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It is shown that preloading of fine-grained copper with a the grain size of 0.5 m by
a shock wave of intensity =~25-50 GPa does not lead to changes in its internal mi-
crostructure and mechanical properties, and the dislocation density increases only
slightly from 1.8 - 10! cm~? in the initial state to (3.1-3.6) - 101! cm~? after shock-
wave loading. An increase in shock wave intensity to pressures > 55 GPa leads to
a decrease in the dislocation density to 2.5 -10° cm™?, an increase in the grain size
to =19 pm, the occurrence of microtwins inside the grains, and a reduction in the
mechanical properties of fine-grained copper to the level of coarse-crystalline copper.
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INTRODUCTION

Shock-wave loading is a unique method for creating
high pressure and high strain rate conditions, and it can
be used as a method for changing mechanical properties
by changing structure [1-4].

At present, the loading of coarse-grained metals by
a shock wave with a maximum pressure of ~100 GPa
has been studied most extensively. For example, in [3, 5]
the mechanical properties and microstructure of coarse-
crystalline copper were studied after loading by a pres-
sure of up to 70 GPa at various strain rates and tem-
peratures. Significant structural changes in the metal
were observed. Thus, at shock pressures above a certain
threshold (30 GPa), both homogeneous and heteroge-
neous deformation occur. This is manifested in the for-
mation of parallel layers ~1-2 pim wide with a period of
1-10 pm [5] in the grains. For aluminum, similar results
were obtained for loading by a pressure of 210 GPa,
[1]. Modeling of this process shows that the formation
of heterogeneous structure in metals is accompanied by

significant temperature increases in localized deforma-
tion bands and short-term strength reduction. This lo-
calized heating and strength reduction occur in a fairly
short time ~0.1-0.5 usec, after which the temperature
is equalized and the strength is restored. Moreover,
preliminary shock-wave loading of coarse-grained cop-
per leads to an increase in its conventional yield stress
by a factor of 4-6, a ~20% increase in the tensile resis-
tance, and an increase in the dislocation density by a
factor of 30, to ~10! cm—2 [6].

Maximum strength characteristics have been found
in metals with ultrafine-crystalline structure. The ques-
tion arises of whether it is possible, by shock-wave load-
ing, to change the structure of fine-grained and nanos-
tructured materials and improve their properties to an
extent that is not observed under quasistatic deforma-
tion. In the present paper, we consider the effect of
shock-wave loading on ultrafine-crystalline copper in
comparison with coarse-crystalline copper (99.9% pu-
rity; grain size of 110 pm).












100-300 m/sec, the values of L;/Ly for UFG copper
are 20% higher than those for coarse-crystalline cop-
per. The dynamic yield stress can be estimated by

~ Ly poW§
using the well-known formula 7 exp 5y >
However, more precise estimates of the dynamic yield
stress from experimental data of Taylor’s method can
be obtained if the cylinder geometry is adequately de-
scribed using numerical modeling methods by solving
the two-dimensional problem and specifying the realis-
tic strength properties of the rod material.

The values of L¢/Lo UFG copper after loading to
pressures of a2 25-55 GPa are close within the experi-
mental error to Ly /Ly of initial unloaded UFG copper.
As the shock-wave intensity increases to ~ 55-75 GPa,
the values of L¢/Lo decrease to values characteristic of
coarse copper.

CONCLUSION

¢ Loading of UFG copper by shock waves with in-
tensity & 25-50 GPa does not change its internal mi-
crostructure and mechanical properties.

¢ Loading of UFG copper by shock waves with in-
tensity >55 GPa leads to a factor of 20 decrease in
the dislocation density, an increase in the grain size to
~19 pm, the occurrence of microtwins in the grains,
and a reduction in the mechanical properties, which
are close to the same characteristics of annealed coarse-
crystalline copper.

e Shock-wave exposure of annealed coarse-
crystalline copper increases its yield stress by a factor
of 4-5 and increases the dislocation density from 102
to 510" ecm™2.

This work was supported by the Russian Foun-
dation for Basic Research (Project No. 08-02-0087a,
09-02-97036_povolzh’e).

REFERENCES

1. M. A. Meyers and L. E. Murr, (ed.) Shock Waves and
High-Strain Rate Phenomena in Metals, Plenum Press,
New York-London (1980).

2. G. H. Epstein, Structure of Metals Deformed by
Eaxplosion [in Russian], Metallurgiya, Moscow (1988).

3. G. A. Salishew, V. A. Raevskii, O. N. Ignatova, et
al., “Influence of intensive plastic strain and shock-wave
loading on copper strength,” in: New Models and Hy-
drocodes for Shock Wave Processes in Condensed Mai-
ter, Int. Conf., Dijon, France, April 9-14 (2006), p. 17.

4. J. Petit and J.-L. Dequiedt, “Constitutive relations for
copper with two mechanisms including twinning for a
use under shock wave loading,” J. Phys. IV, France,
110 (2003).

5. V. A. Raevsky, “Heterogeneous deformation of copper
in shock waves at subgrain scale level,” in: 14th APS
Total Conf. on Shock Compression of Condensed Mat-
ter, Vol. 50, No. 5 (2005).

6. V. A. Raevskii, A. M. Podurets, O. N. Ignatova, et al.,
“Effect of high-velocity loading on the microstructure
and dynamic properties of copper,” in: IX Kharitonov
Scientific Readings, Proc. Conf., Inst. of Exp. Phys.,
Russian Federal Nuclear Center, Sarov (2007).

7. 8. V. Zherebtsov, R. M. Galeev, O. R. Valiakhmetov,
et al., “Formation of submicrocrystalline structure in
titanium alloys by intense plastic deformation and their
mechanical properties,” Kuzn.-Shtamp. Proizv., No. 7,
17-22 (1999).

8. N. F. Gavrilov, G. G. Ivanova, V. I. Selin, and
V. N. Sofronov, “UP-OK Program for solving one-
dimensional problems of continuum mechanics in a one-
dimensional complex,” Vopr. Atom. Nauki Tekh.,, 3
(11), 11-14 (1982).

9. V. A. Raevskii, A. M. Podurets, and V. G. Khanzhin,
“T'win structures in copper after impact and nonimpact
high-velocity loading,” in: IX Kharitonov Scientific
Readings, Proc. Conf., Inst. of Exp. Phys., Russian
Federal Nuclear Center, Sarov (2007).

10. Ya. S. Umanskii, Y. A. Skakov, A. N. Ivanov, and
L. N. Rastorguev, Crystallography, X-Ray Diffraction
and Electron Microscopy [in Russian], Moscow (1982).

11. M. Haberjahn, P. Klimanek, and M. Motylenko, “Sub-
structure development in cold rolled copper single crys-
tals,” Mater. Sci. Eng., A, 324, 196-199 (2002).

12. M. Zehetbauer, T. Ungar, et al.,, “Scanning X-
ray diffraction peak profile analysis in deformed Cu-
polycrystals by synchrotron radiation,” Acta Mater.,
47, 1053-1061 (1999).

13. N. A. Koneva, E. V. Kozlov, et al., “Substructural and
phase transformations during plastic deformations of
materials obtained by intensive deformation,” Mater.
Sci. Eng. A, 410, 411, 341-344 (2005).

14. R. Z. Valiev and 1. V. Aleksandrov, Nanostructured
Materials Obtained by Intense Plastic Deformation [in
Russian|, Logos, Moscow (2000).

15. E. Schafler, G. Steiner, et al., “Lattice defect investiga-
tion of ECAP-Cu by means of X-ray line profile analy-
sis, calorimetry and electrical resistometry,” Mater. Sci.
Eng. A, 410, 411, 169-173 (2005).

16. J. Taylor, “The testing of materials at high rates of load-
ing,” J. Inst. Civil. Eng. (1946).



