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Influence of initial micro-defective structure and microdefects arising during thermal
and mechanical treatment on mechanical characteristics of polycrystalline aluminum sam-
ples has been studied experimentally. It is shown that heat treatment of samples with
strongly distorted structure results in a decreased sample density due to generation of
porous structure. Formation of pores on grain boundaries hinders recrystallization and
results in appearance of microcracks near the pores at plastic straining that causes the
grain-boundary failure character of fine-grained samples. It is shown that pre-straining
promotes decrease in porosity during high-temperature annealing that, in turn, causes
coarsening of grains.

OKCIIePUMEHTAJNBbHO HCCJIEJOBAHO BJIUAHHE MCXOJHOU MUKPOAE(PEeKTHON CTPYKTYPBI H
MHUKpPOae(eKTOB, BOBHHUKAIOIINX B IPOIECCe TePMHUYECKON M MeXaHMUYecKoil o0paboTKu, Ha
MEeXaHNYEeCKNe XapPaKTePUCTUKHU IOJUKPHUCTANINYECKNX OO0pasnoB aaiomuHus. IlokasaHo,
4YTO TepMHuUecKas oO0paboTka o00pasi0oB C CHJIbHO KHCKAaKEHHOII CTPYKTYPOH IIPUBOAUT K
YMEHBIIEHNIO0 MX IIJIOTHOCTH BCJEACTBHE OOpPasOBAHMSA IIOPUCTOM CTPYKTypbl. OOpasoBaHue
IOp HA TPAHUIAX [IPEISTCTBYET DPEKPUCTANIMBANMNUA U IIPUBOAUT K BOSHHKHOBEHUIO IIPU
maacTudecKoMm ned)OPMUPOBAHUHN B OOJACTH IIOP MHUKPOTPEIHH, YTO OGYCJIOBIMBAET 3€PHO-
rPAaHUYHBIN XapaKTep PaspyIlleHHs MeJKO3epHUCThIX 00pasioB. IlokasaHo, uTO mpeaBapu-
TenpHas medopMarus CIOCOOCTBYeT YMEHbBIIEHHIO MOPHUCTOCTH B IIPOIleCCe BBICOKOTEMIIepa-
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TYPHOI'O OTJKHUIA, UTO, B CBOIO OUepelAb, IIPUBOAUT K YKPYIHEHUIO 3€PeH.

In [1], the development of strain-induced
microdefects (pores and microscopic cracks)
has been studied experimentally in single-
and polycrystalline samples of various met-
als under straining conditions varying
within a rather wide range. It has been
shown that the density reduction caused by
the micro-defective structure arising under
plastic straining is localized in the near-sur-
face layer. Thus, when determining the den-
sity reduction wvalue using the integral
method, the maximum sensitivity will be
attained for samples with the large free
surface-to-volume ratio, and in this connec-
tion, the research using the foil samples
will be most effective.
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As the study objects, about 150 um thick
polycrystalline aluminum samples of about
100x20 mm? size have been used. The den-
sity reduction was determined in initial
samples after annealing at 400°C and 600°C
of various duration, coarse-crystal samples
with the average grain size d~1+15 mm, as
well as in the latter samples strained under
active tension conditions at a constant
straining rate € = 1075 g1, For all samples,
the mechanical characteristics (ultimate
stress ©,, maximum plastic strain g,,,)
were determined from the stress-strain
curve and the failure character was investi-
gated in situ using video filming [2]. The
samples with the various average grain size
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Fig. 1. X-ray diffraction patterns of polycrystalline aluminum samples: initial (a), annealed at
400°C for 2 h (b), annealed at 400°C for 2 h +600°C for 2 h (c).

were prepared as follows. The samples cut
out from a foil were strained under active
tension conditions after annealing at 400°C
during 2 h. The strain value was about 1 to
7 % . The samples with above-mentioned av-
erage grain size were obtained using sub-
sequent annealing at 600°C during 2 h. To
reveal the grain boundaries, the Keller
etchant [3] was used. The density of sam-
ples was determined using the hydrostatic
weighing. Weighing in water and in air was
carried out using a VLR-20 balance with an
absolute error of about +2.5.107% g and rela-
tive error of about +3-1073 %. The absolute
and relative errors of sample density deter-
mination did not exceed +3-107% g/cm3 and
+0.01 %, respectively. The main results ob-
tained are presented in Table.

The average density value of initial sam-
ples (about 2.6925 g/cm?3) is close to X-ray
aluminum density (about 2.6986 g/cm3).
The insignificant scatter of sample density
values within limits of about 2.6920 to
2.6930 g/cm3 is due to distinctions in the
sample cutting areas (at edge or near the
middle part). After annealing at 400°C dur-
ing 2 h, the density of various samples and
its scatter decrease appreciably. The density
values of such samples are between about
2.6851 and 2.6857 g/cm®. The subsequent
annealing at 600°C during 2 h results in an
essential density decrease. The average
value of density decrease Ap as compared
with initial samples amounts 0.0450 g/cm3
(Ap/p=1.7T %).

It is known that heating of strongly dis-
torted crystal structure causes an increased
concentration of nonequilibrium wvacancies
(due to high activity of diffusion processes)
as well as the coalescence thereof resulting
in pore formation, increase in the number
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and sizes of pores [4], that should no doubt
reduce the sample density. Fig. 1 shows the
X-ray diffraction patterns for the initial
sample and for samples annealed at 400°C
and 600°C. The pattern for the initial sam-
ple (the lines are continuous and diffuse)
evidences a high degree of the crystal lat-
tice distortion and the average grain size
that does not exceed 107° cm [5]. The pat-
terns for aluminum samples after annealing
at 400°C and 600°C are found to be of point
type. Determination of the average grain
size from the number of points in the Debye
ring using a known technique [6, 7] shows
that it amounts 0.2-0.3 mm and is practi-
cally the same for samples annealed at dif-
ferent temperatures. Thus, an essential den-
sity reduction of polycrystalline aluminum
samples after annealing at 600°C as com-
pared to those annealed at 400°C cannot be
explained by features of recrystallization of
such samples (by various length of grain
boundaries in samples depending on the re-
crystallization temperature).

To determine the localization of the den-
sity reduction, in samples of various type
(initial samples and samples annealed at
400°C and 600°C) the density was measured
after the layer-by-layer thinning of samples
using chemical polishing with following
etchant composition: H3PO, 350 ml, HNO;
An about 20 pm thick layer was removed.
For initial samples, an insignificant density
reduction (about 0.1%) was observed in the
near-surface layer of about 20 um thick-
ness. The density practically does not vary
over the thickness in samples annealed both
at 400°C and 600°C. In spite of the fact
that the samples were thinned using the
polishing composition [8], the etching action
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Fig. 2. Through pores in heat treated aluminum samples thinned by chemical polishing down to
100 um thickness: annealed at 400°C for 2 h (a); annealed at 400°C for 2 h + 600°C for 2 h (b).

was appeared to be selective. In samples an-
nealed at different temperatures and
thinned down to thickness of about 100 um,
through pores were found (Fig. 2), and the
pore density in samples annealed at 400°C
(2 h) + 600°C (2 h) is two orders of magni-
tude higher than in those annealed at
400°C. In microphotos of the sample sur-
faces shown in Fig. 2, the pores are ocbvi-
ously formed by fusion of neighboring pores
both at the sample surface and over its
thickness.

Consideration of the enlarged (x10) mi-
crophoto fragment of a sample with
through pores (Fig. 2b) makes it possible to
assume, taking into account the grain size
value, that the through pores correspond to
the etched parts of grain boundaries. The
metallographic researches of the samples
porous structure confirm it (Fig. 3). In sam-
ples annealed at 400°C, pores have been ob-
served in parts of separate grain boundaries
(Fig. 3a). After annealing at 600°C, the
pores appear practically in all boundaries of
all grains (Fig. 3b).

Initial samples and samples after the
thermal and thermal-mechanical treatment
were strained under uniaxial tension condi-
tions. The obtained mechanical charac-
teristics for such samples and data on the
failure character are presented in Table.
The highest ultimate strength o, and the
lowest strain before failure ¢,,, have been
observed in initial samples. The ultimate
strength o, amounts ~600 MPa, and ¢,,,
does not exceed 0.5 % . The failure charac-
ter of such samples is always quasi-brittle.
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Fig. 3. Pores on grain boundaries visualized
by chemical etching in aluminum samples:
annealed at 400°C for 2 h (a); annealed at
400°C for 2 h + 600°C for 2 h (b).

The ultimate strength decreases and the
maximal plastic strain increases at anneal-
ing. So, after annealing at 400°C and
600°C, ¢,,,,. amounts =5 %. The grain-
boundary failure character of such samples
has been observed. The microcracks are
originated from pores on grain boundaries
(Fig. 4).

In this work, it is shown experimentally
that the probability of grain-boundary fail-
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Fig. 4. Microcracks in pores on grain bounda-
ries in polycrystalline aluminum sample (d =
1 mm, € =10 %).

ure increases with reduction of the average
grain size (Fig. 5), that corresponds, as has
been shown before [9, 10], to increasing
fraction of general type grain boundaries
when passing from coarse-grained samples
to fine-grained ones. The source of the
grain-boundary failure is not the grain
boundary type, but the presence of pores at
the boundaries which are formed, as a rule,
on general type grain boundaries. During
primary recrystallization under annealing at
400°C, in samples with strongly distorted
structure and high concentration of excess va-
cancies, pores are formed due to coalescence of
nonequilibrium vacancies on grain boundaries
simultaneously with recrystallization.

Fig. 6 presents the average grain size
and density of aluminum samples as func-
tions of the annealing duration at 400°C.
These results show convincingly that the re-
crystallization process essentially stops as
the certain density of pores (the sample
density) is achieved. The pore density esti-
mated for average grain size d~0.2 mm
(Fig. 6) shows that about 10 pores of about
5-10 um size are sufficient to block a grain
boundary migration. Formation of defects
such as pores on grain boundaries, first,
hinders not only primary recrystallization
but apparently collective one; second, it ob-
structs generation of the special type grain
boundary or of a similar one; third, it re-
sults in occurrence of microcracks near the
pores under plastic straining.

Thus, the results obtained, first, show
once again that the presence of pores on
grain boundaries causes grain-boundary
failure; second, testify that pre-straining
prior to high-temperature annealing initi-
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Fig. 5. The grain-boundary failure prob-
ability W,p as a function of average grain
size d.
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Fig. 6. Variations of the average grain size d
(1) and density (2) in aluminum samples as
functions of the annealing duration at 400°C.

ates diffusion processes which cause disso-
lution of pores and activation of recrystalli-
zation processes. Finally, Table presents the
data on density reduction Ap, (caused by
formation and accumulation of micro-dis-
continuities during plastic deformation) in
connection with the average grain size. The
Ap, was determined from the sample density
values prior to straining and after failure.
These results in themselves testify to a
slight increase of the density reduction with
diminution of the average grain size (with
increasing length of grain boundaries). In
[1], it has been shown that Ap. increases
linearly with the sample strain under active
tension conditions. In this work, it is shown
that the sample strain to the failure mo-
ment (g,,,,) decreases by a factor exceeding
10 as of the average grain size dBbar is
reduced from 10 mm to 0.1 mm. Thus, the
values Ap, presented in Table are obtained
for samples after various strain g,,,, and
therefore, the above conclusion about slight
influence of grain size on the density reduc-
tion is at least incorrect. In the next to last
column of Table, presented are the density
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Table. Structural state characteristics (d, p — before mechanical test; Ap,, Ap,/e

failure), mechanical data (o;, €,,,,

max — after

) and failure character of initial samples and samples after the
certain thermal or thermomechanical treatment

Processing tech- d, cm |p, g/cm3 o, MPa |g,,,., % Apg'103, Apg/gmax.los’ Failure
nique of sample g/cm3 g/cm? character
initial <1075 | 2.6925 620 <0.5 - - GB
400°C (2 h) 0.02 2.6854 250 5 4.1 82 GB
400°C (2 h) + 600°C| 0.03 2.6475 250 5 4.0 80 GB
(2 h)
400°C (2 h) + ¢ = 0.1 2.6870 420 12 3.4 28 (GB-TC)
1 % + 600°C (2 h)
400°C (2 h) + ¢ = 0.4 2.6895 360 20 2.6 13 (GB-TC)
7 % + 600°C (2 h)
400°C (2 h) + & = 0.7 2.6900 310 22 1.5 6.8 (GB-TC)
4 % + 600°C (2 h)
400°C (2 h) + & = 1.4 2.6920 230 40 1.1 2.8 TC
2.5 % + 600°C (2 h)

GB — grain-boundary failure; TC — trans-crystalline failure.

reduction values corresponding to the unit
relative strain. It is obvious that the density

reduction Ap./e

max iNcreases essentially with

diminishing average grain size d. These re-
sults show convincingly that the main part of
density reduction at plastic straining is con-
nected with grain boundaries.
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Y TBOpPpEeHHA MiKPOHECYU1JIbHOCTEM
B mpoueci TepMiuyHOl 0OOpPOOKHM Ta MJIACTHYHOIL
nedopmallii moJdiKpucTAJTIiYHUX MaTepiaiis

€.10.Badian, A.I''Tonkonpad, O.B.lllexoéyoé6, P.B.Illypinoe

ExcnepumeHTa IbHO IOCIII[MKEHO BIJIMB BUXiAHOI MiKpogedeKTHOI CTPYKTypHU Ta MiKpoje-
dexTiB, [0 BUHMKAIOTH y IIpoleci Tepmiunoi Ta mexamiunoi oOpoOKu, HA MexaHiuHI xapak-
TePUCTUKU MOJiKpHCTAJIiuHNX 3pasdkiB amiominiro. Ilokasano, mo Tepmiuna o6pobka 3paskis
i3 CHMJIBHO BHKPHUBJIEHOIO CTPYKTYPOIO IIPUBOAUTL A0 3MEHIIEHHS IXHBHOI I'YCTUHH BHACJIiZOK
YTBOPEHHSI IIOPHUCTOI CTPYKTYypPH. Y TBODEHHSI IIOP HA MEKaX 3ePeH IIePeIIKOIKAe DPEeKpHC-
Tamgisamii Ta OPUBOAUTHL 40 BUHHUKHEHHS IIPU IIJIACTUYHOMY aedopmyBaHHI B obisacri 1mop

[0 OO0yMOBJIIOE 3EPHOMEKEBUM xapakTep PYyHHYBaHHS IPiOHO3EePHUCTUX

spas3kiB. Ilokasamo, 10 momepemHsi gedopMallid CHOPUSE 3MEHIIEHHIO MMOPUCTOCTI y Xomi
BHCOKOTEMIIEPATYPHOr'0 BifIaiy, 110, B CBOIO UePry, IPUBOAUTL A0 YKPYIHEHHS 3€PeH.
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