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AAbstrbstractact.. Since its first synthesis in 2004 graphene was characterized intensively and exceptional properties in

terms of e.g. mechanical strength, stiffness and electrical as well as thermal conductivity were revealed. These

properties make graphene very attractive to be applied as additive in composite materials e.g. to increase

strength and conductivity compared to the pure matrix material. In this study graphene nano platelets (GNP)

in contents of 0. 5%, 1.0 % and 1.5 % were added to pure (99.7 %) aluminum powder and dispersed via EIRICH

mixer method. This method is very appealing since homogenous mixtures can be achieved in significantly

lower time when compared to e.g. the ball milling process. After subsequent cold compaction the composite

materials were extruded with three different extrusion ratios. The influence of GNP content and extrusion ratio

on the specific extrusion pressure is characterized as well the resulting rod surface quality, respectively. The

effects of GNP content and extrusion ratio on homogeneity of graphene dispersion in the aluminum matrix, the

relative density of the composite as well as hardness were also investigated.

KKeeywyworordsds. Aluminum, Graphene Nano Platelets (GNP), Composites, Extrusion, Microstructure, Dispersion,

Hardness

1 Intr1 Introductionoduction

Graphene is a new material since its first successful synthesis was achieved in the year 2004 [1]. Since then lots of

research was conducted in order to investigate its properties. High mechanical properties like elastic modulus of 1TPa

as well as intrinsic strength of 130 GPa were determined [2]. These exceptional values make graphene very attractive

to be applied as strengthening additive for composites. In the literature the mechanical properties of Al/graphene

composites have been investigated. For composites that applied aluminum alloys as matrix material, high increases

in strength were observed. In case of pure Al/graphene composites the strength increase was predominantly in the

region between 15 % [3] and 85 % [4] and absolute values of yield strength of up to 195 MPa were determined. In

order to achieve strong improvements in mechanical strength compared to the monolithic matrix material graphene

particles need to be dispersed finely and agglomerations have to be avoided [5]. The aim of the project that this study

is a part of, is to investigate methods that should lead to a homogenous distribution of GNPs or carbon-based additives

in aluminum MMCs. The presented work in this paper is supposed to generate initial reference data that later can be

compared with results of future process investigations and developments.

2 Experimental2 Experimental

2.1 Mat2.1 Materialserials

For the current investigation gas atomized pure aluminum powder (99.7 %) was applied as matrix material. The

particle size was declared by the manufacturer (TLS Metal Powder company, Germany) to be between 20-63 µm, where
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10 % of particles were lower in size than 28 µm and 90 % of Al-powder particles had a diameter below 70 µm. On the

other hand, the applied commercial GNPs were produced by Sigma-Aldrich. The company specified the GNPs with a

mean particle size of 6.1 µm, mean particle thickness of 6-8 nm and a surface area of 108 m2/g.

2.2 P2.2 Poowwder prder processing and billet processing and billet prepareparationation

The first step of powder processing was to disperse the GNPs in ethanol for 30 minutes applying an ultrasonic bath in

order to separate the GNPs from one another. Subsequently, the GNPs were added to the Al-powder in the mixing pan

of the EIRICH mixer. Powder mixtures with graphene contents of 0 %, 0.5 %, 1.0 % and 1.5 % (weight percentage)

were prepared. Then the powders were mixed for 3 minutes by mechanical stirring with a rotation speed of 40 rpm

for the mixer pan and 1800 rpm for the star-shaped mixing tool which spun in the same direction as the mixing pan.

The mixed Al/GNP-powders were then filled into a compaction die with a diameter of 29.85 mm. The powder was cold

compacted in an uniaxial press by applying a defined force/pressure onto the compaction punch. In a first step the

influence of compaction pressure on the resulting density of pure Al-compacts was investigated (see results). Based on

the results the compaction pressure was defined to 300 MPa. This resulted in compacted tablets of 20 mm in height

and about 35 g in weight. After cold compaction the tablets were vacuum dried for 16 hours at room temperature. The

GNP-dispersions in the Al-matrix were investigated by SEM.

2.3 Extrusion pr2.3 Extrusion processingocessing

The extrusion experiments were conducted on a small vertical 0.5 MN extrusion press with a container diameter of 30

mm at the Extrusion Research and Development Center TU Berlin in direct extrusion mode. Flat face dies (2α=180 °)

with different diameters (and thus extrusion ratios R) of 12 mm (R=6:1), 10 mm (R=9:1) and 8 mm (R=14:1) were

applied. For the die diameter of 10 mm an alternative die angle of 2α=90 ° was used in order to investigate its effect

on e.g. rod surface quality. The extrusion toolings (dies, dummy blocks) and the compacted tablets were heated up to

extrusion temperature of 300 °C in a chamber furnace. For every extrusion experiment three compacted tablets were

inserted into the container, hence the billet length was 60 mm. The extrusions were conducted at a ram velocity of 4

mm/s. From the measured peak values of total extrusion force Ftot and the cross-sectional area of the container orifice

A0 the specific extrusion pressure PG was calculated by applying equation 1.

2.4 Char2.4 Charactacterization of eerization of extruded rxtruded rodsods

Subsequent to the extrusion experiments the rod surface quality was evaluated. Furthermore, the rods were

characterized in terms of microstructure (especially GNP-dispersion), Vickers hardness (HV0.5) as well as density.

For microstructural investigations samples were cut from the rods and prepared metallographically. They were then

etched with Dix and Keller etchant for 4.5 min and the microstructure analyzed by optical microscopy as well as SEM.

Density of extruded rods was determined by Archimedes’ principle through weighting the samples in air and in water

environment.
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3 R3 Results and discussionesults and discussion

3.1 Cold uniaxial compaction3.1 Cold uniaxial compaction

Initially, the pure Al powder was compacted at room temperature for different compaction pressures. The effect of

compaction pressure on the resulting density was investigated. Fig. 1 presents the gained results. It was revealed that

the density generally increased with increasing compaction pressure. At a relatively low pressure of 85 Mpa a density

of 2.43 g/cm3 was achieved and applying a pressure of 566 MPa lead to a density of 2.61 g/cm3. The results also

indicated that sufficient stability of the compacts for the handling before and during the extrusion experiments was

given at 283 MPa and thus, this pressure was applied for compaction of Al/GNP tablets.

The GNP dispersion in the Al/GNP-compacts was investigated by SEM element mapping. Exemplary results are given

in Fig. 2. According to the element maps the amounts of identified GNPs (mapped in yellow) increased with increasing

GNP content in the powder mixture from 0.5 % GNPs to 1.5 % GNPs. GNP agglomerations were not observed and the

particle distribution seemed to be relatively homogeneous.

Fig. 1. EffFig. 1. Effect of compaction prect of compaction pressuressure on density of pure on density of pure-Al compacts.e-Al compacts.
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Fig. 2. SEM element mapping of compacts with diffFig. 2. SEM element mapping of compacts with differerent GNPent GNP-cont-contents (carents (carbon displabon displayyed in yed in yelloellow).w).

3.2 Extrusion r3.2 Extrusion resultsesults

After the extrusion trials were conducted the specific extrusion pressures were calculated from the measured total

extrusion forces according to equation 1. The effect of GNP content and extrusion ratio is given exemplarily for

extrusions of pure Al as well as for 1.5 % GNP content in Fig. 3a. According to that PG slightly increases with increasing

extrusion ratio for both materials. Furthermore, compared to pure aluminum the specific extrusion pressure at same

extrusion ratio is higher for the billet material containing 1.5 % GNPs. Hence, since higher extrusion forces and thus

specific extrusion pressures are required for extrusion of the GNP containing material, the addition of 1.5 % GNPs

seems to have a strengthening effect to the billet material.

Furthermore, the density of rod sections was determined in dependence of GNP content and extrusion ratio. The results

are given in Fig. 3b. The highest density was found for the pure-Al rods. With increasing GNP content, a tendency of

decreasing density was observed. This seems to be obvious since the density of GNPs is lower than that of aluminum.

Thus, by increasing the GNP content, the density of the composites is reduced. The extrusion ratio did not have a

significant effect on the rod density.

Fig. 3: a) EffFig. 3: a) Effect of eect of extrusion rxtrusion ratio and addition of 1.5% GNPatio and addition of 1.5% GNPs on specific es on specific extrusion prxtrusion pressuressure Pe PGG b) density of eb) density of extrudedxtruded

rrods in dependence of GNPods in dependence of GNP-cont-content and eent and extrusion rxtrusion ratio.atio.

Subsequent to the extrusion experiments the surface quality of the rods was evaluated. Fig. 4 presents the rods

extruded through flat face dies (die angle 2α=180 °) with die orifice diameters of 12 mm (extrusion ratio R=6:1) as

well as 8 mm (R=14:1). For both extrusion ratios the surface quality in case of pure Al was acceptable, although for the

higher extrusion ratio of R=14:1 some surface marks occurring perpendicular to extrusion direction were observed.

They were caused by strong rod vibrations during the extrusion on the vertical extrusion press. As Fig. 4a shows

the surface quality decreased drastically when compacts containing GNPs were extruded. The effect increased with

increasing GNP content. The surfaces of GNP-containing rods were very rough and even showed cracks. For the higher

extrusion ratio of R=14:1 the surface quality also decreased with increasing GNP content (Fig. 4b) but was slightly

better when being compared to those with lower extrusion ratio at same GNP content.
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Fig. 4. Influence of GNP contFig. 4. Influence of GNP content on rent on rod surfod surface quality a) die diametace quality a) die diameter 12mm (R=6:1) b) die diameter 12mm (R=6:1) b) die diameter 8mm (R=14:1).er 8mm (R=14:1).

In Fig. 5 rods are presented that were extruded through 10 mm dies with different die angles, where one was a flat face

die (2α=180 °) and the other one of conic shape with a die angle of (2α=90 °). The direct comparison reveals that in

case of the conic die, a better rod surface quality was achieved especially for GNP contents of 0.5 % and 1.0 %. In case

of 1.5 % GNPs the flat face die showed a slightly better rod surface since less cracks were observed.

Fig. 5. EffFig. 5. Effect of die angect of die angle (2α=180 ° (flat) and 2α=90 ° (conic)) on rle (2α=180 ° (flat) and 2α=90 ° (conic)) on rod surfod surface quality face quality for diffor differerent GNP content GNP contents, rents, rodod

diametdiameter 10 mm (R=9:1).er 10 mm (R=9:1).

3.3 Micr3.3 Microstructurostructuree

After the extrusion trials samples were cut from the rods in order to investigate the GNP distribution at the center

and the rim of the rods’ cross sections. The results are given in Fig. 6. Fig. 6a displays the GNP distribution at the

center and the rim of the rods extruded at R=6:1 in dependency of GNP content. At the low GNP content of 0.5 %

there is no significant difference in the microstructures of center and rim position. With increasing GNP content at the

center position a network-like structure was found. It seems like the GNPs increasingly aligned around the Al-grains.

GNPs are predominantly of lengthy shape in the image plane as was confirmed by SEM analysis (Fig. 7a). In contrast

to that the GNPs seemed to be predominantly round-shaped at the rim positions of the cross sections (Fig. 7b). With

increasing GNP content, the mean distance between particles is reduced but no network structure was observed. The

microstructural observations might be explained with the differences in strain and strain rate distributions over rod

cross section during the extrusion process. The direct extrusion process is characterized with higher strain and strain
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rates on the surface of the extrudates (e.g. rods) compared to the center since the material forming the surface of

the extrudate passed the shear intensive zone of the billet and thus, is exposed to high shear stresses [6]. The shear

stresses increase for higher die angles [7]. These shear stresses seem to be the reason for the different shape of GNPs

at the rim positions. More detailed investigations are necessary to clarify the relationship between metal flow during

extrusion and GNP shape and orientation in the extrudates. Furthermore, Fig. 6b presents the microstructures at the

center and rim positions at a GNP content of 1 % for increasing extrusion ratios. It can be learned that at the lowest

extrusion ratio of R=6:1 there is a big difference in GNP orientation and shape between center and rim positions.

The GNPs were of lengthy shape in the center and formed a network-like structure, while they were more separated

and predominantly of round shape at the rim. Though, at the highest extrusion ratio of R=14:1 these microstructures

became more homogeneous and round shaped GNPs were predominant at the rim as well as in the center of the rods. It

is assumed that the higher strain and strain rate induced by applying a higher extrusion ratio (and same ram velocity)

were the main reasons for the more homogeneous microstructures. Probably, the gradient in strain and strain rate

values over the rods’ cross sections was not as strong as in case of higher rod diameters (lower extrusion ratios).

The longitudinal section of a 1.5 % GNP sample extruded at R=6:1 (Fig. 7c) shows GNPs aligned behind one another

oriented parallelly to the extrusion direction almost in fibrous shape. The displayed section is positioned just below the

rod surface. The authors assume that these longitudinal “GNP-fibers” could be the reason for the observed bad surface

quality for the GNP containing rods. In direct extrusion the friction conditions in the die bearing between Al billet

material and die material (hot working tool steel H11) are often characterized with high friction coefficients and even

sticking friction conditions [7]. So, if high friction forces or even sticking friction occurs between rod surface and the

die bearing channel and when furthermore GNPs and Al-matrix are bonded poorly, then shear stresses acting on the

rods’ surfaces can exceed the intrinsic strength of the Al/GNP-compound and could be responsible for the formation

of cracks on the rods’ surfaces. This effect would increase for higher GNP-contents since the amount of “GNP-fibers”

should increase also and could be the reason for the observed problematic surface quality.

Fig. 6. MicrFig. 6. Microstructurostructure (OM) of re (OM) of rod crod cross sections at centoss sections at center and rim of rer and rim of rods with a) incrods with a) increasing GNPeasing GNP-cont-content at R=6:1 b)ent at R=6:1 b)

incrincreasing eeasing extrusion rxtrusion ratio at 1.0 % GNPatio at 1.0 % GNP-cont-contentent..
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Fig. 7. SEM picturFig. 7. SEM pictures (cres (cross sections) of GNPoss sections) of GNPs in rs in rod eod extruded at R=6:1 with 0.5 % GNPxtruded at R=6:1 with 0.5 % GNPs a) Cents a) Center b) Rim c)er b) Rim c)

longitudinal section of rlongitudinal section of rod eod extruded at R=6:1, 1.5 % GNPxtruded at R=6:1, 1.5 % GNP..

3.4 Har3.4 Hardnessdness

Vickers hardness was measured at the center and the rim positions of rod samples. The results are presented in Fig.

8. The hardness values at center (Fig. 8a) remained constant around 35-36HV in case of pure Al. The extrusion ratio

again did not have an effect for that material in the investigated range. At the extrusion ratios of R=6:1 und R=9:1 the

hardness values for the graphene containing materials were either about constant or even reduced compared to pure

Al. The strongest reduction of 11 % was found for the sample with 1. 5% GNPs extruded with R=9:1 via conic die where

hardness decreased from 35.5HV to 31.6HV. The only significant effect of the extrusion ratio on Vickers hardness at the

center positions was found for the samples containing 1 % GNPs. Here, the hardness increased from 31.6HV (R=6:1)

to 36.1HV (R=14:1), which means an increase by 14 %.

For the hardness at the rim positions (Fig. 8b) the results were different from those of the center of rods. Here, the

hardness was lowest for the pure aluminum samples with values of 35-36HV, which were the same as in the center.

Hence, in case of pure Al Vickers hardness was homogenous over the rods’ cross sections. But in contrast to results

from the center the addition of GNPs to pure Al lead to an increase of hardness values. A tendency of increasing

hardness with higher amounts of GNPs was found at the rim positions of extruded rods for a given extrusion ratio. The

highest value of 42HV was measured at R=9:1 for the highest GNP content of 1.5 %. This corresponds to an increase in

hardness of about 18% compared to values of pure aluminum. The extrusion ratio did not have a significant effect on

the hardness at the rim position.

Obviously, the observed different hardness values between center and rim positions correspond to the differences in

GNP shape or orientation as displayed in Fig. 6 and Fig. 7. According to that, an increase in hardness was achieved

when the GNPs are of round shape in the cross sectional area of extruded rods. Additional investigations including

TEM analysis are necessary and will be conducted in upcoming investigations in order to determine the effect of GNP

orientation on load transfer from Al-matrix to GNPs more detailed.
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Fig. 8. VickFig. 8. Vickers harers hardness in dependence of GNP contdness in dependence of GNP content and eent and extrusion rxtrusion ratio at a) centatio at a) center of eer of extruded rxtruded rods b) rim of rods b) rim of rods.ods.

4 Conclusions4 Conclusions

The powder processing, extrusion experiments as well as characterization of extruded rods of Al-GNP composites with

GNP contents of 0.5, 1.0 % and 1.5 % in comparison to pure Al (99.7 %) via same processing route lead to the following

conclusions:

• Mechanical stirring of Al/GNP powder mixtures with EIRICH mixer method resulted in homogenous GNP

dispersion in compacts and no agglomerations were observed.

• Surface quality of extruded rods decreased with increasing GNP content, but increased for higher extrusion

ratios. It was assumed that the formation of fibrous-like GNP-structures below the rod surface lead to

reduced strength perpendicular to the extrusion direction. Combined with the high friction conditions

between rod surface and die bearing channel during extrusion this could be the reason for the observed

surface cracking at high GNP-contents.

• Application of conic die (2α=90 °) showed better rod surface quality than flat face die (2α=180 °). As a

reason lower shear stresses in the deformation zone of the conic die are assumed.

• GNPs in the center of rod cross section are oriented differently than on the rim. In the center the GNPs

showed a lengthy shape or orientation in the image plane, while they were predominantly round at the rim.

• Increase in hardness at rim positions (up to +18 %) was measured. In the center the hardness was constant

at best and even reductions of up to 11 % were found. The orientation and shape of GNPs seem to be

responsible for the inhomogeneous distribution of harness values along rods’ cross sections. Eventually, the

GNP shape and orientation affect the load transfer from Al matrix to the GNP particles.
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