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Influence of fine-grained structure and superplastic
deformation on the strength of aluminium alloys

Part Il The physical nature of the influence of fine-grained
structure on the strength of aluminium alloys
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Samples of 1560 (Al-Mg—Mn) and 1960 (Al-Zn-Mg-Cu) alloys have been used to investigate
the nature of the effect of grain size and superplastic treatment on the strength of aluminium
alloys. The observed increase in the work needed for crack formation with the transition
from coarse-grained (CG) to fine-grained (FG) structure is connected to a greater
homogeneity of the plastic deformation in the material volume. This leads to a reduction in
local stress concentrations at the sites of preferential crackinitiation. The easier crack growth
in FG alloys is mainly caused by a reduction in the energy for plastic deformation at the head

of a long crack and also for the formation of free fracture surfaces.

1. Introduction
The data discussed in Part I [ 1] of the present series of
papers have shown the formation of fine-grained (FG)
structure instead of a coarse-grained (CG) one in alu-
minium alloys affects the mechanical properties. The
beneficial effects are an increase in static strength and
ductility, high-cycle fatigue life and limit, and a de-
crease in anisotropy of some properties. In addition it
results in a higher resistance to crack nucleation. The
main drawback is a.decrease in the crack growth
resistance, which can lead to a reduction in the alloy
low-cycle fatigue endurance and reliability, static and
impact toughness, and to the increase of sensitivity to
sharp stress concentrators.

The present paper deals with the physical nature of
grain size effect on the mechanical behaviour of the
alloys.

2. Experimental procedure

The aluminium alloys 1560 and 1960 were used in this
investigation. The composition, structure and proper-
ties produced in the alloys after different treatment
modes are described in Part I {1].

The effect of grain size on static crack initiation was
studied on flat wedge-shaped specimens (Fig. 1) of
longitudinal and transverse (LT and TL) orientations.
The specimens with polished surfaces on which two
rows of bench points were marked with an interval of
500 pm, were extended to failure by tension at room
temperature. The strain in different sections of the
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specimens and the micro-crack density on them were
determined optically at a magnification of 800.

The size of the plastic deformation zone (PDZ) at
the tip of the static and fatigue cracks (A) was esti-
mated on flat specimens of LT orientation after their
rupture. The depth of the plastic deformation penetra-
tion for static cracks was determined by the change of
microhardness depending on the distance from the
crack surface. For fatigue cracks it was established
from the observed broadening of X-ray peaks. The
distance from the crack surface at which the men-
tioned parameters achieved the levels corresponding
to non-deformed material was taken as A.

The extent of the crack surface asperities (1) was
estimated on longitudinal templets of ruptured speci-
mens by the measurement of fracture surface relief by
means of the optical microscope.

3. Results and discussion

3.1. The influence of grain size on static
strength and ductility

In various alloys, including those based on alumi-

nium, the strengthening caused by grain refinement

depends on the composition and structure of the

material. In all alloys the Hall-Petch effect [2, 3]

contributes to the strengthening by the relationship:

5. = o + kyd; ™ (1)

where o, is the flow stress, o; is the stress characteriz-
ing the resistance to dislocation movement within the
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Figure 1 A wedge-shaped tensile specimen.

grain, k, is a constant depending on the mechanism of
slip transition through the grain boundary, d, is the
grain size and m is an exponent approximately equal
to 0.5 depending on the alloy nature [4,5].

Equation 1 is true when CG and FG alloys are in
the same state, that is after complete recrystallization.
When this condition is not fulfilled the strength of
a CG material can be higher. This is connected with
a substructural strengthening effect [ 6-8]. In this case
the alloy strength is determined by [9];

6, = O; + kydy> + aGbdy" )

where o, is the yield stress, d is the size of subgrains,
G is the shear modulus, b is the Burger’s vector and
o is a coefficient.

Thus when the subgrain size in CG material is less
than the grain size in a FG material the strength of the
CG alloy may be higher. This was the reason for the
observed higher strength characteristics of conven-
tionally treated 1960 alloy (CT1) in comparison with
superplastic processed (SPT) [1].

A grain size reduction increases the ductility of
aluminium alloys since it provides greater homogen-
eity of microplastic deformation in the material vol-
ume [4,10-12]. The latter is caused by the fact that
more grains are similarly oriented in a unit volume.
This results in a simultaneous appearance of a greater
number of slip bands. As the length of these bands is
small (restricted by the grain size), a lower level of
local stress concentration occurs at the boundary re-
gions of a FG material. Thus, the possibility of crack
initiation is reduced (discussed later) and conse-
quently, the greater polycrystal ductility can be ex-
ploited.

The higher ductility of the alloys after superplastic
treatment may be explained by the uniformity and
refinement of grain structure. In heat hardenable
alloys (1960), which are distinguished by low ductility
after conventional treatment, the elimination of sub-
structural strengthening additionally contributes to
the increase of plasticity after SPT. The higher ductil-
ity of superplastic treated alloys may also be caused by
changes of banded structure, as a specific feature of
superplastic flow is broadening (spreading) of bands of
excess phases [13, 14].

3.2. The influence of grain size on crack
formation

It is established in aluminium base alloys of different

composition that grain refinement increases the crack
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nucleation resistance (CNR) irrespective of loading
conditions (see Part I). The same situation has been
observed in alloys based on other metals [15, 16].

Such mechanical behaviour is caused by the follow-
ing physical premises.

The formation of a crack by any dislocational
(stress) mechanism requires the fulfilment of the equa-
tion (4):

nt = Const ~ 0.7G 3)
where » is the number of dislocations in pile-up(s) at
an obstacle (interphase or grain boundary) and 7 is the
applied shear stress.

For equal relative deformations of specimens with
different grain sizes the absolute deformation of grains
in a FG material is lower. Consequently, n, which in
turn is proportional to the grain size, must be lower
in such a structure. Since t is proportional to
d~17? (Equation 1), nt in an FG material is less than in
a CG one and it is necessary to increase the value of
7 in order to obtain the critical value of stress concen-
trations (Equation 3). This produces the higher CNR
in fine-grained materials.

If the crack initiation is thermally activated, then at
a low stress concentration in fine grains a higher
activation energy is needed [17]. This means that in
a FG material at a given 1 the period of crack forma-
tion increases.

In such a material the critical stress value (c,) at
which the crack initiates without activation will also
be higher [17],

1.84 G
O = ub2n(1 — ) @
where v is Poisson’s ratio.

The larger amount of work needed for crack initia-
tion in a2 FG material is also connected with an in-
crease of the homogeneity of microplastic deformation
within the grain. According to the von Mizes criteria
[15] with a decrease in the grain size the deformation
by multiple sliding spreads over a larger volume of the
grain.

The experimental confirmation of a higher CNR in
a FG material is shown in Fig. 2. On polished surfaces

-of LT specimens (at this orientation the grain size is

more pronounced due to the features of the studied
structure) of the 1560 alloy whose elongation does not
exceed 3 %, the number of microcracks is less in a fine-
grained (FG-1) state. The absence of such a distinction
in TL specimens is caused by the dominant influence
of bands of excess phases on crack initiation.

In the case of cycle loading conditions the preferen-
tial sites for crack initiation are surface intrusions or
extrusions. The reduction in the number of disloca-
tions in slip bands caused by grain refinement must
lead to a decrease of the damage depth of specimens or
surfaces. Thus the nucleation of a fatigue crack in
a FG material needs a longer time or a higher applied
stress. The latter was clearly shown by experimental
data (Part T) [1].
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Figure 2 Microcrack density versus tensile strain on surface of
specimens made of coarse- ( LT and ———- TL) and fine-
grained (FG-1) (—— — LT and — - -TL) 1560 alloy.

3.3. The influence of grain size on crack
growth resistance

The growth of cracks requires the expenditure of

energy according to the equation

A = Aa+ 4 — A, (5)

where 4,, A4, 4 and A, are the energies expended on
crack growth, plastic deformation of the material at
the crack head, formation of free surfaces and relax-
ation respectively. It may be admitted that 4, is pro-
portional to A (A is the linear size of PDZ) and A, is
proportional to [* (I is the crack length).

It has been established (Table I) that with grain
refinement the size of the PDZ for static and fatigue
cracks in alloys decreases. The analogous results are
obtained in reference [18] for a 1141 alloy.

These data can be visually explained with the help
of Fig. 3. At the same tension force (P) the stress state
in the notch section of the specimen is grain size
independent, but the size of the PDZ at the tip of
a crack is less in a FG material corresponding to
a higher level of its yield strength.

The observed decrease of the PDZ size is in good
agreement with known equation [19]

1 /K,

where 2 is the radius of the zone at the tip of a crack
of the critical length and o is a coefficient equal to 2 or
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Figure 3 The schematic diagram explaining the difference in the
size of the plastic deformation zone (A) at the tip of a growing crack
in materials with coarse- and fine-grained structures.

6 for plane stress or plane strain states respectively. As
the grain size is reduced o, increases in line with the
Hall-Petch equation whilst K ;. for aluminium alloys
generally decreases, [18,20].

It is also established (Table I) that the length of
a crack path in its growth perpendicular to the bands
is less in FG alloys under both static and cyclic load-
ing. This path reduction testifies to a smaller area of
fracture surfaces and consequently to less work
needed for crack growth. The decrease of [ is caused by
the change of the character of the fracture relief: the
reduction in the height (k) and the width (z) of surface
asperities (Fig. 4). This situation is schematically
shown in Fig. 5. The decrease in k and ¢ is connected
with the fact that in a FG material the density of
microcracks in the PDZ is higher than in a CG mater-
ial. The latter may be illustrated by the data in Fig. 2.
With increasing strains greater than 3% in LT and TL
specimens the microcrack density becomes higher in
the FG 1560 alloy. This is evidently caused by a
higher homogeneity of microplastic deformation in
fine-grained material. Grain refinement results in an

TABLE I Parameters characterizing the transverse crack growth resistance in the 1560 and 1960 alloys

Structure Static crack Fatigue crack™®

Alloy (state)
A, mm I, mm A, mm [, mm

CG 6.8 +0.5 1.43 £ 0.03 092 +0.12 1.24 +0.02
1560 FG-1 42403 1.34 + 0.03 0.65 +0.11 1.20 +0.02

FG-2 35103 1.34 + 0.02 041 +0.11 1.19 +0.02
1960 CT-1 53404 1.59 + 0.03 0.84 +0.84 1.46 + 0.03

SPT 31+03 1.46 4+ 0.03 0324012 1.26 + 0.03

[ — an average summarized path of a crack on one mm of its length.
A — the size of plastic deformation zone at the tip of the crack;
*at AK =11 MPa-m'/2,
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Figure 4 The surface asperities of static fractures in specimens with
coarse- (a) and fine-grained structures made of 1560 alloy.

increasing number of grains where the local deforma-
tion causing crack initiation is likely to occur. Due to
the increase of microcrack density the lower s and
t correspond to the path of the main crack moving by
breaking of the ligaments between the microcracks
[217.

It is also necessary to take into account that
microcracks initiate in the volume limited by
the size of the PDZ. Due to its smaller size the max-
imum deviation of the long crack path is less in FG
materials.

Other factors of grain size influence on crack
growth resistance may be effective under fatigue.

With grain refinement, the deformation is accom-
panied by an increase in strain hardening [4] and an
accumulation of crystalline structural defects. These
defects provide the possibility of a higher rate of crack
growth at the constant level of maximum stresses in
the cycle [10,15,22].

A difference in the grain structure may also influ-
ence fatigue crack blunting. According to reference
[23] the crack tip opening displacement (A) is deter-
mined by the equation:

AK?

" 46,E 0

where AK is the range of stress intensity ratio and E is
the Young’s modulus. So due to higher yield stress if
all other conditions are equal an FG material is char-
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Figure 5 A schematic diagram explaining the difference in the sur-
face relief of the crack in coarse- and fine-grained materials.

acterized by smaller blunting of fatigue cracks, which
also promotes an increase in the crack growth rate.

During the reverse movement of the dislocations
during the unloading part of cycle, the size of the
reverse PDZ is usually higher than the grain size in
FG material. This leads to the formation of pile-ups
near grain boundaries and the nucleation of cracks,
this is the reason for the easier propagation of long
ones [10,15].

There are some other physical premises of grain size
effect on A4 and A4, [10,15].

According to the Hall-Petch relation (1) deforma-
tion and rupture of a FG material in an elastic—plastic
region takes place in a higher external stress field,
therefore the relaxation energy must also be higher.

Thus an analysis of Equation 5 shows that grain
refinement leads to a negative effect on crack growth
resistance.

3.4. The influence of grain size on the
characteristics of high-cycle fatigue

An increase of the alloy fatigue limit (cg) and endur-
ance under high-cycle fatigue (HCF) often accom-
panies the transition from CG to FG structure. This
was clearly established in alloys on aluminium and
other bases [1,24-26]. The dependence of the fatigue
limit on grain size is usually described by an equation
similar to the Hall-Petch relation (1)

Or = Ojr + deg—1/2 (8)

However, it is necessary to note, that whereas the
physical nature of the Hall-Petch relationship is de-

-termined by the mechanism of strain hardening due to

grain refinement, the rise of oy is caused by an increase
in the crack initiation resistance. The increase of the
HCEF strength is due to the fact that the time needed
for long crack formation is of the order of 60-90% of
the total alloy endurance [24].

4. Conclusions
The nature of the observed effect that a fine grain
structure has on the strength of aluminium alloys is
determined by its influence on crack resistance charac-
teristics.

The effect of grain size on crack resistance consists
of an increase in the crack nucleation resistance
and a decrease in crack growth resistance with grain



refinement. This effect is similar under static, impact
and cycle loading conditions, testifying to its common
nature.

The influence of grain size on the main strength
characteristics, such as fracture and impact toughness,
fatigue limit, low- and high-cycle fatigue endurance
and sensitivity to stress concentrators is determined
by its effect on crack initiation and crack growth
processes.

The grain size effect reported in the present work is
not observed in some other investigations. Conflicting
results are obtained especially in estimating the frac-
ture toughness [18, 20, 27, 28] and fatigue strength
[18, 30-32]. In addition, some reported data on the
same materials are different [29, 31]. This discrepancy
is due to simultancous changes, not only in an alloy
grain size but also in other structural parameters. The
latter may be caused by variation in material composi-
tion (impurity contents), methods of ingot processing
and further thermomechanical treatment. The struc-
tural differences could include the nature, size, distri-
bution and volume fraction of inclusion and precipi-
tates, the presence and parameters of substructure and
crystallographic texture, etc. The influence of these
parameters may be to reduce or even surpass the grain
size effect.

Professor Rabinovich Meer Khaimovich passed
away on 1 April 1996, in Ufa, Russia. Born on 26
January 1920, he graduated in 1944 from the Moscow
Aviation-Technological Institute, in the Department
of Hot Treatment of Metals, where he was also em-
ployed as a lecturer. Professor Rabinovich also
received a Ph.D in 1950. For the next 45 years he
worked at Ufa Aviation Institute, in the Department
of Material Science and Technology. He was an
author for more than 100 scientific publications in-
clulding 4 monographs. The book “Strength and
superstrength of metals” was printed in Russia, Po-
land and Japan.

Professor Rabinovich was one of the leading Russian
scientists in materials science, especially in methods of
thermo-mechanical treatment, structure properties
analysis and superplasticity of aluminium alloys.

His memories will be cherished by his wife (Lud-
mila), family, friends, co-workers and many genera-
tions of students.
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