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Abstract: By superposition, the individual strengthening mechanisms via hardness analyses and the
particle dispersion contribution to strengthening were estimated for Al–C and Al–C–Cu composites
and pure Al. An evident contribution to hardening due to the density of dislocations was observed
for all samples; the presence of relatively high-density values was the result of the difference in
the coefficients of thermal expansion (CTE) between the matrix and the reinforced particles when
the composites were subjected to the sintering process. However, for the Al–C–Cu composites, the
dispersion of the particles had an important effect on the strengthening. For the Al–C–Cu composites,
the maximum increase in microhardness was ~210% compared to the pure Al sample processed
under the same conditions. The crystallite size and dislocation density contribution to strengthening
were calculated using the Langford–Cohen and Taylor equations from the microstructural analysis,
respectively. The estimated microhardness values had a good correlation with the experimental.
According to the results, the Cu content is responsible for integrating and dispersing the Al4C3

phase. The proposed mathematical equation includes the combined effect of the content of C and
Cu (in weight percent). The composites were fabricated following a powder metallurgical route
complemented with the mechanical alloying (MA) process. Microstructural analyses were carried
out through X-ray analyses coupled with a convolutional multiple whole profile (CMWP) fitting
program to determine the crystallite size and dislocation density.

Keywords: metal-matrix composite; mechanical milling; nanoparticles dispersion

1. Introduction

The powder metallurgy (PM) technique remains a standard route for preparing metal
matrix nanocomposites (MMNC). PM is a technology for the solid-state processing of a
wide variety of metal alloys and composite materials [1]; through this route, the manufac-
ture of powders is carried out through a sequence of operations. The powders obtained
from mechanical milling are compressed into the desired shape and then subjected to a sin-
tering process at temperatures below the melting point of the lighter component, inducing
the particles to bond [2,3]. A new generation of materials can be produced by combining
PM methods and mechanical milling (MM), which have characteristics that consist of a
metallic matrix with a fine microstructure reinforced with homogeneous nanoscale hard
particles [4–7]. The MM route has been widely accepted to manufacture MMNC due to its
easy operation and mass production.

Fine particles dispersion can be carried out in a solid or liquid state. One of the
disadvantages of the liquid route is that the particles’ distribution is not homogeneous [8];
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on the contrary, in the solid-state route, the MMNC can be produced with uniform particle
distributions, with better microstructural control of the phases [9]. Incorporating small
particles of the order of a few nanometers finely distributed in the metallic matrix is an
effective way to produce stronger structural materials with excellent resistance and rigidity.
One of the main advantages of using the Al4C3 phase is that during the fabrication of
the Al–C composites and Al–C and Al–C–Cu composites, the Al4C3 nanophase is formed
in situ in the sintering process; this results in low production costs. Al4C3 nanophase
shows high-temperature strength, cyclic thermal resistance, wear-resistance and low linear
expansion coefficient [10]. In the literature, we find different opinions about the hygroscopic
property of Al4C3 and its negative effect on the mechanical properties of metal matrix
composites. According to some authors, if the Al4C3 particles are completely enclosed in
the aluminum matrix, non-reactivity to air humidity is observed [11]. A positive effect
is also observed when the Al4C3 phase is homogeneously dispersed [12]. In this work,
Cu is used as a transport medium to improve the integration and dispersion of graphite
nanoparticles, transforming them into Al4C3 nanophase during sintering treatment. On the
other hand, the MM is effective in the integration and dispersion of a second phase. The
effectiveness of Al4C3 has been found in recent works, where there is a beneficial combined
effect of CNT and the Al4C3 nanophase formed in situ during the sintering process in
Al-based composites [13].

The elastic interactions between the particles and the dislocations present in the matrix
inhibit the free dislocation movement, increasing the material yield stress. However,
the reinforcement efficiency depends on its type, size, morphology, volume fraction and
general distribution. In this sense, it is imperative to develop constitutive relationships
to predict the mechanical properties of the MMNC based on the processing conditions,
composition and microstructure (grain size, dislocation density, size and morphology of the
reinforcement) [14,15]. The X-ray diffraction technique is used to determine the structure
regarding microstrains and crystallite size in crystalline materials. When the crystallite
is small, or lattice defects distort the crystal lattice as dislocations, the diffraction peaks
profiles are broadened [16]. Currently, for evaluating X-ray diffraction profiles or patterns,
different procedures have been used; one of these methods is the convolutional multiple
whole profile (CMWP) method. This technique produces the convolutions of model-based,
physically well-established size and strain profiles and instrumental profiles. It compares
the constructed and measured diffraction patterns using a non-linear least-squares fitting
procedure [17–19]. In this program, the effect of microstrain in peak broadening is caused
by dislocations, where the analytic function is represented by a Fourier transform expressed
as [20]:

AD(L) = exp
[
−πb2

2
(x2C)ρL2 f +

[
L

R∗e

]]
(1)

where f is the strain function, g is the absolute value of the diffraction vector, L is the Fourier
variable, b is the absolute value of the Burgers vector and R*e is a length parameter. The
anisotropic effect is considered by the contrast factor of dislocations, C [21]. In this work,
the crystallite size and dislocation density were determined by analyzing the diffraction
peaks using the CMWP program, assuming that the strain is caused by dislocations [22].
The crystallite size, dislocation density and particle dispersion contribution to the micro-
hardness were determined using some theoretical models. In this work, Cu was used to
promote the dispersion of graphite in the Al matrix to produce Al–C composite powders
in the milled condition. During the sintering process, C is transformed in Al4C3, thus
obtaining an Al–Cu alloy with Al4C3 composites as the final product.

2. Materials and Methods

Al–C–Cu based nanocomposites were produced by mixing Al powder (99.5% pu-
rity), Al powder (99.5 wt.% pure Al, −325 mesh, Sigma-Aldrich) and 25 wt.% of C pow-
der (99.5 wt.% pure elemental C, −20 + 84 mesh, Sigma-Aldrich), Cu powder spherical
(99.5 wt.% pure Cu, −100 mesh, Alfa Aesar) and various powder mixtures composed of
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C and Cu–C (previously milled) powders (see Table 1). Each Al–C and Al–C–Cu mixture
was mechanically milled in a high-energy Spex mill for 4 h. Argon was used as the milling
atmosphere. For the preparation of the C–Cu and Al–C–Cu samples, no process control
agent was used. The milling ball to powder weight ratio was set to 5:1. The total weight
of the sample was 30 g. The vial and milling balls used were made of hardened steel.
Compacted powder samples were obtained by pressing the powder mixtures for 2 min at
~1200 MPa in uniaxial load. No wall lubrication was used during pressing, considering
that the C added to the Al–C–Cu composite powder acts as a lubricant during pressing.
The sample sizes were h: ϕ (height: diameter) of 1, with a diameter of 6 mm. After that,
the samples were sintered at 550 ◦C for 2 h using argon as a sintering atmosphere. To
measure the relative density value of consolidated samples, Archimedes’ technique was
utilized. TEM characterization was performed using an electron microscope (JEOL USA
Inc., Peabody, MA, USA). JEM-2200FS (JEOL Ltd., Tokyo, Japan) equipped with a 200 kV
field emission gun (FEG) and energy dispersive spectrometer (EDS). Scanning electron
microscopy images were acquired by a cold field emission JEOL JSM-7401 device (JEOL
Ltd., Tokyo, Japan).

Table 1. Composition and sample identification (in wt.% and g).

Nomenclature Al C Cu

AlPs 100 0 0

75/0s 99.25 0.75 0

75/25s 99.0 0.75 0.25

75/50s 98.75 0.75 0.5

300/0s 97 3.0 0

300/1s 96 3.0 1.0

300/2s 95 3.0 2.0

F microscope (JEOL LTD, Akishima, Tokyo, Japan). The consolidated and sintered
specimens were studied by X-ray diffraction. The diffraction profiles were measured by
a Philips X’pert powder diffractometer using a Cu cathode (λ = 0.15406 nm). The step
size and step time were 0.02◦ and 5 s, respectively. The X-ray diffraction peak profile
analysis was carried out to determine the crystallite size distribution and the dislocation
density of the nanocomposites studied using the CMWP fitting procedure program. It was
assumed that strain is caused mainly by dislocation increase [23]. The lattice parameters
of the various nanocomposites were obtained from the positions of the X-ray diffraction
peaks calculated by the Rietveld method. The material hardness was measured by a Micro
Hardness tester (FM-07), using an indentation time of 10 s under a maximum load of 200 g.

3. Results and Discussion
3.1. Microstructural Analysis

Figure 1 shows the SEM image of the C–Cu mixture powder, (a) secondary electron
(SE) and backscattered-electron (BSE). From the BSE image (1b), the clear zone corresponds
to the Cu phase and the dark zone to graphite. The BSE image (see Figure 1b) shows small
dark particles (graphite) dispersed in the Cu matrix.
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Figure 1. SEM image from the C–Cu mixture power. (a) SEM secondary electron image. (b) SEM backscattered-electron 
image. 

The X-ray diffraction patterns of the samples with 3 wt.% C and Alp samples are 
presented in Figure 2a. The diffraction patterns show the characteristic Al peaks, and Fig-
ure 2b shows the broadening of the X-ray diffraction profiles. In the DRX patterns, the 
presence of the Al4C3 phase for the composites is detected with 3 wt.% of C content and 
the Al2Cu phase in the sample with 2 wt.% of Cu content. 
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Figure 2. (a) X-ray diffraction spectrum for the sintered composites with 3 wt.% C content and the AlPs sample. (b) Image 
enlargement of X-ray diffraction profiles. 

The X-ray diffraction results obtained from Al–C, Al–C–Cu samples and pure Al are 
summarized in Table 2. This table shows the lattice parameter a obtained from the 
Rietveld analysis. The table also shows the dislocation density ρ and the mean crystallite 
size d obtained from the CMWP program. After the milling process, a refined microstruc-
ture is obtained with a small crystallite size and high microstrain values; this nanostruc-
tured state is induced by the severe deformation accumulated during the milling of the Al 
matrix [24]. At this stage of the process, the C phase acts as a control agent process pre-
venting the excessive cold welding of the Al particles during the milling process [19]. After 
the sintering process, the crystallite size grows, and the C phase transforms into the Al4C3 
nanophase. The presence of the Al4C3 nanophase prevents the excessive growth of crys-

Figure 1. SEM image from the C–Cu mixture power. (a) SEM secondary electron image. (b) SEM backscattered-electron image.

The X-ray diffraction patterns of the samples with 3 wt.% C and Alp samples are
presented in Figure 2a. The diffraction patterns show the characteristic Al peaks, and
Figure 2b shows the broadening of the X-ray diffraction profiles. In the DRX patterns, the
presence of the Al4C3 phase for the composites is detected with 3 wt.% of C content and
the Al2Cu phase in the sample with 2 wt.% of Cu content.
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enlargement of X-ray diffraction profiles.

The X-ray diffraction results obtained from Al–C, Al–C–Cu samples and pure Al are
summarized in Table 2. This table shows the lattice parameter a obtained from the Rietveld
analysis. The table also shows the dislocation density ρ and the mean crystallite size d
obtained from the CMWP program. After the milling process, a refined microstructure is
obtained with a small crystallite size and high microstrain values; this nanostructured state
is induced by the severe deformation accumulated during the milling of the Al matrix [24].
At this stage of the process, the C phase acts as a control agent process preventing the
excessive cold welding of the Al particles during the milling process [19]. After the sintering
process, the crystallite size grows, and the C phase transforms into the Al4C3 nanophase.
The presence of the Al4C3 nanophase prevents the excessive growth of crystallite size
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and promotes an increase in the density of dislocations. Values of density dislocation and
crystallite size in the as-milled condition had been reported previously in other work [5].

Table 2. Results from Rietveld and CMWP software.

Samples a (nm) ρ (×1014 m−2) d (nm)

AlPs 0.4047(4) 9.72 107.3
75/0s 0.4048 (4) 14.06 87.95

75/25s 0.4048 (4) 18.28 72.02
75/50s 0.4048 (4) 8.79 79.23
300/0s 0.4048 (3) 19.55 84.89
300/1s 0.4048 (3) 19.85 28.0
300/2s 0.4047 (3) 18.42 141.0

The experimental microhardness HEXP (VH) and standard deviation (SD) from mea-
surements made at various compositions of Al–C, Al–C–Cu samples and pure Al are
presented in Table 3. The table also includes the relative density of each sample of green
compacts and sintered conditions.

Table 3. Microhardness experimental results HEXP and standard deviation (SD) for all samples.

Samples HEXP
Std. dev

(SD)
Relative Density (Green

Compacts)
Relative Density

(Sintered)

AlPs 86.8 7.4 0.965 0.936
75/0s 112 2.8 0.97 0.959
75/25s 112.8 6.2 0.963 0.954
75/50s 131.2 3.9 0.947 0.95
300/0s 139.8 6 0.961 0.975
300/1s 187.1 7.9 0.92 0.938
300/2s 189.8 7.5 0.899 0.902

As observed in the table, a relatively high density is obtained in the green compacts.
After the sintering process, the density values show a slight increase only in samples with
3 wt.% of C and the 75/50 sample. Despite not having obtained a noticeable shrinkage in the
samples due to argon used instead of nitrogen (as suggested by other authors) atmosphere,
the use of argon does not significantly affect the hardness tests and is almost ineffective
for high-density compacts [25,26]. The density values also show that powders with high
mechanical resistance (samples with 3% by weight of C) showed greater difficulty to be
compacted in green, resulting in lower RD values; despite having been highly densified (at
~1200 Mpa).

An example of Rietveld’s refinement of an XRD pattern for the 300/0s sintered sample
is shown in Figure 3a. An example of CMWP fitting of the XRD pattern for the 300/1s
sintered sample is shown in Figure 3b.

Figure 4a–c shows the metallographic microstructure of samples with only C content
(75/0s and 300/0s) and the Alps sample. Figure 5a–c shows the metallographic microstruc-
ture of samples with C–Cu content (75/05s and 300/1s and 300/2s). Smaller grain sizes
are observed in samples with C–Cu content. The dark regions in the optical micrographs
correspond to pores and the grain boundary; it is also noticeable that the samples with Cu
content show a relatively smaller grain size compared with the samples that only contain C.

Figures 6 and 7 show the microstructure of Alps, 75/0s, 300/0s and 300/1s samples.
SEM micrographs show the presence of crystallites, which are below 100 nm in size.
Samples with a high carbon C content (300/0s and 300/1s) have a smaller crystallite size
and a more homogeneous distribution. These results are in agreement with the crystallite
size results found in the XRD tests.

Figure 8a shows a STEM bright-field image of the aluminum carbide nanoparticles
uniformly distributed in the Al matrix of the nanocomposite; the rod-shaped particles are
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about 60 nm long and 10 nm wide. The HRTEM image of Figure 8b shows the interplanar
distances of the rod-shaped particle, which correspond to the Al4C3 compound.
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3.2. Hardness Contribution Analysis

By superposing of every single contribution to strengthening (via hardness increase
analysis), the microhardness (H) was expressed in the following equation [27]:

H = HPN + HSS + HD + HC + HP (2)

where HPN is the Peierls–Nabarro strengthening hardness contribution and HSS is the con-
tribution caused by solid solution. The Peierls–Nabarro strengthening hardness contribution,
called lattice friction, is the baseline resistance to dislocation. In the composite, the atoms of
C and Cu in the composites that had no time to precipitate during the sintering process are
solid-dissolved in the Al matrix. They play the role of solid-solution strengthener.

HD is the dislocation’s hardness contribution, HC is the hardness contribution by
crystallite size and HP is the direct contribution by particles dispersion. The Orowan
mechanism is based on the interaction of nanoparticles with dislocations; the effect of
particle dispersion hardening is calculated from the Orowan equation:

HP =
Gb
l

(3)

where HP is the hardness contribution by particle dispersion, b is a vector of Burger, l is the
space between the particles and G is the shear modulus. A critical parameter of dispersion
hardened materials is the interparticle spacing l. The interparticle spacing has been subject
to many interpretations. A simple expression is the following:

l =
4(1− f )r

3 f
(4)

where f is the volume fraction of the reinforcement and r is the radius of particle rein-
forcement. The HP term was estimated as a function of wt.% of C and Cu content. On
the other hand, it has been previously reported that HPN contribution has a relatively low
value [28] and the HSS parameter is mainly related to the lattice parameter [29]. According
to the results, the lattice parameter varies slightly with composition (see Table 2), and its
impact could be considered relatively low. In determining the model, the HL parameter
was considered the sum of both HPN and HSS and calculated for each composite group,
Al–C and Al–C–Cu. Therefore, the sum of these contributions, named HL, is:

HL = HPN + HSS (5)

The strengthening hardness effect by dislocations, HD, is described by the modified
Taylor equation [8,30]:

HD = kρ1/2 (6)

where k = αMGb, G is the modulus of elasticity in shear and is equal to 26 GPa, b is the
Burger’s vector 0.2863 nm, α is the dislocation pattern hardness coefficient, M is the Taylor
factor and ρ is the dislocation density in the final condition.

The strengthening contribution by crystallite HC is described by Langford–Cohen [15,31]:

HC = k1d−1 (7)

where d is the crystallite size and k1 = 6 Gb.

3.3. Strengthening Hardness Contributions

Using the dislocation density ρ and the mean crystallite size d values from the experimental
results (see Table 2), the terms HD and HC were calculated using Equations (5) and (6), respec-
tively. From these equations, the material constant k of Equation (6) was determined by
using α = 0.3 and M = 2 [32]. The modulus of elasticity for pure Al in shear is G = 26 GPa,
and the Burguer vector b = 0.2863 nm. The result of the equation was divided by 3 to
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approximate microhardness [33]; the constant value obtained is k = 1.48 × 10−6 mVH. The
constant k1 = 1303.3 nmVH was obtained from [22].

The term HP in Equation (2), was expressed for Al–C compounds as:

HP =
(

β1 +
α1

C

)−1
(8)

and for Al–C–Cu composites, HP was expressed as:

HP =
(

β2 +
α2

Cu·C

)−1
(9)

The β1 and β2 are saturation constants, α1 and α1 are material constants (Al–C com-
posites and Al–Cu composites, respectively). The C and Cu values correspond to the
composition in weight percentage (see Table 1). From the previous analyses, the microhard-
ness modeled (HMOD) for:

Al–C compounds is

HMOD = HL + 1303.3·d−1 + 1488.76·√ρ +
(

β1 +
α1

C

)−1
(10)

and for Al–C–Cu compounds is

HMOD = HL + 1303.3·d−1 + 1488.76·√ρ +
(

β2 +
α2

Cu·C

)−1
(11)

To obtain estimated microhardness values (HMOD) as a function of crystallite size,
d, dislocation density, ρ and C and Cu wt.% for the Al–C and Al–C–Cu composites, the
parameters of Equations (10) and (11) were estimated with the least square method. By
using the microhardness experimental mean values, HEXP (from Table 3), the dislocations
and the crystallite size values (HD and HC, respectively) from Table 4, the term HL for
Al–C and Al–C–Cu composites were calculated. From the mathematical calculations, the
constants, β1 = 0.018, α1 = 0.0066, β2 = 0.01 and α2 = 0.0446, were obtained. Table 4 shows
the calculated values of HL, HP and HMOD for each sample.

Table 4. HL, HD and HC values and modeled HMOD.

Composition HL
(VH)

HC
(VH)

HD
(VH)

HP
(VH)

HMOD
(VH)

Alps 29.48 12.14 46.42 ~0 85.33

75/0s 29.48 14.81 55.83 12.9 111.96

75/25s 25.30 18.10 63.65 21.90 128.96

75/50s 25.30 16.44 44.15 35.93 121.84

300/0s 29.48 15.35 65.83 30.41 139.78

300/1s 25.30 9.24 66.32 81.77 182.65

300/2s 25.30 11.17 63.89 89.97 190.35

The graph of Figure 9a,b shows each of the strengthening contributions separately:
Peierls–Nabarro and solid solution (HL), dislocation density (HD), the crystallite size
(HC) and by particle dispersion (HP), the Al–C composites (see Figure 9a) and for the
Al–C–Cu composites (see Figure 9b). Each term was added to the next and was graphically
represented: HL, HL + HD, HL + HD + HC, and HL + HD + HC + HP. The graph also shows
the experimental microhardness curve HEXP and the HMOD calculated curve.
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The calculated HL term was plotted for each Al–C and Al–C–Cu compound observed
in Figure 9a,b, respectively. It is important to note that the HL values found (see Table 4)
for all composites are practically similar to the HL found in the Al sample. This result
follows that the reinforcing effect of the solid solution due to Cu or C is negligible. Most
of the C and Cu content may be precipitated during the sintering process. The HPN (that
determines the strength of crystals) is considered as the main contribution to the hardening
for both composites and Al. The relatively small HL value indicates that most of the C and
Cu in solid solution in the milled condition was transformed into the Al4C3 Al2Cu phases.
A similar analysis was carried out in other work [5]. Still, on Al–C composites analyzed in
the milled condition, the HL value found was 48.88 HV, resulting in a significant C solid
solution effect before sintering processes. The strengthening effect due to crystallite size HC
was graphically represented by adding the HL to the HC term, resulting in HL + HC. For
the Al–C composites, the increase of the hardness HL + HC follows a slight increase with
the composition (see Figure 9a); the maximum increase compared to the Alp sample was
~8% corresponding to the 300/0s sample, with an average contribution to hardening due
to the crystallite size of about 15 VH (see Table 4). A higher contribution to the hardness of
the crystallite size for Al–C composites in the unsintered condition was observed in other
work [7]. On the other hand, the dislocation density shows a significant contribution to the
Al matrix hardening. The dislocations (HD) strengthening hardness effect was plotted and
added to the term HL + HC. The HD term resulting in HL + HC +HD, as observed in the
graphs of Figure 9a,b. For samples with only C addition (see Figure 9a), a proportional
increase with the C content is observed, with an increase in hardness compared to the
Alp sample of around 26%, corresponding to the 300/0s sample, which corresponds to a
contribution to hardening of ~65 VH (see Table 4). While for Al–C–Cu composites (see
Figure 9b), a variation of HD with the composition is evident. Two maximum values are
observed in the 75/25s and 300/1s samples with an increase in hardness value of ~21%
compared to the Alp sample and an average contribution to the hardening of ~65 VH (see
Table 4). Some strength increments for different strengthening mechanisms have been
reported, where dislocation contribution to the strengthening was about 25%, and about
60% correspond to the particle dispersion contribution to the strengthening [34]. The
addition of reinforcing particles leads to an increase in the number of dislocations, which
restricts the free movement of dislocations, increasing the hardness of the compound [35].
The graph of Figure 9a,b also shows the HEXP curve and the modeled curve HMOD for
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both Al–C and Al–C–Cu composites; as is observed, there is a close correlation of the
modeled curve HMOD regarding the experimental hardness HEXP results (see Table 3). For
the compounds Al–C, it was possible to estimate the compound microhardness using
the concentration of C. For the compounds Al–C–Cu, the product in weight percent of
C and Cu was used, considering the interaction effects to the hardening of the C and
Cu contents. As a result, it was possible to appreciate particles dispersion contribution
effects (HP) for the Al–C and Al–C–Cu samples. For the Al–C composites, the increase
of the HP hardness contribution follows a proportional increase to the composition (see
Figure 9a), for the 3/00s sample, the maximum increase reached compared to the Alp
sample was ~60%, with an average contribution to the hardening of ~30 VH (see Table 4),
while for the Al–C–Cu compounds, there is no proportional relationship of the HP hardness
contribution with the composition (see Figure 9b). The maximum values observed were
for the 300/1s and 300/2s samples, with an average increase of ~210% compared to the
Alp sample and an average contribution to the hardening HP of ~85 VH (see Table 4).
For the Al–C composites, the reinforcement is mainly due to the density of dislocations
contribution; an increment in the dislocation density is produced because of the difference
in the coefficients of thermal expansion (CTE) between the matrix and reinforced particles
when a composite was subjected to thermal changes during the sintering process [36]. For
these composites, the increase in microhardness follows a linear trend with the composition.
During the manufacturing process, C adheres to the surface of Al powders (without a
complete integration) and partially distributing itself in the Al matrix, as is reported in other
works [37]. Despite not being efficiently integrated into the Al matrix, the precipitation
of the Al4C3 phase produces an increase in the density of dislocations as a result of the
sintering process. On the other hand, for the Al–C–Cu composites, during the fabrication
of the C–Cu mixture, the C adheres to the Cu particles, which allows that during the
composite manufacturing process, the C is integrated and distributed efficiently in the
Al matrix (see Figure 1a,b). For these composites, the main reinforcement contribution
effects are the dislocation density promoted during the sintering process by the CTE and
the homogeneous dispersion of Al4C3 particles. Precipitation of Al2Cu phase for 300/1s
composites was not observed particles in the XRD patterns of Figure 2b. An increase of
2wt.% Cu in the composite (300/2s) revealed the Al2Cu phase presence in the XRD pattern
of Figure 2b, but not an increase of the microhardness values as is observed in Figure 9b.
The combined effect between Cu and C, as a product of Cu*C, was proposed in the model
(see Equation (11)).

4. Conclusions

According to the results, the Cu addition is responsible for the integration and disper-
sion of the Al4C3 phase. C is integrated at Cu particles during the C–Cu additive fabrication
and introduced to the aluminum matrix and transformed to Al4C3 during the sintering
process. The samples with Cu showed that the particle dispersion hardness contribution
of HP is considerably higher than pure Al and the Al–C composites. The main factor of
the Al matrix reinforcement is the Al4C3 nanophase. However, minor contributions of the
Al2Cu phase and graphite nanoparticles (not transformed during the sintering process) are
possible. A direct correspondence between the experimental microhardness values (HEXP)
and the estimated microhardness values, HMOD, was observed. In general, for all samples,
the dislocation density shows an evident contribution to the hardness; for the samples with
only C addition, the dislocation hardening HD follows a proportional increase with the
composition. However, two maximum peaks are observed for the C–Cu samples content
at 75/25s and 300/1s at a Cu/C ratio of about 0.333 (1/3). The crystallite size hardness
contribution had a low impact; this result is consistent with the relatively high crystallite
size value found in the XRD results product of the sintering process.
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