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bstract

The correlation between the microstructure and the yield strength of a specimen produced by hot isostatic pressing (HIP) of commercial purity
luminum nano-powder was studied. It was found that the bulk sample can be regarded as a composite containing microcrystalline grains embedded
n an ultrafine grained matrix. The composite-like microstructure results in a bimodal hardness distribution as shown by nanoindentation. The
ield strength values for both the ufg matrix and the mc grains were calculated from the characteristic parameters of the microstructure. The yield

trength of the composite estimated by using a simple rule of mixture was in good agreement with the value determined by compression test. It was
evealed that the majority of the strengthening can be attributed to the dislocations in the ufg matrix and the alumina dispersoids formed during
IP process.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Bulk nanocrystalline and ultrafine grained materials are the
bject of increasing attention since these materials have unique
echanical properties compared to coarse-grained counterparts

1–5]. The reduction of the grain size is especially effective in
he increase of the flow stress of bulk metallic materials. A wide
ange of experimental techniques have been developed for pro-
ucing ultrafine grained materials. There is one class of these
rocedures where the fine grain size is achieved by refinement
f coarse grains in bulk materials by severe plastic deformation
SPD) [2–5]. These methods result in a very high density of dis-
ocations progressively arranged into high-angle boundaries and
hereby lead to an ultrafine grained structure. In the SPD pro-
essed materials crystallographic texture is often formed which
akes the study of the effect of grain size on the strength dif-
cult. The other class of methods is based on consolidation of

anopowders [6–8]. These procedures result in a texture-free,
table microstructure, but usually with a residual porosity. Hot
sostatic pressing (HIP) is a promising method to obtain rela-
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ively large, bulk and near fully dense materials from nanometric
etallic powders [7,8]. The samples processed by HIP have a

otential for examining the effect of grain size on the mechanical
ehavior of nanomaterials. In this paper the correlation between
he microstructure and the flow stress of a bulk Al sample pro-
uced from nano-powder by HIP is studied. It is revealed that
he flow stress of this material cannot be related to one character-
stic grain size value because of the strong inhomogeneity of the

icrostructure. The parameters of the ultrafine-grained (ufg) and
he microcrystalline (mc) components of the microstructure are
etermined by TEM and X-ray line profile analysis and related
o the flow stress.

. Experimental procedures

The bulk Al sample was produced from ALEX nano-powder
upplied by Argonide Corporation (USA). The processing route
nd the chemical composition of this powder is described
lsewhere [9]. The nano-powder particles are characterized
y a spherical shape and an average diameter of about

0 nm. It should be noted that the powder also contains a
mall amount of large particles with sizes between 1 and
0 �m. Fully dense bulk material was processed via HIP at
50 ◦C under a pressure of 200 MPa for 600 min. The detailed
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the Debye–Scherrer rings free from sharp spots were cut and
evaluated. The integral breadths of the line profiles for the ufg
matrix are plotted as a function of the length of diffraction vector
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escription of the HIP procedure has been given in Ref.
9].

Phase composition of the HIP-processed sample was deter-
ined by X-ray diffraction using a Philips X’pert powder

iffractometer with a Cu anode. The microstructure was exam-
ned using X-ray diffraction line profile analysis. The X-ray
ine profiles were measured by a high-resolution rotating anode
iffractometer (Nonius, FR591) using Cu K�1 radiation. The
cattered X-rays were detected by image plates with the angular
esolution of 0.005◦ in 2Θ, where Θ is the angle of diffraction.
he line profiles were evaluated using the multiple whole pro-
le (MWP) fitting procedure described in detail in other reports
10]. The procedure is used to estimate the median (m) and the
ariance (σ) of crystallite size distribution, the mean size of
rystallites (or coherently scattering domains) and the density of
islocations (ρ). The microstructure was also investigated using
JEOL-2011 transmission electron microscope (TEM) operat-

ng at 200 kV, under both conventional and energy-filtered TEM
EFTEM) conditions.

The flow behavior of the specimen processed by HIP was
tudied by compression test performed at room temperature and
t a strain rate of 2 × 10−4 s−1. The hardness was tested by
anoindentation using an UMIS nanoindentation device with
erkovich indenter and applying a maximum load of 1 mN. The

ndentation rate was 0.03 mN/s. One hundred indentations were
arried out arranging the indents in a 10 × 10 matrix. The dis-
ance between the neighboring indents was 4 �m. The hardness
s characterized by the number determined as [11]:

= Pm

24.5h2
m

, (1)

here Pm is the maximum load (1 mN) and hm is the maximum
enetration depth during indentation.

. Results and discussion

.1. Microstructure

Fig. 1 shows the TEM images taken on the bulk sample pro-
uced by the HIP technique. It can be seen from Fig. 1a that
he microstructure consists of ultrafine grained volumes and
arge grains with a diameter of 1–10 �m, i.e. with respect to the
luminum grains, the material can be regarded as a two-phase
omposite of ufg and microcrystalline volumes. The average
rain size in the ufg volume estimated from the TEM images
s 150 nm. Fig. 1b shows a fine grain (160 nm) divided into
ubgrains with the size of about 50 nm.

In the X-ray diffractogram of Fig. 2, beside the aluminum
hase a relatively small amount of �-Al2O3 is also identified.
he TEM image in Fig. 1a also shows alumina particles inside

he mc grains with the diameter of about 20 nm. The Al2O3
ispersoids inside the aluminium grains are formed during HIP
rocedure from the alumina layer covering the nanoparticles in

he initial alumina powder, as discussed in [9].

In the Debye–Scherrer rings detected by high resolution X-
ay diffraction, sharp intensity spots are superimposed on the
ide rings of the ufg matrix which are related to the reflect- F
ig. 1. TEM bright field images showing the (a) ufg matrix and the embedded
c grains and (b) an ultrafine grain with subgrain structure.

ng mc grains. The lines of mc grains were as narrow as the
nstrumental profiles (�(2Θ) = 0.02◦), therefore these lines were
ot evaluated for the microstructure. For the determination of
he microstructural parameters of the ufg volume, the parts of
ig. 2. The X-ray diffractogram obtained on the bulk sample processed by HIP.
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Fig. 4. The Fourier coefficients of the measured intensity profiles (open circles)
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ig. 3. The conventional (a) and the modified (b) Williamson–Hall plots for the
fg Al matrix.

K = 2 sin Θ/λ, where λ is the wavelength of X-rays) in Fig. 3a.
he non-monotonic behavior of the line widths can be rational-

zed by the dislocation contrast factors, C, as can be seen in the
odified Willamson–Hall plot for the same data (Fig. 3b). This

ndicates that the lattice strains are caused by dislocations. For
he detailed description of the dislocation contrast factors and

odified Williamson–Hall procedure see Ref. [10]. The disloca-
ion density was obtained from the evaluation of the line profiles
y the MWP fitting method. The Fourier coefficients of the mea-
ured intensity profiles (open circles) and the fitted theoretical
ourier transforms (solid line) obtained by the MWP procedure
re plotted in Fig. 4. The value of the dislocation density was
ound to be 13 × 1014 m−2. The median and the variance of the
rystallite size distribution function were obtained to be 48 nm
nd 0.38, respectively. The value of the median of the crystallite
ize distribution is consistent with the subgrain size observed in
he TEM image in Fig. 1b (50 nm). This means that the subgrains
an be identified as the domains scattering X-rays coherently.
he subgrain boundaries are most probably formed by the rear-

angement of dislocations into low energy dense configurations,
.g. incidental dislocation boundaries (IDB) [12]. This process
ay be similar to the subgrain formation in metals during severe

lastic deformation [13], but here the shear stresses necessary

or the formation of dislocations are exerted by the contact edges
f neighboring particles during HIP. It should be noted that
he alumina particles probably have an important role in the
evelopment of substructure in the ultrafine grains. According

d
h
d
s

nd the fitted theoretical Fourier transforms (solid line) obtained by the MWP
rocedure carried out on the ufg matrix. The difference between the measured
nd fitted values is also plotted. L is the Fourier-length [10].

o former investigations, SPD processing of pure Al resulted in
he minimum diffracting domain size of about 200 nm [14]. The
ower domain size achieved here can be attributed to the effect
f alumina particles. These dispersoids act as obstacles against
islocation motion and enable the storage of dislocations in the
ltrafine grains even after the releasing of pressure at the end of
he HIP procedure. This effect together with the high tempera-
ure applied during the compaction resulted in the arrangement
f dislocations into subgrain boundaries inside the ufg grains.

.2. Mechanical characterization

Fig. 5a shows an atomic force microscopy (AFM) picture of
he impressions made by nanoindentation. This image reveals
hat there is a bimodal distribution of the indentation sizes
hich corresponds to the two-phase composite model of the
icrostructure. The large indents can be found in the softer mc

rains. On the right hand side of Fig. 5a, a large grain can be
een where the size of indents is approximately two times larger
han the size of indentations in the ufg volume. The hardness was
alculated according to Eq. (1) and the statistics for the hardness
alues are plotted in Fig. 5b. The mean hardness of the ufg matrix
s about four times higher than that for mc grains. However, sev-
ral caveats regarding this measurement should be noted: (i) as
he size of the fine and the mc grains have a distribution, the hard-
ess can differ in different mc grains or in different positions in
he ufg matrix, i.e. the mentioned ratio between hardnesses is
alid only for the mean values; (ii) the hardness calculated by Eq.
1) is generally different from the value obtained from the indent
ize determined by microscopy methods owing to the distortion
f the shape of residual indentation pattern after removing the
ip from the surface of probe material [15]; (iii) generally, the
ardness measurement results in an additional 8% plastic defor-
ation [16], i.e. the flow stress corresponds to 8% strain can be
etermined as a one-third of the hardness measured at relatively
igh load (2 N ≤ Pmax); (iv) Nanohardness value cannot be used
irectly for the determination of the flow stress because of the
o-called indentation size effect. This means that the hardness
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ig. 5. The results of nanoindentation. (a) AFM picture showing the triangle-
hape indents in the ufg matrix and in a mc grain; (b) the frequency distribution
f nanohardness numbers.

f a material increases with the decrease of indentation size and
he flow stress can be determined only from the macrohardness
alue. Nevertheless, the difference between the flow stress val-
es of the ufg and the mc volumes is manifested in the bimodal
istribution of nanohardness values.

Fig. 6 shows the true stress–true strain curve obtained by
ompression test. The yield strength is about 390 MPa, the
ow stress at 0.2% plastic strain is 440 MPa, and the maxi-
um strength occurs around 490 MPa. In the following section

he yield strength is calculated from the characteristics of the
icrostructure and compared to the value determined by com-

ression.

.3. Calculation of the yield strength
Using a simple composite model, the yield strength (σY)
an be calculated as the volume-weighted sum of yield strength

e
o

σ

ig. 6. True stress–true plastic strain curve obtained from room temperature
ompression test of the HIP processed specimen.

alues of the two components (rule of mixture):

Y = σ
ufg
Y V ufg + σmc

Y V mc, (2)

where σ
ufg
Y , σmc

Y , V ufg and V mc are the yield strength values
nd the volume fractions of the ufg and mc components, respec-
ively. From the frequency distribution of hardness (see Fig. 5b)
t is revealed that 30% of the indents are situated in a relatively
oft region (H ≤ 6 GPa) and the rest (70%) are placed into hard
olumes. These percentages can be regarded as the volume frac-
ions of the soft mc and hard ufg regions which is also supported
y TEM images (not shown here). In order to estimate the yield
trength of the composite by using Eq. (2), the values of σ

ufg
Y

nd σmc
Y are determined.

According to Hansen [17] the yield strength can be given as:

Y = σ0 + σLAGB + σHAGB, (3)

here σ0, σLAGB and σHAGB are the friction stress, the yield
trength components related to the low- and high-angle grain
oundaries. For the mc grains σ0 is the sum of the friction stress
or pure Al (σp

0 = 20 MPa [14]) and the yield strength related to
he dispersion hardening caused by the alumina particles [18]:

0 = σ
p
0 + 0.85MT Gb ln(x/b)

2π(l − x)
, (4)

here G is the shear modulus (G = 26 GPa), b is the Burgers
ector (b = 0.2865 nm), MT is the Taylor factor (where MT = 3
or untextured polycrystalline materials), x is the average size
f the dispersoids and l is the inter-particle spacing. According
o Fig. 1a, the average size of the alumina particles in mc grains
s about 20 nm while the distance between them can be approx-
mated as 200 nm. Substituting these data into Eq. (4), σ0 is
btained to be 91 MPa. The contribution of the low-angle grain
oundaries to the yield strength can be expressed by the Taylor-

quation as these boundaries are formed by the rearrangement
f dislocations into subgrain boundaries [12]:

LAGB = αMTGbρ1/2, (5)
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here α is a constant (taken as α = 0.33), and ρ is the dislocation
ensity. The yield strength resulted from the high-angle grain
oundaries can be given by the Hall–Petch formula as:

HAGB = kDHAGB
−1/2, (6)

here k is a constant (k = 0.04 MPa m1/2 [17]) and DHAGB is
he size of the grains surrounded by high-angle grain bound-
ries. For mc grains the yield strength contribution expressed in
q. (5) can be neglected owing to the very low dislocation den-
ity. In the mc grains the dislocation density should be less than
he limit detectable by X-ray line profile analysis (1013 m−2)
s the breadths of the line profiles for mc grains agree with the
nstrumental broadening. The average value of DHAGB for mc
rains is found to be 5 �m which gives 18 MPa for σHAGB. The
um of the yield strength components gives 109 MPa for mc
rains.

For the ufg matrix the yield strength contributions resulting
rom the low- and high-angle grain boundaries were calculated
sing the dislocation density ρ = 13 × 1014 m−2 and the mean
ize of ufg particles DHAGB = 150 nm, respectively. Applying
qs. (5) and (6) σHAGB = 268 MPa and σHAGB = 103 MPa were
btained. In the determination of σ0 for ufg matrix, the disper-
ion hardening also should be taken into account as TEM images
f ultrafine grains show alumina particles inside these grains
e.g. see the upper right corner of the 160 nm grain in Fig. 1b).
t seems that the distribution of alumina particles between the
ifferent subgrains is rather inhomogeneous, therefore the deter-
ination of the inter-particle spacing is uncertain. Nevertheless,

n average distance between alumina dispersoids was estimated
y the following procedure. First, we counted the number of alu-
ina particles in a relatively large volume of the ufg matrix and

hen the average volume of the ufg matrix per alumina particle
as determined. The average inter-particle spacing was calcu-

ated as the cube root of this volume. For the mean size and
he average inter-particle spacing 4 and 56 nm were obtained,
espectively. Substituting these values into Eq. (4) and using the
riction stress for pure Al (σp

0 = 20 MPa) 173 MPa was obtained
or σ0 of ufg matrix. The sum of the yield strength compo-
ents gives 544 MPa for ufg matrix. We have calculated the
otal yield strength of the composite from the theoretically deter-

ined values of the two components (109 and 544 MPa) and
rom their volume fractions using Eq. (2). From this calcula-
ion 414 MPa was obtained for the yield strength which is in
elatively good agreement with the experimentally determined
alue of 390 MPa.

In the following the flow stress corresponding to 8% plastic
train is also calculated for both ufg and mc components and
heir ratio is compared to the ratio of their hardness numbers
etermined by nanoindentation. In this calculation, the strain
ardening (σsh) resulted by 8% strain should be added to the
ield strength. The value of σsh for the mc grains is deter-
ined as the difference between the flow stress at 8% strain
nd the yield stress on the stress–strain curve measured on
ulk Al sample produced by HIP of mc powder (see Fig. 4a
n [9]). From this procedure 50 MPa was obtained. Using the
alues of σsh determined for the mc grains (50 MPa) and for

[

[

[
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he composite (90 MPa, from Fig. 6) and assuming the rule
f mixture (Eq. (2)), σsh for the ufg matrix is obtained to be
07 MPa. Adding σsh to the yield strength, 159 and 651 MPa
re obtained for the flow stress at 8% strain in the cases of mc
nd ufg volumes. The ratio of the calculated flow stresses of
he ufg and mc components is 4.1 which agrees well with the
atio of the hardness values (∼4) determined by nanoindenta-
ion.

. Conclusions

The microstructure of the bulk sample obtained by HIP
f Al nano-powder is rather inhomogeneous, which resulted
n a bimodal distribution of hardness values measured by
anoindentation. On the basis of the TEM and nanoindenta-
ion observations, the microstructure is modelled by a two-phase
omposite of the microcrystalline grains and the ultrafine
rained matrix. The yield strength was determined from the
rain size, the dislocation density and the size and dispersion
f alumina particles in the two components of microstructure.
his calculated value of the yield strength was in relatively
ood agreement with that determined by compression test. It
as found that the majority of the hardening can be attributed

o the high dislocation density and the finely dispersed alumina
articles in the ufg matrix.
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