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To construct wide-range constitutive equations of solid substances suitable for
calculations of dynamic processes accompanied by great deformations, temperatures and
pressures, consideration must be given to structural changes to be occurred in this case.
Shear stress is dependent not only on state parameters at the present instant of time, but
also on the history of straining, which determines a substance structure at the given point
of time. At the same time the most advanced models take into account a growth of
dislocation density, a change of microcrystals sizes (grain size), twinning, appearing at
high-rate strain, annihilation of dislocations (or an decrease in dislocation density) at
heating higher than the critical one [1], [2].

The effect of the average grain size on stress intensity is expressed in terms of the
so-called Hall-Petch law, which at other constant parameters takes the form of [3], [4]:

o=c¢+K;-D ™, 1)

where oy is the flow stress in a single crystal, K; is the constant of material, D is
the average grain size. Hall justified this regularity in theory [3], and Petch confirmed it
experimentally [4] (s.Fig.1). Similar relations exist for the flow stress at various degrees
of strain and ultimate strength. It is agreed that relation (1) is performed in a wide interval
of grain sizes down to nanosizes.

rif) R e AR R RS o s o A | GF PRREE G Eatoti r_"‘w7——‘}
! BOH )
— —
z -
oF Sl
o 40r P .
i * Mild steel
o 220 olngot iron 4
o) ’ s Spectrographic iron
| CjL v ad) _2 1 4L ! b 8 EO

CRAIN SIZE ™% mm.

Fig. 1 — Relation between yield point of metals and grain size
Based on the present theory the researchers rely often upon one parameter — grain
size [5], [6], [7], [8], [9] (s. Fig. 2) in studying the impact of structure factors upon
strength characteristics of metals, but they do not check a value of another parameter
influencing strongly on stress intensity of plastic flow— dislocation density. In this case,
values of coefficients of equation (1) are selected on the basis of experimental data.
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Fig. 2 — Dependence of conventional yield strength on copper grain size

The problem of constancy or change of o and K; over various intervals of grain
sizes continues to remain argumentative. One can set off the following behavioral
versions from the most widespread versions of the behavior of K; parameter with
decreasing a grain size: constancy of K; parameter [3]-[7]; stepwise decrease [10], [11] or
replacement of a sign of the quantity K; when achieving some grain size [12], [13]. The
systematized data for the parameter o, and K; of copper disclose that o, changes from
10 MPa to 90 MPa and the quantity K; changes from 0.1 MPa m*? to 0.24 MPa m*? with
decreasing a grain size from 250 to 0.02 um. The required grain size was gained through
intensive plastic strain and subsequent annealing for copper.

However, the issue remains open concerning the influence of other structure
factors on yield point, such as, for example, dislocation density.

The rise of dislocation density under deformation must increase flow stress in
accordance with the expression [14]:

o=cu+Ky-py'", (2)

where K; is the constant of the material, pq is the average dislocation density.

In the general case the effect of a grain size and dislocation density on mechanical
properties can be written as [15]

0200+K1-D'1/2+K2-pd1/2. (3)

The goal of the current work is to reveal experimentally a role of each of these
factors with regard to yield point and to compare them with each other.

In the work mechanical properties of copper (M1) were measured depending on
the grain size D and the diverse dislocation density py. For this purpose copper samples



with known initial parameters — grain size D=20 um'

and D=100 um and density
dislocation pyg ~10° cm™ — were loaded by a shock wave having intensity of ~11 GPa via
the method of impact (copper impactor with thickness of 2 mm, impact velocity
W=540 m/s). The quantity of complete plastic flow ~0.1 and it did not exceed a critical
value for the beginning of grain division, and dislocation density increased strongly.

The study of a microstructure of samples states is given in the metallurgical
microscope METAM-LV-31. To analyze a substructure, X-ray analysis shooting was
performed on a diffractometer DRON-UML. The dislocation density o4 was defined by
comparing with a standard sample, in which pg ~10%cm™. The standard was obtained
through annealing of coarse-grained copper at a temperature of 550°C within two hours.
This level is enough to conduct measurements, and there is no way to attain lower
dislocation density through annealing. After loading measured dislocation density
changed on three orders as compared with the initial one and amounted to py =~10"! cm™.
As this takes place a grain size remained the same, shear bands were not discovered.
Fig.3 shows photos of a copper microstructure prior to and after loading.
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Fig. 3 - Photos of a copper microstructure with a grain size of D=20 pum prior to and after
loading

Dislocation density was decreased up to p;=~3.6-10"° cm 2 and up to ps~10** cm?.
in some samples using a high-temperature anneal. Here, it is worth noting that to
accomplish identical dislocation density in copper with the various grain size D, the
varied annealing temperature T,,, was demanded, T,,, was increasing with increasing a
grain size, what is due, most likely, to a lesser quantity of boundaries, namely the less a
grain the less a distance, which dislocation should cover up to annihilation. After a
preliminary preparation, the investigators measured mechanical properties (compression-

! Copper with the grain size of D=20 um was produced in BelSU by the method of all-round forging in the
laboratory of D. Sc. (Tech.) G.A.Salishchev.



test diagrams) of samples with a variation of an initial grain size and dislocation density.
Compression-test diagrams were gained via the Hopkinson split bar method (HSB) at
strain rate of ~10° 1/s (copper samples of a cylindrical form, 8.5 mm in diameter, 6 mm
in length). Figures 4 and 5 show compression-test diagrams with a various grain size and
dislocation density, and Table 1 demonstrates the conventional yield strengths o,
measured from processing of diagrams.
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Fig. 4 — Average true o-¢ compression-test diagrams of copper with a grain size of 20 um
and different dislocation density
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Fig. 5 - Average true o-& compression-test diagrams of copper with a grain size of
100 um and different dislocation density



Table 1

Grain size, um 0a,-101° cm Go.2, MPa Annealing temperature, C

9.7 190+13 0

20 3.6 155+11 260
1.7 118+9 275
0.01 7245 360
9.7 153+10 0

100 3.6 126+9 330
1.7 110+£8 400
0.01 70+3 550

For comparison figures 6 and 9 show compression-test diagrams of copper with a
varied grain size, but with identical dislocation density.
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Fig. 6 - Average true c-& compression-test diagrams of copper with a grain size of

100 pm and 20 um and with dislocation density of pyg~10%cm™




400

//
300 //
/ %
< //
& 200 / D=20 pm
Eﬂ ] — D=100 pm
&
100 {
0 . . . . . .
0,00 0,03 006 009 012 0,15 0,18
g, r.u,

Fig. 7 - Average true o-& compression-test diagrams of copper with a grain size of
100 pm and 20 um and with dislocation density py~1.7-10*cm™
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Fig.9 - Average true o-¢ compression-test diagrams of copper with a grain size of
100 pm and 20 pm and with dislocation density p; ~3.6-10%cm™
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Fig 9 - Average true o-¢ compression-test diagrams of copper with a grain size of
100 pm and 20 um and with dislocation density py~9.7-10*°cm™

In this manner, the performed studies show that within the framework of
experimental accuracy an increase in a grain size by a factor of ~5 at equal dislocation
density does not lead to any significant changes in strength characteristics.

The obtained values of conventional yield strength from/using dislocation density
and a grain size can be approximated through unified dependence:

6=65+20-D"%+3.6-10™ ps** [MPa].

Fig. 10 presents experimental points and approximating curves.
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Fig. 10 — Dependence of conventional yield strength on dislocation density in copper
with a various grain size



The implemented experiments testify to the fact that yield strength increases in
copper at the expense of a grain size occurs only by 6.8%, the rest of the increase
depends on changes in dislocation density.

There is no doubt that the current measurements can be made applying more
accurate methods, but it is already obvious now the dependence of yield strength on grain
size is one order less as compared to the effect of dislocation density in copper. It is safe
to say that the influence of dislocation density on copper hardening is a crucial factor.

It makes sense to perform the similar researches using other metals.
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