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Strengthening mechanisms in the nanocrystalline Cu with Al,O,
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Abstract

Nanocrystalline (nc) Cu materials with Al,O3 dispersoid (1 and 5 vol.% Al,Os) were
produced using the powder metallurgy (PM) techniques. The effect of reinforcement weight
fraction, deformation temperature and annealing temperature (up to 800°C) on the strength
properties and the microstructure was studied. Two strengthening mechanisms were con-
sidered at room temperature, strengthening by grain refinements and dispersion strength-
ening (DS). The strength properties of both nc Cu composites were strongly dependent on
deformation temperature and material composition. The main contribution of nanometric
Al> O3 particles to the strength of composites at elevated temperatures is probably the strong
pinning effect on the grain/crystallite boundaries and preventing of recrystallization process.
After annealing at 0.747y both composites were characterized by an excellent stability of

strength characteristics.
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1. Introduction

The nc DS materials on the Cu base are char-
acterized by interesting and technologically import-
ant properties. DS of the soft copper alloy matrix is
achieved by introducing a small volume fraction of sec-
ondary phase (such as oxides, carbides, nitrides) to the
matrix. Alumina DS nc Cu offers an unique combin-
ation of strength, electrical and thermal conductivity.
These materials were developed for wide range of ap-
plications [1-4]. The method of DS has a significant re-
inforcing effect which can be kept at elevated temper-
atures. The increasing yield strength of metal matrix
of nc composites could be attributed above all to the
following four strengthening mechanisms: Hall-Petch
(HP) strengthening, Orowan strengthening, strength-
ening arising from an increase in dislocation dens-
ity of the matrix described in the Taylor relationship
and load-bearing effect which results from the strong
bonding between the dispersed particles and the mat-
rix. In previous years, several models have been used
for predicting the strength of metal matrix of nc com-
posites, such as the summation of strengthening con-

tributions, the Zhang and Chen model, and the Clyne
model [5-7].

Orowan strengthening is carried out in consequen-
ce of dislocations interactions with stable dispersoid
particles [8-11]. The degree of strengthening is a func-
tion of size, shape, spacing, hardness, and distribu-
tion of the second phase particles within the matrix.
The elevation in yield strength is due to the bowing
of dislocations between neighbouring undeformable
particles and bypassing particles leaving a dislocation
loop around them. The alumina particles are hard and
thermally stable at elevated temperatures approach-
ing the melting point of the copper matrix. Much of
the research on nc metals has been focused on the HP
grain size strengthening effect because grain size re-
duction to the nanoscale range (< 100 nm) produces
very large increase in the strength [1, 9, 12]. How-
ever, the mechanisms operative in the nanoscale grain
size regime differ from those for coarse-grained mater-
ials [13]. A widely accepted consensus proposes that
a transition to grain boundary mediated dislocation
plasticity occurs below a grain size of 100 nm, with a
possible transition to grain boundary sliding/rotation
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dominant processes at a very small grain size [14].

The nc DS Cu is characterized by high strength at
room temperature as well as at elevated temperatures
[15]. The dispersion distributed alumina particles can
increase the recrystallization temperature and exhibit
excellent strength at elevated temperature by pinning
down the grain and subgrain boundaries of the copper
matrix and impeding the movement of dislocations [5,
16, 17].

In this study, the nc Cu composites with different
ratio of dispersoid (1 and 5 vol.% Al2O3) were syn-
thesized using the PM method. The purpose of this
study is quantitative research of strength properties
(estimating the contribution of individual strengthen-
ing mechanisms using Orowan mechanism and Hall-
-Petch ship) and verification of an agreement with ex-
perimental data. The strength at elevated temperat-
ure, strength after thermal loading and their influence
on microstructure were investigated.

2. Experimental materials and methods

The experimental material was dispersion
strengthened nc Cu-1 vol.% Al;O3 and nc Cu-5 vol.%
Al;03. The composite powder was prepared by modi-
fication of the mechano-chemical method based on the
mechanical milling in an attritor and chemical reduc-
tion by hydrogen [18]. The Cu powder matrix is char-
acterized by average crystallite/grain size 36 nm and
29 nm for 1 vol.% Al;O3 and 5 vol. % Al,O3, respect-
ively. The compaction process consisted of powder
pressing at 400°C in the protective atmosphere un-
der the pressure of 150 MPa, sintering in Hy at 850°C
for 1h, forging and extrusion at 950°C with a 95 %
cross section area reduction.

The micro Vickers hardness (HV10) was measured
at room temperature with dwell time 10s on Leco
equipment. The Brinell hardness HB was measured
under 612.9N load with ball diameter 2.5 mm us-
ing HPO 250 machine. The values of ultimate tensile
strength and yield strength at room temperature and
at elevated temperatures were evaluated by static
tensile test STN EN ISO 6892-2 performed by TIR-
ATEST 2300 test machine. The specimens for tensile
test were prepared according to STN EN ISO 6892-1.
The specimen diameter was 3 mm and gauge length
was 15 mm. The furnace temperature was varied from
room temperature up to 800°C with an accuracy of
+4°C. The total porosity was measured using the
double-weighting method.

The microstructure of the experimental materi-
als was investigated by transmission electron micro-
scopy (TEM) by the method of thin foils. The pres-
ence of vAl,O3 particles was proved by the selec-
ted area diffraction (SAED). The microstructure was
consequently analyzed by X-ray diffraction (XRD) on

X'Pert diffractometer with high temperature camera.
The in situ measurements were realized in the range
from room temperature up to 800°C. The XRD spec-
tra were measured between 40 and 100° (260) with
a step of 0.03° and a time per step of 8s. The av-
erage grain/crystallite size D of the Cu matrix and
the dislocations density p were determined using the
Williamson-Hall equation. The Williamson-Hall equa-
tion separates the effects of size and strain in the crys-
tals, and is convenient for the estimation of crystal size
of deformed materials:

ﬂhkl COS@hkl N 1 40 (sin@hk1> (1)
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where k& is the shape factor (0.9), A is the X-ray
wavelength (1.5406 A), 6py is the Bragg angle, D is
the effective grain/crystallite size normal to the re-
flecting planes, o is the lattice strain, and F is the
Young’s modulus. The dependence of By cos Opi/ kA
on sin Oy /kA is linear for Cauchy distribution of dif-
fraction peak. The simplified form of this equation has
linear form:

y = q+ku, (2)

where y = B cosOpa/kA, ¢ =1/D, k= 40/F and z
= sin Oy /kX. The first four most intensive reflection
peaks of Cu reflecting planes (111), (200), (220) and
(311) were used to construct a linear plot of y as a
function of z, the grain/crystallite size might be es-
timated from the intersection with the vertical axis y
and the lattice strain from the slope of the line [10].

The thermal stability of the microstructures was
studied by the ex-situ method, after the isothermal
annealing at 800°C for 1h in the air.

3. Results and discussion
3.1. Strength at room temperature

Both nc Cu composites are characterized by high
hardness. The micro Vickers hardness for the 1 vol.%
Aly03 composite is 1400 MPa and Brinell hardness
130 HB, for the 5 vol.% Al;O3 composite is mi-
cro hardness 2200 MPa and Brinell hardness 170 HB.
Higher volume fraction of the Al;O3 particles induces
higher hardness of the material. As the hardness is a
measure of material resistance against the plastic de-
formation, it is related to the stress needed to activate
the dislocations motion in the material. Therefore, the
hardness is structure-sensitive parameter. High hard-
ness in both composites is a result of the presence of
small Cu grain size due to the uniform distribution
of very fine 7AlyO3 particles in the Cu matrix, con-
firmed by TEM micrographs and the SAED patterns,
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Fig. la,b. The mean grain/crystallite size of mater-
ial with 1vol.% AlyOs3 is 91 nm and for material with
5 vol.% AlyO3 is 60 nm. Accordingly, both compos-
ites are characterized by nanocrystalline Cu matrix.
The Al;O3 particles have an extremely fine average
size ~5nm in radius for both materials. The results
of hardness tests indicated that both composite sys-
tems had significantly high strength characteristics.
The yield strength achieved 400 MPa for the 1vol.%
and 598 MPa for the 5 vol.% Al,O3 composite mater-
ial. The ultimate tensile strength reached the value
447 and 656 MPa, respectively. The obtained mech-
anical properties are comparable with results pub-
lished in other works [2, 12]. The Cu composite with
higher volume of dispersoid is characterized by super-
ior strength properties. However, both Cu compos-
ites with Al;Ogs dispersoid showed markedly higher
strength characteristics in comparison with pure mi-
cro grained Cu (R,0.2 = 156 MPa, R,, = 245 MPa)
[2]. There are two important strengthening mechan-
isms to be considered in the nc Cu with secondary
phase/dispersoid: dispersion strengthening effect and
grain size strengthening effect. These strengthening
mechanisms are additive and the total yield strength
should be considered as the sum of these mechanisms
[7,9].

The contribution of the Al;O3 dispersoid present
in the Cu composites to the overall strength of the ma-
terial should be considered. The presence of particles,
acting as obstacles to the dislocation motion, is re-
sponsible for the strengthening of the material by lim-
iting the dislocation ability to move under external
stress. The Al;O3 particles are considered not to be
shearable by the dislocations, hence the dislocations
must overcome the particles in order to bypass them
by moving between the particles (Orowan process).
The critical resolved shear stress A1y produced by
the interaction of moving dislocation and dispersion
distributed Al,O3 particles is as follows [9]:

2T
Ay = 0847+, (3)

where T is the line tension of the dislocation line, b is
the modulus of its Burgers vector (b = 2.56 x 10719),
and A is the interparticle spacing of alumina particles.
The mean interparticle spacing A of dispersoid partic-
les in the Cu matrix is defined by the volume fraction
f and average radius r [2, 8]:

=r(2)". (1)

The calculated mean interparticle spacing is 58 and
26 nm for the 1vol.% AlyO3 and 5 vol.% Al,O3 com-
posite, respectively. Orowan strengthening becomes
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Fig. 1. TEM microstructure and SAED pattern of 1 vol.%
Al>O3 (a) and 5 vol.% AlOs (b) Cu-Al;O3 composite.

more favourable by reducing the diameter and inter-
particle spacing of the second phase [19]. The Orowan
strengthening effect of Cu was found to be 92 MPa for
1vol.% Al;O3 composite material and 205 MPa for 5
vol.% Al,O3 composite material using 7= 1.0 x 1079
N. Hence the contribution of the dispersion effect
is relatively important in both Cu composites. The
Orowan mechanism plays more remarkable role for the
strengthening of the composites, when the reinforce-
ment size is nanometric and the interparticle spacing
is shorter.

The contribution of the grain/crystallite refine-
ment to the strength should be considered. It is known
that the grain/crystallite size has a significant effect
on the mechanical behaviour of materials, in particu-
lar, on the yield stress. The relation between the yield
stress and grain size is described mathematically by
the Hall-Petch equation [10]:

k
Oy = 0¢ + 7%, (5)
where oy is the yield stress, og is a material constant

for the starting stress for dislocation movement (or the
resistance of the lattice to dislocation motion, for Cu
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Fig. 2. Contribution of Orowan and Hall-Petch strengthen-
ing mechanisms on final strength of Cu-Al,O3 composites
in comparison with measured yield strength.

25.5 MPa), k, is the strengthening coeflicient (a con-
stant unique for each material, 3478.5 for Cu), and
d is the average grain/crystallite diameter. The Hall-
-Petch relationship predicts that the yield stress in-
creases with the inverse of the square root of the grain
size (Eq. (5)). Theoretically, a material could be made
infinitely strong if the grains are made infinitely small.
According to the Hall-Petch relation an indirect pro-
portion between the strength and grain size is valid
up to the critical value of grain size (for Cu a value
below ~ 25 nm) because very small grains are unable
to support dislocation pile-ups [6, 14]. The presence
of greater volume of second phase particles leads to
smaller grain/crystallite size with larger grain bound-
ary surface area. Due to the grain/crystallite size ef-
fect it was estimated that the yield strength increment
was 382 MPa and 451 MPa for 1vol.% Al;O3 and 5
vol.% Al;O3 composite, respectively. Accordingly, the
grain/crystallite size strengthening becomes the dom-
inant mechanism. The obtained results are in agree-
ment with other works published by Sanders, Merz
and Dahlgren for nanocrystalline Cu [14].

Assuming that the total yield strength of nc Cu
composites is an addition to two strengthening mech-
anisms [7], the calculated value of the yield strength is
474 MPa and 656 MPa for 1vol.% Al;O3 and 5 vol.%
Al,03 material, respectively, Fig. 2. The total yield
strengths of composites are approximated according
to empirical Tabor‘s rule, hardness/3 [20]. These cal-
culated values of the yield strength are rather higher
than the measured values. The lower values of yield
strength are predominantly in consequence of “flows”
existing in consolidated powder materials. It is known
that it is difficult to obtain high-density nc materials
of low porosity and good bonding between particles by
the PM method [21, 22]. The total porosity for experi-
mental material with 1 vol.% dispersoid is about 1.5 %
and for composite with 5 vol.% is higher, 1.7 %. The
structure imperfections are detrimental to the prop-
erties of nc materials because with increasing poros-
ity Young’s modulus decreases. The linear decreasing
of the Young’s modulus as a function of porosity for
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Fig. 3. Yield strength R,0.2 and ultimate tensile strength
Ry of Cu-Al2O3 composites as a function of test temper-
ature.

nanocrystalline Cu was calculated [14].

Both composites are characterized by very high
dislocation density. The resultant dislocations density
is influenced by the method of composite preparation,
in particular by the milling intensity of powders and
hot extrusion. The different coefficient of thermal ex-
pansion (CTE) and the elastic modulus (EM) of the
matrix and particle shared contribute to high disloca-
tion density. Both analyzed strengthening mechanisms
should contribute to the increase in the dislocation
density.

The yield strength at room temperature in nc Cu
composites with Al,O3 nanoparticles can be predicted
with an accuracy of 90 % as an additive of Hall-Petch
and Orowan strengthening mechanism.

3.2. Strength at elevated temperatures

The strength properties of both nc Cu composites
are strongly dependent on the deformation temperat-
ure, Fig. 3. The strength decreases with the increasing
test temperature. The mechanism responsible for the
observed degradation in both yield strength and ulti-
mate tensile strength, with an increase in deformation
temperature is, accordingly, attributed to the several
influences. The yield strength decreases in an inter-
val between room temperature and 400°C for 1 vol.%
Al;O3 material at the rate of ca 50 MPa/100°C. The
reduction in strength is 50 % compared to the room
temperature. For the 5 vol.% Al,O3 composite this de-
crease is sharper, cca 85 MPa/100°C, and the reduc-
tion in strength is 58 %. This degradation in strength
characteristics is high. The yield strength decreases
gently from the temperature 400°C up to 800°C
(25 MPa/100°C and 42MPa/100°C for the 1vol.%
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Table 1. Dislocation density p of Cu-AloO3 composites as a function of test temperature T

Dislocation density p x 10*®

Cu-Al;O3 Test temperature (°C)

20 100 200 300 400 500 600 700 800
1 vol.% Al,Os3 18.8 16.1 9.4 0.9 0.6 0.1 0.5 0.1 0.08
5 vol.% Al;O3 44.1 42.3 37.1 5.3 5.2 6.5 3.3 0.9 0.7

Al,O3 and 5 vol.% AlxO3 composite, respectively).
The test temperature has a similar effect on the ulti-
mate tensile strength, Fig. 3. The yield strength and
ultimate tensile strength converge with the increasing
test temperature.

The mechanism responsible for the observed de-
crease in yield strength and ultimate tensile strength
with increasing test temperature is attributed to the
several influences. The residual stresses, compressive
in nature, induced by the material preparation, result
in reducing number of the mobile dislocations avail-
able at the elevated temperature to interact with the
dispersoid particles. By the increasing test temperat-
ure the Orowan strengthening effect is weak, because
the thermal activation is helpful to the tangled dislo-
cation around the nano-alumina particle climbing up.
This is resulting in the stress relaxation around the
alumina-Cu matrix interfaces. The dislocation move-
ment mechanism of nc Cu composites at lower tem-
peratures (up to 0.57Ty,) is sliding mechanism mainly
and the strengthening effect arises from an interaction
of the mobile dislocations with the Al,O3 particles,
which restricts the mobility of the dislocations and in-
terface strengthening [23]. At higher temperatures, the
number of mobile dislocations introduced to the struc-
ture is decreased by dislocation annihilation caused by
more atomic diffusion. However, the properties of the
grain boundaries may be important in experimental
composites because the grain boundaries occupy over
10 vol.% of the material in the case of Cu-5 vol.%
Al;03 composite (the grain size of 50 nm) and cca 5
vol.% of materials with the grain size 90 nm (in the
case that the average width of the grain boundary
is 1nm) [24]. These values are limitations of mod-
els based on dislocation slip for metallic nc materials
[25]. Consequently, in the studied nc composites the
mechanical characteristics should not be controlled
by dislocation movement but by diffusion controlled
mechanism such as grain boundary sliding. The con-
vergence of the yield strength and ultimate tensile
strength with the increasing test temperature is prob-
ably attributed to a change in dislocation movement
mechanisms or diffusion mechanism.

The microstructure changes at thermal loading
were analyzed by in situ method by the X-ray dif-
fractometer up to temperature 800°C under no stress

conditions (static conditions). The dislocation dens-
ity of both materials decreases with the increasing
test temperature, Table 1. The dislocation density de-
creases from the order 10 cm~2 gradually to the or-
der 10°cm~2 at 800°C in 1vol.% Al,Os; material.
In 5vol.% Al;O3 material the dislocation density de-
creases from order 10'* to 10 cm~2 at 800°C. How-
ever, the dislocation density at 800°C in both compos-
ites is always high and corresponds to the dislocation
density in heavily deformed metals.

The Cu matrix grain/crystallite size for the 1 vol.%
Al;O3 material remains unchanged up to 400°C
(91 nm) and then slowly increases, at 800°C reaches
110 nm, Fig. 4. For the 5 vol.% Al;O3 composite it is
unchanged up to 500°C (60nm) and then increases,
however, at temperature 800°C remains always in
the nanometric scale (75nm). The grain/crystallite
growth in these materials is inhibited by the pres-
ence of Al;O3 nanoparticles in Cu matrix. The slightly
more pinning effect on the grain/crystallite boundary
migration is owing to the small inter particle spa-
cing and larger effective area for the fixed volume
fraction of dispersoid. The higher volume of fine
Al;O3 particles provides the formation of the finer Cu
grain/crystallite size during the composite prepara-
tion and their conservation in nanometric dimension
at thermal loading.

The analyzed nc Cu composites present higher
strength properties at elevated temperatures in com-
parison with micro grained unreinforced Cu [3]. The
high level of strength in these nc Cu alloys resulted
in the fact that copper matrix maintained the ultra-
-fine grain/crystallite size at high temperature, too.
The main contribution of thermal stable nanometric
Al,03 particles to the composite strength at elevated
temperatures is probably the strong pinning effect on
the grain/crystallite boundaries and preventing the re-
crystallization process.

3.3. Strength after annealing

The hardness of both nc Cu composites after an-
nealing at 800°C during 1h remained practically un-
changed in comparison with the hardness at room
temperature, Table 2. Accordingly, the softening did
not occur in both materials up to 0.74 T}, because the
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Table 2. Micro Vickers hardness HVM, Brinell hardness HB, yield strength R;0.2, ultimate tensile strength Rn, of

composites Cu-Al; O3 after annealing at 800°C/1 h in comparison with initial state

Initial state After annealing 800°C

Cu—A1203

HVM (MPa) HB R,0.2 (MPa) R, (MPa) HVM (GPa) HB R,0.2 (MPa) R, (MPa)
1 vol.% Al;03 1400 £+ 15 130 400 447 1380 £ 13 124 394 435
5 vol.% Al;O3 2300 £ 18 165 598 656 2290 £ 17 165 598 643

Table 3. Grain/crystallite size D and dislocation density p of composites Cu-Al,Os after annealing at 800°C/1h in

comparison with initial state

Initial state After annealing 800°C

Cu—A1203
D (nm) p (m~?) D (nm) p (m~?)
1 vol.% Al,Os 91 18.8 x 10*® 100 8.9 x 103
5 vol.% Al,O3 60 44.1 x 103 65 21.3 x 103
120 4
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Fig. 4. Grain/crystallite size D of Cu-Al2O3 composites as
a function of test temperature.

softening temperature is defined as the annealing tem-
perature in relation to the sharp decrease of the com-
posite hardness.

The strength properties remained unchanged after
the annealing at 800°C for 1h in comparison with
strength measured prior to the annealing in both ma-
terials, Table 2. This high thermal stability of material
properties is dependent on the high thermal stability
of the structure. The analyzed TEM (the size and dis-
tribution of the yAl,O3 particles), Fig. 5, and X-ray
microstructure parameters (grain/crystallite size and
dislocation density), Table 3, are comparable with the
initial parameters. It was documented that at thermal
loading the dislocation density decreased. Its increase
on the value prior to the annealing, Table 2, is in-
ducted by thermal stresses during the cooling on the

Fig. 5. TEM microstructure and SAED pattern of 1 vol.%
Al;O3 (a) and 5 vol.% AlxO3z (b) Cu-Al;O3 composite
after annealing at 800°C/1 h.

phase interface following the expressive different CTE
and the elastic modulus EM of the matrix and particle.
The Cu has higher CTE (o = 16.5 x 1079 K1) than
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Al,O3 (o = 8 x 107 K~1) and higher EM (Cu — 150
GPa, A1203 - 300 GPa)

The excellent softening resistance and thermal
strength stability of nc Cu composites is due to
the sufficient volume of Al;O3 nanometric particles,
which are effective to counteract the movement of
grain/crystallite boundaries and so strongly impede
the recrystallization process.

4. Conclusions

The following conclusions can be drawn:

It was affirmed that the yield strength at room
temperature for nc Cu composites with Al,O3 nano-
particles is possible to be predicted with closeness on
90 % as an additive of two strengthening mechanisms.
The major contribution to the total yield strength is
grain/crystallite size effect (Hall-Petch strengthening
mechanism) and the rest is attributed to the presence
of Al;O3 particles (Orowan mechanism). A relatively
good agreement was found between the measured val-
ues of Vickers micro hardness and the estimated yield
strength, too. The real measured strength appeared to
be lower than calculated in consequence of porosity ex-
istence which reduced yield strength of the compacted
powder materials.

The composite with higher reinforcement weight
fraction is characterized with higher strength prop-
erties at room temperature. The Al,O3 particles
are extremely fine with the mean size ~ 5nm in
radius in both materials. The presence of higher
volume of second phase particles leads to shorter in-
terparticle spacing and simultaneously to finer Cu
grain/crystallite size with larger grain boundary sur-
face area which leads to higher contribution of both
described strengthening mechanisms.

The strength parameters of both nc Cu compos-
ites are strongly dependent on the deformation tem-
peratures. An increase of the test temperature resul-
ted in the decrease of strength of the materials. The
effect of deformation temperature is more significant
for composite with higher volume fraction of dispers-
oid. With the increasing test temperature the yield
strength and ultimate tensile strength converge, this
is probably attributed to a change in dislocation move-
ment mechanisms. The main contribution of nanomet-
ric Al;Og3 particles to the composite strength at elev-
ated temperatures is the strong pinning effect on the
grain/crystallite boundaries.

The nc Cu composites after annealing are char-
acterized with the excellent softening resistance and
thermal stability of strength properties, up to 0.74 T},.
This is attributed to sufficient volume fraction of nano-
alumina particles that are effective to counteract the
movement of grain/crystallite boundaries, preventing
the recrystallization process. The effect of CTE and

EM mismatch is very important mechanism from the
point of view of ensuring the excellent thermal stabil-
ity of structure as well as strength properties of nc Cu
composite.
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