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FRACTURE FAILURE IN THE ALLOY AMg6 

S. A. Novikov and A. I. Ruzanov UDC 539.4 

Fracture failure in construction materials is preceded by stages of generation, growth, 
and merger of microcracks of micropores. Studies of the kinetics of fracture formation under 
dynamic loading resulting from an intense blow on the specimen or its rapid heating have 
been given a great deal of attention by theoreticians and experimenters. It is well known 
that the character of failure and the value of fracture strength depend significantly on 
loading conditions, and the original state of the material. As a rule, generation of micro- 

fissures occurs in regions where microstructural defects are located. A promising direction 
in the study of dynamic failure processes is numerical computer experiment, performed using 
results of physical experiments. With a proper choice of failure model which considers the 
real process, of fracture formation, such studies permit more detailed clarification of the 
features of failure. 

The present study will offer results of studies in the above direction regarding frac- 
ture failure of the aluminum alloy AMg6. This alloy is one of the most widely used materials 
in modern technology designs, including those used under conditions of intense dynamic load- 
ing at elevated temperature. A number of studies have considered its strength characteristics 
under shock wave loading experimentally (see [I-3] and bibliography therein). In the ex- 
periments, results of which were used in the present study for numerical modeling of the frac- 
ture failure process, the specimens (80 mm diameter disks i0 mm thick) were loaded by impact 
of an aluminum plate 4 mm thick, driven to a specified velocity by a sheet charge of explo- 
sive material. A portion of the specimens studied were used as supplied (rolled), while a 
portion were annealed at 320=C for i h. Specimens were heated before loading with a radiant 
heater. After loading, sections were cut from the specimens for metallographic analysis at 
a magnification of i000 times. Typical photographs of AMg6 specimen microstructure in the 
failure generation zone are shown in Fig. 1 (a, temperture 0~ b, 550~ Over the entire 
temperature range generation of microfissures occurred at accumulations of inclusions ex- 
tended in the direction of rolling. At elevated temperatures merging of the cavities formed 
occurred primarily in a direction perpendicular to the rolling direction. Cracking along 
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Fig. i 

fine grain boundaries was also observed. 

Some experimental results are also presented in Tables 1 and 2 for unannealed and annealed 
specimens, respectively. The degree of damage in the specimens was characterized using the 
following notation [3]: A, absence of microdamage in the section when observed at I000 times 
magnification; B, presence in the fracture zone of individual isolated microfailures, ob- 
served under the microscope; C, intense microfailure of material (significant number of iso- 
lated and merged microfailures observed under the microscope); D, slight macrofailure of the 
specimen (presence in the fracture zone of small macrocracks, observable visually in an 
etched section); E, partial fracture failure (individual sections of major crack in section); 
F, complete fracture failure (main fracture crack passing through entire specimen section 
visible). 

Numerical modeling with a computer was then used to study further fracture failure pro- 
cesses in the same specimens at normal temperature. The mechanical arrangement of the experi- 
ment was described above, and collision conditions are given in Tables 1 and 2. The mathe- 
matical formulation of the problem, the system of differential equations, failure model, and 
equations of state of the medium used in the numerical experiments were presented in detail 
in [4]. We will note that in the calculations fracture failure was described as a process of 
formation, growth, and merger of pores, and the relative pore volume [4] was used as a mea- 
sure of degradation. This model corresponds to the character of fracture failure of the 
specimens observed in physical experiment. Estimates of the applicability of this model were 
carried out previously (see [4, 5] and bibliography therein) by comparing numerical results 
with experimental data and calculations of other authors. Dynamic fracture failure was con- 
sidered over a wide range of collision velocities, striker and target thicknesses, and various 
materials. Calculation results were compared with experiment using a wide range of para- 
meters: relative cavity volume distribution over thickness, location and size of damaged 
regions within the specimens, free surface motion velocity profiles. The numerical results 
evaluated below were obtained using the following data for AMg6 specimens in the rolled state: 
density P0 = 2.71 g/cm 3, shear modulus G = 27.7 GPa, volume compression modulus K = 72.8 GPa, 
yield point o t = 0.26 GPa; the constants used to describe the failure process were: On0 = 0.3 
GPa, Og0 = 0.4 GPa, R 0 = 10 -4 cm, o I = 0.04 GPa, ~ = 20 Pa.sec. Results are presented in 
Table i and Figs. 2 and 3. In Table 1 W 0 indicates the velocity of the striker plate, o is the 
compressive stress impulse, o+ is the maximum value of tensile stress in the fracture plane, 
and Vp is the relative pore volume in the fracture plane. In Fig. 2 the abscissa represents 
time while the ordinate is the velocity of the free target surface; Fig. 3 shows the change 
with time of the volume fraction of cavities and stresses for various collision velocities, 
while Figs. 4, 5 and Table 2 are changes in the same quantities for specimens subjected to 
annealing. Curve numbers correspond to the variant numbers in the tables. In the stress- 
time curves the elastic precursor is not shown. Annealing is as a rule used to relieve in- 
ternal stresses, and leads to a more uniform distribution of intermetallic inclusions. One 
of the mechanical manifestations of annealing is a reduction in the yield point. In connec- 
tion with this calculations for the annealed specimens were performed with the same physico- 
mechanical characteristics as indicatedabove, but with the yield point at 0.16 GPa [3]. 
Comparing Tables 1 and 2, we see that in the annealed specimens creation of the same degree 
of damage requires significantly less collision velocity. In partiuclar, for rolled speci- 
mens with a collision velocity W 0 = 190 m/sec Vp = 0.143, while for annealed specimens at 
W 0 = 175 m/sec Vp = 0.26. To study this factor in grater detail numerical calculations were 
carried out for an annealed specimen with W 0 = 380 m/sec and compared with variant 6 of Table 
i. The velocity of the back free target surface for this case is shown by the crosses of 
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TABLE i 

Variant W0 , o_, o+~ 
number ~/sec GPa- GPa Vp 

t (A) 
2(B) 
3 (c) 
4 (D) 
5(D) 

7(F) 

t41 
155 
J 90 
2 9 B  
33i! 
380 
4 io 

t,O(i 

2'23 
2,5 
2,8 
3,0 

0,!}3 
0,96 

1,05 
0,97 
t 3  
1,2 

6,4.1() -~ 
2,i.10--1 

0,143 
0,43 
0,486 

>0,56 
>0,63 

TABLE 2 

W0, O_, O+, Vp 
m/see GPa GPa 

Variant 
number 

I (A) so 
2 (B) ~05 
3 t40 
4(E) 175 
5 (E,) 2to 
6 (F) 254 

0,8 
O,77 
1,02 
i ,27 

t18 

0,52 
0,68 
0,89 
t,05 
i,09 
I , i  

10-s 
t ,2.t0-3 
4,3.i0-~ 

0,26 
0,39 

>0,46 

Fig. 2, while the stresses o_ were almost identical and equal to 2.74 GPa, o+ = 0.84 GPa, 
Vp > 0.73. 

As is well known, the change in velocity of the specimen free surface as compared to 
its motion in the absence of failure is caused by propagation of a disturbance formed in the 
growing pore zone. In connection with this the fracture strength is often determined by the 
difference of the maximum and minimum (value at the first minimum) of the free surface veloc- 
ities, o,=0.5p0c0(W l - W2). Values of o, calculated with this expression for curves 3, 6, 
and the curve represented by the crosses of Fig. 2, i.e., for unannealed and annealed speci- 
mens, were 1.06 and 0.83 GPa, respectively. As is evident, these differ by approximately 
25%. Significant reduction in fracture strength upon annealing (up to 30%) was observed in 
the experimental studies [i-3]. 

Naturally the results obtained do not explain all aspects of the matter, and clarifica- 
tion of the effect of annealing on strength and other characteristics will require further 
studies. 

The deformation rate in the failure zone during compression and expansion is of definite 
interest, since some data indicate that the former effects the strength properties of the 
material, and in the final reckoning, the failure process. The calculations performed yielded 
the following results: for W 0 = 80 m/see in the compression wave ~ reached 3.3.104 sec -l, and 
3.9.104 sec -l during expansion, at W 0 = 141 m/see ~ = 4.6.104 and 7.6.104 sec -l, at W 0 = 296 
m/see ~ = 1.6.10 s and 3.4.105 sec -I, and at W 0 = 410 m/see ~ = 2.105 and 5.105 sec -l, respec- 
tively. From this it is evident that in the collision velocity range considered ~ changes by 
a full order of magnitude and the process of damage formation and growth leads to a signifi- 
cant increase in the deformation rate. 

It follows from the results presented that formation and growth of micropores leads to a 
significant change in the stress field within the specimen, which in turn has an effect on 
failure kinetics, leading to a change in velocity of the specimen free surface. For signif- 
icant degrees of damage the effects of these processes, in particular, relaxation of tensile 
stresses due to formation and growth of pores, manifest themselves to a large degree, and in 
this case there is a certain clarity to the situation. There has not been enough study of 
the effects of damage in the early stages of fracture failure - in the prefracture stage in 
the terminology of [6] (see variants 1-3 in Tables i, 2). As is evident from W(t) and o(t) 
curves, damage up to several percent (to 4% in an annealed specimen, 2% in the unannealed) 
has practically no effect on the stress and deformation field. At high Vp levels the o(t) 
and W(t) profiles differ markedly from corresponding ones without consideration of damage. 
Then, admittedly with a certain arbitrariness, we can find some threshold collision velocity, 
which when exceeded slightly leads to marked (almost avalanche-like) increase in damage. 
For the variants considered this would be a collision velocity of about 155 m/see for un- 
annealed and 140 m/see for annealed specimens (see Tables i, 2). These results agree quali- 
tatively with the experimental data of [3, 7] on dependence on collision velocity of residual 
strength and total crack length, used in [6, 7] as ameasure of damage, some justification of 
which can be found by analyzing the distribution of relative pore volume over specimen thick- 
ness. Such a dependence is shown in Fig. 6 for W 0 = 190, 296, and 410 m/see (curves i-3). 
For the last variant only the upper part of the distribution is shown, since at low damage 
levels curves 2 and 3 are similar. In the calculations shown merger of micropores within the 
calculation cell was not considered, and relative pore volume could grow without limit up a 
value of unity. It follows from Fig. 6 that pores are formed in a large number of elements 
and that this region encompasses half the specimen thickness, although the most significant 
pores occur in a narrow zone, where formation of the main crack occurs. On this subject we 
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will note that with increase in W 0 that damage in the low level areas increases only insig- 
nificantly, while there is marked growth in just that narrow zone noted above, i.e., the fail- 
ure process becomes localized. With increase in W 0 the character of the relative pore volume 
distribution over specimen thickness also changes: it has the form of a curve with two maxima 
and a drop between (see Fig. 6). Such a configuration is formed only for sufficiently high 
collision velocities: for unannealed specimens at W0~296 m/sec, and for annealed ones at 
W 0 > 254 m/sec. In these cases the amount of damage exceeds 40% and the failure process ap- 
parently transforms into its final stage. 

On the whole it can be stated that all the features described above apparently corre- 
spond to various stages of fracture failure, and the corresponding values of collision veloc- 
ity, stress, and damage distinguish one stage from the other. 
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