch, which was obtained by the slip-line method [25]. It was done in [26]. It was found that 

 and 

 at the top of the notch when 3.2(

57.3( and 1.299<

1.423. (Here 

 is reckoned in radians). The plasticity diagram obtained experimentally with the use of these theoretical results is shown in Fig. 9.


The data on 

 at 

 can be obtained from tests on membrane extrusion in a pressurised liquid. These tests can be run variously, e.g., by deformation to fracture of a membrane made of the material to be tested, which separates two cavities filled with a liquid under different pressures.


An extensive amount of information about plasticity diagrams has been accumulated in the literature by now (though, unfortunately, there is no data bank). Fig. 7 presents general inferences concerning plasticity diagrams. 1) If plasticity diagrams are superimposed, they will cross. One cannot speak about comparative plasticity of metals in general. Comparison may be drawn only when 

=const and 

=const. 2) The 

-dependence of 

 with 

=const is always decreasing, and it can be adequately approximated exponentially, and this can considerably reduce the number of experiments required to define plasticity diagrams. 3) Between 

= – 1 and 

= 1, with 

=const, the variation of plasticity is ambiguous, i.e. it may increase or decrease.


We now turn to the problem of the adequacy of the model under study. First, let us verify that the predicted value of 

 characterizes the amount of micro-damage. Fig. 10 shows four photographs of the micro-structures of steel St3sp with different predicted values of 

, between 0 and 1. (Sharp stress concentrators were applied to the initial specimen and to plastically deformed specimens; the specimens were cooled to 77(K, i.e., below the limit of cold brittleness for steels, and subjected to fracture.) Big flat facets of cleavage (fc) having a specific fan-like pattern are visible in the micro-structure of the specimen with 

=0, see Fig. 10 a. The entire surface of the micro-structure of each deformed specimen consists of pits of different sizes, which are surrounded by crests of plastically deformed metal. The process of fracture is seen to start with the appearance of microscopic cracks or pores, which, as deformation develops, coalesce into larger defects perceived in the photograph as pits separated by crests of metal fractured at the last instant of specimen preparation.


The appearance and development of micro-damages in plastic deformation proves to manifest itself in changing material density. In Fig. 11 the measured density values for steel St3sp as dependent on the predicted 

 are shown by black dots. Note that the 

-dependence of 

 is linear (solid line).


As stated above, the adequacy of the model under study is at least comparable to the adequacy of the Manson-Coffin low-cycle fatigue model of fracture. What is the accuracy of the model with an extremely small number of stages of monotonic deformation? (The number of these stages often ranges between 0 and 3.) In Fig. 12 the results of experiments on two-stage deformation to fracture are shown by open circles. The specimens were subjected to tension to some value of damage 
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 and then to torsion by the value 
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 to fracture. The quantities 
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and 
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 were calculated by Eq. (93). The solid line demonstrates the application of the model (93) – (94), and it is seen to be fairly accurate.


Doubtlessly, the accuracy of the model can be increased. We shall restrict ourselves only to some ways of improving it. Following the ideas of A.A. Ilyushin, I.A. Kiyko [27] suggested that damage should be described by a higher-rank tensor, not by a scalar quantity. A.A. Bogatov [7] suggested representing the element of integration in Eq. (93) as non-linearly dependent on the rate of plastic strain accumulation. B.A. Migachev and V.L. Kolmogorov [28] proposed a more general kinetic equation, namely, Eq. (89). V.A. Ogorodnikov [10] considers that, besides the values of the invariants k

 and k

, the integrand in Eq. (93) must include their time derivatives.


As is seen from the material discussed in this chapter, a technique for the experimental determination of the constitutive functions of the fracture theory



 and 

         (102)

only of stress state indices is now well developed. However, strain rate 

 and temperature 

 are known to play an important part in impact or high-velocity loading [29]. We are unaware of any systematic investigation into the joint effect of all the arguments from Eq. (102) on the plastic properties (

), and we therefore deem it  urgent to carry out these rather complicated investigations. 


These investigations seem to have started with [30]. The plasticity of polycrystalline molybdenum and pure titanium at room temperature and under pressure, from atmospheric up to 1000 MPa, was studied as dependent on strain rate changing over a range of four orders. Cylindrical specimens were subjected to tensile testing to rupture in a pressurised liquid. The dimensions of the specimens were measured by a tool-room microscope before and after testing. The quantity 

 was used to characterize plasticity, strain rate being determined as test-average shear strain rate intensity 

 at the point of rupture.


Fig. 13 shows test results in semi-logarithmic co-ordinates. The lg

-dependence of 

 is seen to be described by a straight line for all the pressures, the slope of the lines being seen to increase as pressure grows (and, naturally, as 

 decreases). Although the range of strain rate variation was great, it did not cover strain rates typical for of impact loading. However, the form of the functional dependence between 

 and lg

 can be assumed the same in the first approximation for impact processes.


Here are some recommendations on developing the technique for finding Eq. (102). It is very difficult to make experiments for determining the above-mentioned functions over a wide range of variation of all the arguments for different materials, at least because of their multiplicity. Indeed, according to the classical approach, every experiment, where possible, is conducted at fixed values of the arguments, and the amount of shear strain 

 accumulated by the instant of fracture is determined. This is hardly possible with dynamic loading. In fact, even in the simplest instance of uniaxial deformation, the stress state is not time-constant during deformation because of the wave processes at work in the specimen. High-velocity deformation processes taking place in impact loading are close to adiabatic ones, and this relates 

 to 

. It is very difficult to fix 

 at the fracture site because of the possible strain localization, and the measurement of the macroscopic dimensions of the specimens may fail to offer the required accuracy in determining 

. There is no alternative to simplifications, e.g., the following ones.


The form of the constitutive functions 

 in static testing is typically well known today. The k

-dependence can be assumed exponential or hyperbolic, whereas the k

-dependence is usually assumed linear. To start with, an assumption can be made that these dependences remain qualitatively the same at high strain rates. If the researcher chooses a specific form of these constitutive functions, including those of 

 and 

, then the number of experiments will be reduced considerably, and it depends on the number of unknown coefficients in these functions.


The dynamic tests aimed at determining (

) in a wide range of varying arguments for these functions must have a simple form (e.g., uniaxial tension, compression, bending etc.) to avoid ungrounded complications in solving boundary value problems on the determination of the stress-strain state of the material being tested. Unknown coefficients should be determined with the application of ideas of dynamic object identification, see, e.g., [31 – 34].

2.3. A model of heat effect on micro-discontinuities

Many deformation processes are accompanied by thermal action. Thus, cold deformation of sheets, tubes, wire etc., is often performed in several cycles, each cycle being accompanied by intermediate and final annealing. Thermal treatment by annealing causes metal softening and the restoration of plastic properties. Note that the nature of softening differs from that of restoration. Plasticity restoration is based on the diffusion processes of substance transfer into pores and micro-cracks and the transfer of these micro-discontinuities to the surface of the body. Besides diffusion, recrystallization takes place. To design the processes of making cold-formed products with annealing, a mathematical description of plasticity restoration (micro-damage reduction) in annealing needs to be given within the framework of the above-discussed fracture model.


The subject matter of this section may be less important for the processes of impact deformation, than for rolling, drawing, machining and other processes, though it seems to be important for understanding related processes. Indeed, an impact followed by plastic deformation may be accompanied by a considerable heat effect. What happens to damage after the impact? How will the material behave during subsequent actions (will it fracture or not)? Impact loading is often involves the problems of internal ballistics. Guns may fail, too – they accumulate micro-defects when in use, and these micro-defects undergo some processes under heating.


To solve this problem, the following experimental procedure has been developed. Experiments are conducted on a metal with known plasticity 

. Pilot specimens are subjected to plastic deformation, each specimen being deformed to its damage 

 (e.g., by tension, but not to rupture), with different amount of shear strain, 
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,

where 

 and 

 are specimen diameters before and after tension. Using the plasticity diagram, one determines 

 for each specimen, bearing in mind that the process of tension is monotonic. Then all the specimens are subjected to annealing under selected conditions (temperature, 

 and the duration of annealing t). Annealing restores plasticity, i.e., it reduces damage by 

. After annealing, all the specimens are again plastically deformed in the same direction, but this time to fracture, 

 being determined and 

 calculated. The second plastic deformation plays an auxiliary role in the determination of 

. Evidently, as the specimens are tested to fracture by the second deformation, the final value is


,

and this enables one to determine the unknown damage reduction resulting from annealing under the conditions selected, 



.                              (103)


Figure 14 shows some results on damage reduction 

 for some steels and a titanium alloy after annealing. The conditions of annealing were as follows: ( = 550 to 750(C and t = 5 to 300 min for steels; ( = 680(C and t = 60 min for the titanium alloy. The dependence presented in Fig.14 proves to be extendible to various metals and alloys thus enabling one to make generalized conclusions.


The restoration of plastic properties (i.e., damage reduction) 

 in recrystallization annealing depends very much on 

. There are three ranges of 

 with different extents of restoration separated by two critical values of damage, 

 and 

. When the range of damage is 

 after deformation, it disappears completely after annealing. When 

, ordinary recrystallization annealing fails to eliminate deformational damage completely, however, as 

 increases, 

 continues growing. When 

, 

 begins to decrease, and it becomes zero when 

=1. An experimentally discovered fact is of interest, namely, if heat treatment is performed under pressure (at the level of creep stress), then the critical value of 

 comes closer to unity, i.e., hydrostatic pressure considerably intensifies the processes of mass transfer into discontinuities, see line 1 in Fig.14.


Besides selecting 

 after which heating should be prescribed, there is another problem one is to solve when designing the process of cold deformation with annealing. Namely, it is necessary to select the conditions of heat treatment (temperature and duration of annealing) that offer complete plasticity restoration, i.e., micro-damage healing. To do this, one needs to study the time history of 

 at some treatment temperature if 

 at t = 0. The foregoing technique enables one to solve this problem. Figure 15 shows the time-dependence for the steel of grade 20 and the annealing temperature of 600(C as an example. The lowest curve (for 

 = 0) means that the before-deformation annealing of, e.g., hot-rolled metal can lead to higher plasticity due to the healing of micro-damage resulting from hot rolling. The curves have three characteristic parts: AB – exponentially fast damage reduction; BC – considerable slowdown (and even stoppage) of plasticity restoration; CD – further acceleration of restoration. 


If it is assumed that metal damage 

 resulting from plastic deformation varies exponentially in annealing (within half an hour in Fig. 15), 



,
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then ( ( 0,  the index of the exponent slope, is, in general terms, a function of the heat treatment conditions (particularly, hydrostatic pressure) and the third constitutive equation of the fracture theory under study.

2.4. Body fragmentation in fracture

In section 1.6, in the boundary value problem statement, the material volume V is assumed to remain continuous during deformation. It does not pull apart, and no macroscopic cavities or macro-cracks appear in it, i.e., there is no macroscopic fragmentation of the body being deformed. However, the accumulation (or change, at any rate) of micro-damage is represented by the quantity 

. The discussion and the boundary value problem solution were valid (as long as the mechanics of continua is valid) up to the instant of discontinuity 

 – the onset of macroscopic fragmentation. At the same time, this instant can be viewed as the start of another stage with another solution for another boundary value problem, because on the new surfaces there appear additional boundary conditions, and they require a new statement of the general boundary value problem. The second stage lasts until new surfaces appear, and so on.


The instant 

 of fragmentation onset and the instants of further macro-ruptures can be identified with the aid of the fracture theory described in Sections 2.1 – 2.3. Recall that, by this theory, micro-damage 

 is accumulated at every material point of the body being deformed. At the instant t 

 is calculated with the use of certain kinetic relationships. For this purpose, firstly, an appropriate boundary value problem is solved. Secondly, plastic properties of the body are set or determined in special experiments. Damage 

 is calculated for every material particle. To this end, separate sections of monotonic deformation are selected on the particle motion path. Within such a section, the particle strain rate tensor components do not change their sign. Let 

 denote the instants of the change in the signs of the strain rate tensor components. Damage is determined as 


,

   


for the first section 

 and as



   


for the second section (

).

Also, for the n-th section (

),
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Saturated with micro-damage, the material becomes brittle and ready to form a macro-crack (body fragmentation onset), that is,


,                                (106)

by the instant of fracture 

. Eq. (106) is a condition marking the end of solving the boundary value problem in the foregoing statement and the beginning of a new stage, i.e., a new solution. Now, how can 

 and the site of macro-fracture be found and how can boundary conditions be formulated on the new surfaces? 


According to the algorithm, damage is calculated after the time integration of the differential equations, which, as is described below, offers an approximate solution to the boundary value problem. At every instant t one solves the problem of finding the x co-ordinates of the point in V that has maximum damage,



.



(107)

The instant 



 EMBED Equation.2  
 is determined when the maximum value of ( reaches unity according to Eq. (106), that is,


.
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Simultaneously the point (or points) of macro-fracture is found. 


How will the surface of the macro-crack be oriented? If fracture is preceded by plastic deformation, the crack may be supposed to be oriented along the spots of maximum tangential stresses at 



 EMBED Equation.2  
. The crack will have finite dimensions, as ( changes continuously in the volume V. The dimensions can be determined by solving a new boundary value problem and calculating the stress-strain state around the crack.


At the spots of maximum tangential stresses, the tangential and normal stresses will be, respectively,


   and   

.
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If 

 at the point with 

 at 

, the crack sides are free from surface stresses, that is, 

. The crack sides suffer impact unloading of the amount


; 


.
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If 

 at the point with 

 at 

, the cleavage crack sides are not free from surface stresses. The sides suffer impact unloading of the amount



,


           
(111)

if the friction between the cleavage crack sides is assumed to be the Coulomb one, 

 being the friction coefficient. In the further solution the cleavage crack sides should be treated as surfaces with sliding friction. In an actual physical process, impact unloading on the crack sides seems to manifest itself in ultrasonic emission peaks.

2.5. Some examples and applications of the fracture model


The theory of fracture under developed plastic deformation discussed in Sections 2.1 – 2.4 was devised for metal forming processes. It has found wide application, and this will be discussed below in this section. It should be noted however that the practical application of the fracture theory went on concurrently with its development and refinement. This therefore seems to confirm the engineering applicability of the theory.


Can this theory be extended to other fields of application related to metal forming? The processes of impact loading, penetration and perforation of metallic bodies, which are characterized by large plastic strains and the macro-fracture (fragmentation) of both targets and projectiles, seem to be the most closely related fields. These processes are very similar to what happens in metal forming, the only principal difference being that the rate of deformation is considerably higher. As was written in Section 2.2, this difference does not repudiate the fracture theory discussed in this chapter, but requires the further development of techniques for finding constitutive equations, namely, functions (102) for large strain rates.


Some works that apply and further develop the fracture theory are worth mentioning in brief. In [7] and [35 – 39] A. A. Bogatov and his collaborators developed a slightly different version of the fracture theory and demonstrate a lot of applications leading to the improvement of the processes of producing cold-deformed tubes, wire and other metalware.


The application of the fracture theory has proved to be effective when the conditions of thermal treatment before cold deformation that offer better plastic properties need to be chosen [35, 36]. Sometimes the correct choice cannot be made in the usual way, on the basis of results obtained from conventional plasticity tests, e.g., tensile tests. Recall that the plasticity diagrams often intersect, see Fig. 7. This means that the plasticity diagrams (for one and the same metal) obtained before and after heat treatment may intersect. Therefore relative plasticity (higher or lower) determined in standard tests may prove to be reverse under stress inherent to a technological process.


The application of the fracture theory has made it possible to simulate a hypothetical process in the stage of designing new metal-working equipment and to influence the elaboration of designs. That was the case, e.g., with designing a production line for triple tube drawing (without intermediate annealing). A line was to be designed enabling one to produce crackless tubes with good performance. The simulation of damage propagation in drawing and other processes has offered the best design and technological parameters of the new process. The correctness of the decisions made has been confirmed in practice, see [37].


The effectiveness of the fracture theory as applied to choosing optimal processes and process parameters has been shown in [38, 39]. The production of W-Ni-Fe alloy rod and tungsten wire showed that it considerably reduced waste caused by fracture.


B. A. Migachev and his team deal with problems on metal fracture in hot deformation and this was discussed, e.g., in [40] and [41 – 45].


Studying the ability of low-ductile tool steels to deform without failure [40], the authors discovered higher ductility of the steels before hot forging due to high-temperature thermocycling of ingots in the final stages of heating. This technique of heating structurally inhomogeneous alloys of the kind results in considerable plasticization in the near-surface layers of the ingots. The problem of improving the ability of a large ingot weighing up to 100 t to deform without failure was discussed in [41]. It was found that the formation of a non-uniform temperature field in an ingot being heated can cause a more favourable pattern of the stress state in ingot parts where fracture is expected to occur first.


 Metal fracture in hot deformation is a more complex phenomenon than that described above. Side by side with damage cumulation caused by deformation and damage healing due to diffusion, structural transformations can take place in the metal (a change in the grain size and shape, the proportion and relative position of phases, etc.). Some interesting experimental data are available in [42, 43].


The theory proposed offers a rather subjective estimate of the instant of macro-fracture. Recall that macro-fracture is considered to have occurred if there is a macro-crack visible to the naked eye. It is very important to estimate the degree of deformational damage by physical methods. Some interesting applications of physical methods in addition to the theory of fracture are presented in [44, 45].


The discussion of the theory of metal fracture under plastic deformation may be concluded with the following considerations. Many bodies participating in impact processes (targets, perforators, projectiles etc.) are produced by metal forming. They may have permanent damage caused by the technological drawbacks of metal forming processes, and it is certain to tell on fracture under impact loads. Specialists dealing with problems on impact loading and fracture should be aware of this fact. Collapsing targets and projectiles must however display a better potential ability to resist impact, and it is imperative to be able to find ways of improving target and projectile production technology in this respect.
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