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Using the dislocation-kinetic approach based on equations describing the evolution of the average dislocation
density in a material with an increase in shear strain, size effects have been theoretically studied that are associated
with the effect on the strain hardening of the sample of the average grain size d, and thickness D and are caused by
the dependence of the kinetic equation terms on d, and D. Established in a common way using the Taylor relation
and experimentally confirmed the relationship between the flow stress ¢ and the strain degree ¢ was used to analyze
the strain hardening of flat samples of two-dimensional high-purity Al polycrystals with different grain sizes in the
range ~ 50 um < d; < ~1mm and various thicknesses in the range of ~50 um<D < ~1 mm under uniaxial
tension with a constant strain rate at moderate temperatures. It was shown that the dependence of the offset yield
strenght g, , on the grain size d, almost vanishes at d, > 300 um. It was found that the values of g, and the strain-
hardening coefficient 6 = do/de decrease with increasing thickness D of the sample. These decreasing
dependences are replaced by increasing ones with increasing degree of deformation. Stress o and coefficient 6

increase with increasing ratio D /d at all stages of deformation.

PACS: 61.72.Cc, 61.82.Bg, 62.20.Fe

INTRODUCTION

The mechanical characteristics of polycrystals of
metals depend both on the grain size and on the
transverse size (thickness or diameter) of the deformed
samples. Two size effects, one of which is associated
with the influence of the grain size d, and the other one
with the transverse size D can be detected in one
sample. In [1], the effect of the average grain size and
thickness of the samples on the mechanical
characteristics of flat polycrystalline samples of pure
(99.99 wt.%) aluminum 6 mm wide, from 0.045 to
1.840 mm thick with different average grain sizes (from
16 to 180° um) were experimentally studied. In [2],
experimental studies of the mechanical behavior under
uniaxial tension of samples of pure (99.999 at.%)
aluminum 30 mm long, 4 mm wide, from 100 to
340 um thick with various average grain sizes from 75
to 480° um were carried out. Such samples had in cross
section from one to several grain layers. In [3], using the
dislocation-kinetic approach, the effects of decreasing
strength and deviations from the Hall-Petch ratio during
plastic deformation of samples with a micro- and
nanograin structure with a decrease in their transverse
size were theoretically studied, and the effect of
reducing the strength of submicro-sized samples was
studied in [4] for samples of FCC metals with a
nanocrystalline structure with a sample cross section
D < 5d. This approach was applied in [5] to the
description of strain hardening under uniaxial tension
with a constant strain rate at moderate temperatures of
flat samples of two-dimensional high-purity aluminum
polycrystals with different grain sizes in the range
~ 50 um < dg < ~ 1 mm and various thicknesses in the
range ~50 um < D < ~1mm, containing only one
layer of grains and having grain boundaries through the
thickness of the sample. In [5], the coefficients of the
dislocation-kinetic equation were calculated, which
describes the evolution of the dislocation density in a
material with an increase in the degree of plastic
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deformation [3, 6, 7] and which are took into account
the features of the studied flat samples of two-
dimensional polycrystals of pure metals, in addition an
analytical solution was obtained, based on which the
deformation curve was calculated. It is of interest to
further study using the dislocation-kinetic approach the
features of strain hardening of flat samples of two-
dimensional high-purity aluminum polycrystals due to
the influence of grain size and sample thickness.

1. DISLOCATION-KINETIC DESCRIPTION
OF A UNIAXIAL TENSION OF FLAT
SAMPLES OF TWO-DIMENSIONAL

POLYCRYSTALS OF PURE METALS AT
MODERATE TEMPERATURES

Two-dimensional polycrystals contain only one
layer of grains and have through (“vertical”) grain
boundaries over the thickness of the sample. In such
objects, the two free surfaces of each grain coincide
with the free surface of the polycrystal, which are play a
significant role as a source and sink for dislocations in
the case of flat samples, i.e. rectangular samples, the
dimensions of which are related by the relation
D « w < [, where D is the thickness of the sample; w
and | are the width and length of the working part,
respectively, with a large ratio of the free surface area to
the volume of the samples Sg/V > 1 cm™1. In this case,
the grain structure is characterized by the average size
d, on the “horizontal” free surface of the sample, i.e. in
the plane (I, w), and with a size d, equal to the thickness
of the sample D. For dg = d;, the grain structure is
equiaxed in three dimensions. In the case of d;, < d; = D,
grains structure called “needle”, and in the case of
ds > dy = D, it called “pancake” [2].

For the kinetic equation known from [3, 6, 7], which
describes the evolution of the average dislocation
density p in a material with an increase in shear strain y,
its coefficients were determined in [5] taking into
account the strengthening effect of the “vertical” grain
boundaries in a two-dimensional polycrystal and the
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role of the free surface of a flat sample as a source and
sink for dislocations during uniaxial tension of pure
metal samples with different grain sizes in the range of
~50um < d;, < ~1mm and different thicknesses in
the range of ~50um <D < ~1mm at moderate
temperature

p(dp/dy) = (cose/bds)p + (2/D )(ns/b) +

kep3/? — (sing/bD)p — kqp?, (@)
where ¢ is the angle between the slip plane and the
tensile axis; b is the Burgers vector; ng is the density of
the surface dislocation sources; ky is the coefficient
describes the intensity of dislocation multiplication on
forest dislocations (k; ~ 107%/b); k, is the coefficient
of annihilation of screw dislocations. To obtain the
stress-strain curves a(¢g), kinetic equation (1) was
transformed using the expressions dy = mde, o = mr,
where m is the orientation factor and  is the flow stress,
which is determined by the interaction of dislocations
with each other in accordance with the Taylor relation
[8] T=aubp'/?, in which «a is the constant of interaction
of dislocations with each other, u is the shear modulus,
to the form

o3(do/de) = —mk,(c* + a;0% + a0 + a3) /2. (2)

Integration of (2) gives the dependence of the
deforming stress o on the degree of plastic deformation
¢ inan implicit form [5]

—(2/mky)(A;In|o — 01| + Azln|o — o, |+

+ (A3/2)In|c? + &0 + & | +
+((=&143/2 + A/ — (&1/2))arctg((o +
+§1/2) /&2 — (§1/2)) + C =¢. 3)

The new parameters introduced in (2) and (3) are
expressed in terms of the coefficients of the kinetic
equation (1), and the integration constant C is
determined from the condition a(0) = 0. A quantitative
comparison of theory and experiment, performed in [5]
using the experimental data from [2] for flat samples of
two-dimensional high-purity aluminum polycrystals
(99.999 at.%), showed their fairly good agreement. In
the present work, based on the obtained solution (3), the
size effects during plastic deformation of the objects
discussed above were studied with the same calculation
parameters as used in [5], which are m = 2.69;
o=mn/4; pu=27GPa, b=0.286nm, a=0.32;
k, =9.7,ng = 1.00 um™2,

2. SIZE EFFECTS IN FLAT SAMPLES OF
TWO-DIMENSIONAL POLYCRYSTALS
OF PURE Al UNDER UNIAXIAL TENSION

In this work, size effects are referred to effects
associated with the impact of average grain size d, and
thickness D on strain hardening of the samples. The
values of the terms contained in the kinetic equation (1)
depend on the thickness of the samples. The nature of
these dependences is different at the initial stage of
deformation € = 0.2% (Fig. 1,a), corresponding to the
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offset yield strenght o,,,, and at a much later stage of
deformation € = 10% (see Fig. 1,b).
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Fig. 1. Dependences of the values of the terms
contained in the Kinetic equation (1) on the thickness
of the samples at strain values ¢ = 0.2% (a)
and £ =10% (b) for a given value of the average grain
siz ds = 266 um

On the right side of equation (1), the coefficient in
the first term depends on the average grain size, which
determines the corresponding size effect. The second
and fourth terms take into account the role of the free
surface of a flat sample as a source and sink for
dislocations and describe the size effect, which is
associated with the thickness of the sample and arises as
a result of competition between the emission of
dislocations from surface sources and the egress of
dislocations on the surface of the sample [3]. All this
affects the strain hardening, which is discussed below.

Fig. 2 illustrates the deviation from the Hall-Petch
relation [9, 10]. The dependence of the offset yield
strength g, ,, calculated according to (3), on the grain
size practically vanishes at d;, > 300 um for all studied
values of the sample thickness ~ 50 um < D < ~ 1 mm.
In addition, the offset yield strength decreases with
increasing thickness of the sample.
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The dependence of the flow stress, calculated
according to (3), on the thickness of the sample changes
its form with an increase in the degree of deformation
(Fig. 3). The dependence a(D) is decreasing at the early
stage of deformation ¢ = 1% (see Fig. 3,a), but changes
to increasing at a much later stage of deformation
e =10% (see Fig. 3,b). Fig. 3 also shows that the flow
stress increases as the grain size decreases.
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Fig. 3. Dependence of flow stress o on sample thickness
D for various grain sizes d at strain £ = 1% (a)
and ¢=10% (b)
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The flow stress increases with increasing ratio D /d,
the value of which characterizes the proximity of the
grain structure to equiaxial, “needle” or “pancake”, both
at the initial stage of deformation at the level of the
offset yield strength a,, (Fig. 4,a), as well as at the
stage of developed strain (see Fig. 4,b). Thus, the flow
stress at a given degree of deformation increases with
the transition from the “pancake” grain structure to the
“needle” structure at all stages of deformation.

The decreasing dependence of the strain-hardening
coefficient 0 = do/de, which was calculated in
accordance with (2) and (3), on the thickness of the
specimen under strain € = 0.2% (Fig. 5,a) is replaced
by an increasing one even under strain € = 1% (see Fig.
5,b) and remains so with a further increase in the degree
of deformation.

Like the flow stress, the strain-hardening coefficient
increases with the ratio D /dg, i.e. during transition from
the “pancake” grain structure to the “needle” one, at all
stages of deformation. Fig. 6 illustrates this fact for two
values of the degree of deformation.
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Fig. 4. The dependence of the flow stress ¢ on the ratio
D/d; for various values of the sample thickness D at
strain ¢ =0.2% (a) and ¢=10% (b)
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Fig. 5. The dependence of the strain-hardening
coefficient 8 on the sample thickness D for various
grain sizes d, at strain ¢=0.2% (a) and £ = 1% (b)
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Fig. 6. The dependence of the strain-hardening
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thickness of the sample D at strain ¢ =0.2% (a)
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CONCLUSIONS

Based on the previously theoretically obtained
dependence o(e) for flat samples of two-dimensional
polycrystals of pure Al, which is a solution of the
dislocation-kinetic equation and is in fairly good
agreement with experimental data, the influence of grain
size (varying in the interval ~ 50 um < d; < ~ 1 mm)
and thickness (changing by more than an order of
magnitude, starting from ~ 50 um) on the conditional
yield strength, deforming stress and strain-hardening
coefficient was studied in case of uniaxial tension with a
constant speed of deformation at moderate
temperatures.

A deviation from the Hall-Petch relation was found;
the dependence of the offset yield strength on the grain
size almost vanishes at dg > 300 um for the sample
thicknesses of ~50um <D <~1mm. It was
established that the offset yield strength decreases with
increasing thickness of the sample. It is shown that the
dependence of deforming stress on thickness of the
sample is decreasing at the early stage of deformation
e = 1%, but it is increasing at the stage of deformation
& =10%. The decreasing dependence of the strain-
hardening coefficient on the sample thickness upon
deformation € = 0.2% is replaced by an increasing one,
starting from strain € = 1%. The flow stress and strain-
hardening coefficient increase with increasing ratio
D/d; during the transition from the “pancake” grain
structure to the “needle” structure at all stages of
deformation. These size effects, which depend on the
grain size and thickness of the sample, are caused by the
strengthening action of the vertical grain boundaries in a
two-dimensional polycrystal, and the effect on the strain
hardening of the free surface of a flat sample, which is
the source and sink for dislocations.
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AE@OPMAILIMOHHOE YIIPOUYHEHHE IIVIOCKHUX OBPA3IIOB
JABYMEPHBIX TOJIMKPUCTAJIJIOB Al BBICOKOU YUCTOTbI

E.E. baousan, A.I. Toukonpno, E.B. ®mémos, O.B. Illexosyos

C UCronb30BaHUEM JTUCIOKAIIMOHHO-KUHETHYECKOTO MOAX0/a, OCHOBAaHHOTO Ha YPAaBHEHHMSX, ONMHCHIBAIOIINX
9BOJIIOLMIO CPEJHEH IUIOTHOCTH IUCIOKAlMid B MaTepHaje C pOCTOM CHIBUIOBOH JedopMmanuy, TeOpeTHYeCKH
Uccie0BaHbl pa3MepHble 3()(eKThl, KOTOphIe CBS3aHBI C BIWSHHEM Ha Je(OpMalMOHHOE YNpO4YHEeHHe oOpasia
cpenHero pasmepa 3epeH dg ¥ TonmuHsl D 1 00ycnoBiIeHb! 3aBUCHMOCTBIO 4I€HOB KHHETHYECKOTO ypPaBHEHHS OT
ds m D. VYcraHoBneHHass IPUHATBEIM CIIOCOOOM C TIOMOIIBIO COOTHOWIEHMS Teitmopa W mOATBEp)KAECHHAS
9KCIIEPUMEHTAIILHO CBA3b MEXIY HAIPSHKEHUEM TEUCHUS 0 U CTEICHBIO 1eOpMaIMU € UCTIONb30BaHA IS aHAIN3a
nehOPMALMOHHOTO YNIPOYHCHMS IUIOCKUX O0O0pa3LoB JBYMEPHBIX IOJHKPHCTALIOB Al BBICOKOH YHCTOTHI C
pa3nuuyHBIM pasMepoM 3epHa B uHTepBaie ~ 50 MKM < dg < ~1MM W pa3nMyHON TONIIMHOW B HWHTEpBale
~50MKM < D < ~1MM IpU OJHOOCHOM DAaCTSIKEHHH C IOCTOSHHOW CKOPOCTBIO JieopMaldy NPH YMEPEHHBIX
Temrneparypax. HaiiieHo, 4To 3aBUCHMOCTB yCJIOBHOTO TIpefiesia TEKYy4eCTH 0y, OT pa3Mepa 3epHa dg MPaKTUUECKH
ucuesaer npu dg > 300 MkM. O6Hapy*KeHO, YTO 3HAUCHHS O, U KoddduImenTa 1edhopMalnoHHOTO YIPOYHEHHS
0 = do/de yorBaroT ¢ poctoM TommuHE D 00pa3ma. OTH yObIBarOME 3aBUCUMOCTH CMEHSIOTCS BO3PACTAIOIIMU
npu yBeJIW4YeHUH creneHu aedopmaumu. Hampspkenne o u kodpduieHT 6 BO3pacTaloT € YBEIUYCHHEM
otHoienus: D /dg Ha Bcex aTanax 1e)opMUPOBaHHUS.

JE®OPMAIIMHE 3MIITHEHHSA IJIOCKHAX 3PA3KIB
JABOBUMIPHUX IMOJIKPUCTAJIIB Al BACOKOI YUCTOTH

€.10. Baoian, A.I. Touxonpao, €.B. ®mvomos, O.B. Illexosyos

3 BUKOPHUCTaHHSM JUCIOKAIIHHO-KIHETUYHOTO IMiAXOAY, SKUH IPYHTYEThCS Ha DIBHSHHSX, L0 OIHUCYIOThH
€BOJIIOI[II0 CEepelHhOI TYCTHHHM TUCIOKAIld B MaTepiani 31 3pOCTaHHSIM 3CYBHOI aedopmariii, TEOPETHYHO
JIOCITIJKEHI po3MipHi eeKTH, sIKi MOB'sI3aHi 3 BIUIMBOM Ha AedopMalliiiHe 3MIlHEHHS 3pa3Ka CepeIHbOro po3Mipy
3epeH d; 1 ToBmuHM D i 3yMOBJIEHI 3aJeXKHICTIO WICHIB KiHETHYHOTO piBHSHHS Binm dg; i D. Bcranommenuit
NPUHHATAM CIIOCOOOM 3a JI0OTIOMOTOIO0 CIiBBiHOMIEHHS Teiopa i miATBep/KEeHNI eKCIEPUMEHTAIIBHO 3B'SI30K MiX
HaNPYXXEHHSM IUIHHY O 1 CTyneHeM aedopMariii € BAKOPUCTAHO [UIS aHANI3Y JeGopMaIiifHOro 3MillHeHHS IIOCKUX
3pa3KiB JBOBUMIipPHHX MOJIKPHCTANIB Al BHCOKOI YHCTOTH 3 Pi3HUM PO3MipoM 3epHa B iHTepBaii ~ 50 MkM < dg <
~ 1 MM 1 pi3HOIO TOBHIMHOK B iHTepBani ~ 50 MKM < D < ~1 MM npu OJHOBICHOMY pPO3TATYBaHHI 3 IMOCTIHHOIO
MIBUAKICTIO AedopMmaliii Ipy MOMIpHUX TeMIepaTypax. 3HalIeHO, 10 3aJIeXHICTh YMOBHOI I'PAaHMIIl TNIMHHOCTI 0 ,
Big po3mipy 3epHa dg npaxTudHo 3HHKae npu dg > 300 MkM. BusBneno, mo 3HaueHHSA Op, 1 KoediieHTa
nedopmaniitHoro 3minHeHHS 8 = do/de 3MeHnTyoThCs 13 3pocTaHHsM ToBIMHU D 3paska. Lli camgni 3a1eKHOCTI
MepEeTBOPIOIOTHCS Ha 3pocTarodi IpH 30UIbIeHH] cTyneHs Aedopmanii. HanpyxenHs o 1 koediwieHT 8 3pocTatoTh 3i
30inbIIeHHsAM BinHoweHHs D /dg Ha BCix eranax aehopMyBaHH:L.
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