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bstract

The relationship is examined between the microstructure and the strength of ultrafine-grained fcc metals (Al, Al–Mg alloys, Cu and Ni) processed
y severe plastic deformation. The saturation value of the yield strength obtained at high strains is correlated with the dislocation density by using the
aylor equation. The results suggest that the main strengthening mechanism in severely deformed fcc metals is the interaction between dislocations.

urthermore, the saturation strength of different fcc metals deformed at room temperature may be described by using the shear modulus and the
bsolute melting point. The results of the analysis show that for Al–Mg alloys the addition of the Mg alloying element to the Al matrix leads to an
ncrease in the maximum value of the dislocation density and consequently to an increase in the strength.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Severe plastic deformation (SPD) is frequently used for
roducing bulk ultrafine-grained metals and alloys. The two
ost common SPD methods are equal-channel angular pressing

ECAP) and high-pressure torsion (HPT) [1–5]. Ultrafine-
rained materials formed by SPD have unique mechanical
roperties compared to their coarse-grained counterparts
6,7]. In order to understand the mechanical behavior of
aterials processed by SPD, it is necessary to characterize their
icrostructure.
It is well-established that the crystallite size and the lattice

train in ultrafine grained materials can be determined by X-
ay line profile analysis [8–12]. In SPD-processed materials,
here the lattice distortions are primarily caused by dislocations,

he characteristic parameters of the dislocation structure can be
btained by an evaluation of the strain broadening of X-ray line

rofiles [8–11].

Because of their practical importance, ultrafine-grained fcc
etals formed by SPD have been extensively studied [13–20].
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t has been shown that with increasing strain the average dis-
ocation density increases while the individual crystallite size
ecomes smaller [13–15]. At room temperature, these two quan-
ities reach their saturation values after about 4–8 ECAP passes
hich corresponds to an imposed strain value of ∼4–8 [13,14].

t has been reported also that the yield strength increases with
ncreasing strain and saturates at high strains [13]. In this paper,
he correlation between the saturation values of the dislocation
ensity and the yield strength is studied for different SPD-
rocessed ultrafine-grained fcc metals including pure Al, Al–Mg
lloys, Cu and Ni. The saturation value of the yield strength is
elated to the dislocation storage capability at room temperature
or pure Al, Cu and Ni. Furthermore, the effect of Mg alloying
n the dislocation density and the strength is also investigated.

. Experimental

.1. Sample preparation

High-purity (4N) Al, Al–1 wt.% Mg (Al1Mg), Al–3 wt.%

g (Al3Mg), technical purity Cu and high-purity Ni were pro-

essed by ECAP at room temperature. It was shown earlier
hat in these experiments the microstructural parameters and
he yield strength tend to saturation [15,17,19]. In this paper the
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Table 1
The measured saturation values of the area-weighted mean crystallite size
(〈x〉area), the dislocation density (ρ) and the yield strength (σmeasured) for dif-
ferent fcc metals

Sample 〈x〉area (nm) ρ (×1014 m−2) σmeasured (MPa)

Al, 8ECAP 272 ± 30 1.8 ± 0.3 120 ± 10
Al1Mg, 8ECAP 88 ± 10 3.9 ± 0.4 220 ± 15
Al3Mg, 8ECAP 65 ± 7 23 ± 2 400 ± 20
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crystal deformed at high strains in stage III and IV. If α = 0.23
is selected for Cu in this paper, the measured and the calculated
values of yield strength would agree perfectly.
J. Gubicza et al. / Materials Scienc

xperimental conditions giving rise to these saturation values
re reported.

The Al and the Al–Mg specimens were 10 mm in diameter
nd ∼60 mm in length and they were deformed at room tempera-
ure by ECAP for eight passes [15,16]. Processing by ECAP was
arried out using a 90◦ die and following route BC in which the
illet is rotated around its longitudinal axis by 90◦ in the same
irection after each pass. The technical purity copper specimen,
ith dimensions of 12 mm × 12 mm × 60 mm, was deformed by
CAP for eight passes using a 90◦ die following route C in which

he billet is rotated by 180◦ around its longitudinal axis after each
ass [17,18]. A high-purity nickel (99.99%) cylinder having a
iameter of 16 mm and length of ∼100 mm was subjected to 8
CAP passes at room temperature using a die with an internal
ngle of 90◦ and following route BC [19,20]. It has been shown
reviously that the microstructure of Ni can be further refined
fter eight passes of ECAP by use of HPT [19]. Thus, a disk with
iameter of 10 mm and thickness of ∼0.3 mm was cut from the
ample deformed through eight passes of ECAP and torsion-
lly strained under a high pressure of 6 GPa for a total of five
omplete revolutions.

The yield strengths of the SPD-processed specimens were
etermined by compression, tension and Vickers hardness mea-
urements for the Al-based samples, Cu and Ni, respectively.
urther details of the preparation of the samples and the mea-
urements of the yield strength are given elsewhere [15–20].

.2. X-ray diffraction line profile analysis

The microstructure of the deformed specimens was investi-
ated by analyzing X-ray diffraction line profiles. These pro-
les were measured on the cross-sections perpendicular to the
utput channel of the last ECAP pass. The X-ray diffraction
xperiments were performed using a special high-resolution
iffractometer (Nonius FR591). The instrumental broadening
�2Θ = 0.006◦) was negligible compared to the measured line
roadening (�2Θ = 0.1–0.3◦) so that an instrumental correc-
ion was not performed. The diffractometer was operated at
0 kV and 70 mA using a rotating Cu anode (Cu K�1 radia-
ion: λ = 0.15406 nm). The line profiles were evaluated by the

ultiple whole profile (MWP) fitting procedure described in
etail elsewhere [9]. In this method, the Fourier coefficients of
he experimental profiles are fitted by theoretical functions cal-
ulated on the basis of a model of microstructure in which the
ize of spherical crystallites has a log-normal distribution and
he lattice strains are caused by dislocations [9]. From the fitting
arameters, the area-weighted mean crystallite size, 〈x〉area, and
he dislocation density, ρ, were determined [9].

. Results and discussion

.1. Correlation between the saturation values of yield
trength and dislocation density
Table 1 shows the saturation values of the crystallite size,
he dislocation density and the yield strength for the fcc metals
rocessed using SPD. The saturation values of the yield strength

F
(
E

u, 8ECAP 64 ± 7 26 ± 2 405 ± 20
i, 8ECAP + 5HPT 48 ± 6 25 ± 2 1103 ± 50

easured by mechanical tests (σmeasured) are compared with the
alues (σTaylor) calculated from the total dislocation density (ρ)
sing the Taylor equation

Taylor = σ0 + αMGbρ1/2, (1)

here σ0 is the friction stress, α a constant (α is taken as 0.33),
the shear modulus, b the length of the Burgers vector and M

s the Taylor factor (M = 3 for untextured polycrystalline mate-
ials). For Al and Al alloys, G = 26 GPa and b = 0.286 nm. The
alues of the friction stress were taken as 20, 25 and 50 MPa
or Al, Al1Mg and Al3Mg, respectively. For Cu, G = 42 GPa,
0 = 20 MPa and b = 0.256 nm are taken in the calculation of
Taylor. For Ni, G = 82 GPa, σ0 = 20 MPa and b = 0.249 nm are
sed.

The values of σmeasured versus σTaylor are plotted in Fig. 1.
t is apparent that the values of yield strength measured by
echanical tests are in relatively good agreement with the values

alculated according to the Taylor equation. This indicates that
n fcc metals processed by SPD the strength is basically deter-

ined by the interaction between dislocations. For Cu, it can be
een in Fig. 1 that the value of σTaylor is higher than σmeasured.
he difference between the values of σTaylor and σmeasured can
e attributed to the fact that the value of α may differ from
.33 selected here. For example Schafler and coworkers [21]
eported different α values between 0.17 and 0.3 for Cu single
ig. 1. The saturation value of the yield strength measured by mechanical tests
σmeasured) vs. the values calculated from the dislocation density according to
q. (1) (σTaylor).
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Table 2
The maximum yield strength (σmax) obtained from Eq. (2), the shear modulus (G), the melting temperature (Tm) and the prefactor (D0) and the activation energy
(Q) of self-diffusion for Al, Cu and Ni [28]

Sample σmax (MPa) G (GPa) Tm (K) D0 (×10−6 m2/s) Q (kJ/mol)
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densities an arrangement into dislocation walls is energetically
more favorable than a uniform structure, the minimum value
of l normalized by the Burgers vector (l*/b) can be generally
used for a characterization of the dislocation storage capability
l 120 26
u 385 42
i 1140 82

Several reports have shown that during SPD processes the
islocations formed in the grain interiors arrange into cell bound-
ries (or walls) to minimise their strain-energy [22,23]. These
bjects have a low-angle grain boundary character as they sep-
rate cells with small misorientations. As the deformation pro-
eeds, the dislocation density in the cell boundaries may increase
even up to 1017 to 1018 m−2), the thickness of the boundaries
ecreases and the misorientations between the neighboring cells
lso increase so that the cell boundaries are transformed into
igh-angle grain boundaries [13,22–24]. At a certain strain,
he microstructure may simultaneously contain both low-angle
ell boundaries (or incidental dislocation boundaries, IDBs) and
igh-angle grain boundaries (geometrically necessary bound-
ries, GNBs) [22]. Under these conditions, two strengthening
ontributions should be considered: (i) dislocation strengthen-
ng due to the presence of low-angle boundaries (IDBs) and (ii)
rain boundary strengthening due to the presence of medium- to
igh-angle boundaries (GNBs). Hughes and Hansen [22] have
hown theoretically that each of these two contributions can be
escribed by a Taylor-type equation as the boundaries are built
p from dislocations and thus the strengthening is caused by the
islocation–dislocation interactions. This is in good agreement
ith the present experimental results. It should be noted, how-

ver, that the strengthening of GNBs can be also expressed by
Hall–Petch relationship in which the strength is determined

y the average spacing between GNBs [22]. Unfortunately, the
elative fractions of IDBs and GNBs cannot be estimated from
-ray line profile analysis, as both boundaries break down the

oherency of X-rays. At the same time, theoretical calculations
hows that the individual strength contribution of IDBs is higher
y 50% than that of GNBs for Ni deformed to a strain value of
4.5 [22].

.2. Relationship between the maximum yield strength and
he melting point for pure fcc metals

Recently, a new constitutive equation was developed for a
escription of the macroscopic stress–strain (σ–ε) behavior for
ure fcc materials [16]:

= σ0 + σ1

[
1 − exp

(−εn

εc

)]
, (2)

here σ0, σ1, εc and n are constants. It has been shown that the
ew equation is valid over a wide range of strain at least up to

≈ 8. According to Eq. (2), the yield strength tends to saturate at
igh strains, as was experimentally observed in fcc metals pro-
essed by SPD [15,16]. The maxima of the yield strength (σmax)
alculated as σ0 + σ1 for pure Al, Cu and Ni are ∼120, ∼385

F
(
l

933 170 142
1356 31 200
1726 190 279

nd ∼1140 MPa, respectively. These values are in very good
greement with the maximum strengths obtained by mechanical
esting of the Al, Cu and Ni samples, respectively, as listed in
able 1.

The value of σmax − σ0 characterizes the maximum hard-
ning achieved by SPD. This quantity is determined by the
ynamic equilibrium between the formation and annihilation
f dislocations. As the rate of dynamic recovery is influenced
y the homologous temperature of deformation, σmax − σ0
lso depends on the testing temperature. The melting points
Tm) of Al, Cu and Ni are very different (see Table 2) so that
oom temperature (293 K) corresponds to significantly different
omologous temperatures for the three fcc metals. Fig. 2 shows
logarithmic plot of the dimensionless term (σmax − σ0)/G

btained at room temperature versus the homologous tempera-
ure corresponding to 293 K for Al, Cu and Ni. The data used to
onstruct this plot are listed in Table 2. The linear relationship
n Fig. 2 suggests the following equation:

σmax − σ0

G
= A

(
293

Tm

)p

, (3)

here A = (3.4 ± 0.1) × 10−4 and p = −2.1 ± 0.2.
According to Eq. (1), (σmax − σ0)/G is also related to the

aximum dislocation density (ρ). The value of ρ−1/2 gives the
haracteristic distance between dislocations (l) if a uniform array
f dislocations is assumed [25,26]. Although at high dislocation
ig. 2. The logarithm of the difference between the maximum yield strength
σmax) and the friction stress (σ0) normalized by the shear modulus (G) vs. the
ogarithm of the homologous temperature (293/Tm) for pure Al, Cu and Ni.
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f materials. Thus, the lower the value of l*/b so the higher the
islocation storage capability of the material at the temperature
f deformation.

Combining Eqs. (1) and (3), the following relationship is
erived for l*/b for pure fcc metals:

l∗

b
= A−1

(
293

Tm

)−p

. (4)

Eq. (4) indicates that at room temperature l*/b is lower for
hose fcc metals where room temperature corresponds to lower
omologous temperatures. According to Eqs. (1) and (4), the
eason for the higher saturation strength of Ni compared to,
or example, Al is the lower value of l*/b at room temperature
n addition to the contribution from the higher shear modulus.
his lower characteristic dislocation distance can be attributed

o the lower homologous temperature of deformation for Ni
ompared to Al. At high strains, the formation and annihilation
f dislocations are in dynamic equilibrium. The dislocations are
ormed and annihillated at IDBs and GNBs. The annihilation
f dislocations with opposite signs can result from cross-slip or
limb processes which are, in general, assisted by vacancy dif-
usion in GNBs and along dislocation cores in dislocation walls
IDBs). As a result of the high volume fraction of grain bound-
ries in nanocrystalline materials, diffusion in these structures
s faster than in coarse-grained specimens up to by a factor of
010 to 1020 [27]. Consequently, diffusion probably controls the
nnihilation of dislocations even at room temperature. It is well-
nown, and established in Table 2, that the activation energy of
elf-diffusion (Q) for fcc metals is proportional to the melting
oint [28]. As the pre-exponential factor of the self-diffusion
oefficient (D0) has similar values for Al, Cu and Ni, the diffu-
ion coefficient (given by D = D0 exp(−Q/RT), where R is the
niversal gas-constant) depends primarily on the homologous
emperature. Since room temperature corresponds to a lower
omologous temperature for Ni than Al, vacancy diffusion
hrough IDBs and GNBs is slower for Ni so that the recovery
ate is lower. As a consequence, the value of l*/b is smaller
nd the dislocation storage capability is higher for Ni than Al.
imilar comparison can be made also for other pairs of fcc
etals.
Table 1 shows that SPD is more effective in grain refinement

nd in increasing the dislocation density for Al if the Mg
oncentration is high. This can be explained by the effect of
g solute atoms on the dislocation mobility. The Mg atoms

re located preferentially around the dislocations and exert a
inning effect on these dislocations as they move in the Al
atrix. This hinders the annihilation of dislocations during

eformation leading to an increase in the maximum value of the
islocation density and the yield strength. As G and Tm are only
lightly different for Al–Mg alloys and pure Al, the strength data
or Al–Mg alloys do not obey Eq. (3) as in other pure fcc metals.

he grain refinement in SPD metals occurs by the arrangement
f dislocations into cell walls so that the higher dislocation
ensity results in a decrease of the crystallite size for higher Mg
oncentrations.

[

[
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. Conclusions

(i) The saturation value of the yield strength of different fcc
metals and alloys processed by SPD methods is success-
fully described by the Taylor equation using the dislo-
cation density determined by X-ray line profile analysis.
This result suggests that the main strengthening mecha-
nism at high strains in both fcc metals and alloys is a
dislocation–dislocation interaction.

(ii) The maximum yield strength determined at room temper-
ature for pure Al, Cu and Ni is correlated with the homolo-
gous temperature of deformation which can be explained by
a diffusion-controlled annihilation of dislocations in grain
boundaries and dislocation walls during SPD.

iii) The addition of Mg hinders the annihilation of dislocations
in the Al matrix during SPD leading to an increase in the
dislocation density which gives an increase in the disloca-
tion storage capability and therefore in the maximum yield
strength of the material.
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