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ABSTRACT

This work provides preliminary results of aluminum metal matrix composites
(MMCs) reinforced with granulated slag (GS) and electric arc furnace dust
(EAFD). The present work concerns the synthesis and properties of Al/GS
and AI/EAFD composites based on powder metallurgy techniques. The hard-
ness and compressive strength of the sintering compacts were determined to
compare the mechanical properties of the composite material as a function of
the GS and EAFD content. The best results were obtained with the Al/GS
composites, which reached compressive strengths up to 372 MPa.

1.0 INTRODUCTION

At present, metal matrix composites (MMCs) have been developed to a level
of commercial production. Potential users of Al-reinforcing particle composites
are expected to be the automotive industries. However, the high cost of many of
the reinforcing compounds remains as the major barrier in the widespread use of
composites in other applications. A possible way to avoid this handicap would
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be the employment of particles obtained from the recycling of some industrial
solid wastes. This idea is becoming popular and several studies have been done
with fly-ash, glass, and other byproducts (1,2).

Two of the major waste products of the steelmaking industry are slag and
electric arc furnace dust (EAFD), both of which are generated each year in signifi-
cant volumes of thousands of tons, giving these byproducts the potential for added
value if suitable end products could be produced from these materials. Tighter
environmental regulations have prompted industry to search new methods of treat-
ing waste by-products generated by electric arc furnace during the manufacture
of steel. Slag and dust are generated during the manufacture of steel via the
smelting of scrap metal. EAFD is considered a hazardous solid waste because it
contains small amounts of Pb, Cr, and Zn oxides which are evaporated at high
temperatures above the steel bath and condensed in the off-gas systems. Because
of the large quantities of slag and dust produced and the present expensive manner
by which it is discarded, new methods for treating and using these solid wastes
are required. The use of these solid wastes as reinforcing particles in a metallic
matrix is proposed among the possible applications of granulated slag (GS) and
EAFD. The present work reports preliminary results concerning the synthesis and
mechanical properties of Al/GS and AI/EAFD composites, which have the poten-
tial of becoming a low-cost MMC materials.

2.0 EXPERIMENTAL PROCEDURE

Commercially pure (99%) aluminum needles supplied by Sigma-Aldrich
were used in this investigation. Slag and EAFD were received from a domestic
steelmaking industry. Aluminum needles and slag were mechanically ground us-
ing a ball-milling drum. Aluminum powder, GS, and EAFD were mixed using a
rotating drum blender. Hexane was incorporated during the aluminum milling
process to reduce oxidation.

The oxide and the phase compositions of the aluminum, slag, and EAFD
were determined by X-ray diffraction (XRD) and energy dispersive X-ray spec-
troscopy (EDX). The final mean size of Al particles was about 55 um, and particles
had a flake-like morphology (Figure 1). On the other hand, slag particles were
irregular with a mean particle size of 35 wm (Figure 2a). The major components
in the GS were CaO, SiO, and FeO, with variable amounts of MgO, Al,O3; and
MnO (Figure 2b). Figure 3a shows that the EAFD was determined as franklinite
(ZnO - Fe,0,) and cincite (ZnO), with some small amount of hematite (Fe,0,).
The size, distribution, and shape of the powder particles were evaluated using
scanning and transmission electron microscopy (SEM and TEM, respectively).
The EAFD contained small amounts of Pb, Cu, Si, and As oxides (Figure 4a) and
was mainly composed of nanometric spherical particles with diameter below 300
nm (Figure 4b). From conventional picnometry, the GS presented a mean apparent
density of 3.2 g - cm™ and the EAFD of 4.1 g - cm ™.
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Figure 1. Scanning electron microscopy image (a) and X-ray diffraction (b) obtained from alumi-
num powder.

Al/GS and AI/EAFD composites were manufactured by conventional uniax-
ial compaction and sintering powder metallurgy techniques. Table 1 shows the
different Al/GS and AI/EAFD mixtures that were prepared. The powder mixtures
were compacted in air at room temperature at pressures ranging from 150 to 600
MPa. The compacts prepared were then sintered in Ar atmospheres up to 620°C,
using in all cases a heating rate of 10°C/min. The soaking time at the final temper-
ature ranged from O to 1 hr. The green density of compacts was determined by
picnometry as a function of the compacting pressure and GS or EAFD composi-
tion. Densification during sintering of green compacts was also evaluated as a
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Figure 2. Scanning electron microscopy image (a) and X-ray diffraction (b) obtained from granu-
lated slag.

function of increasing slag and dust content using dilatometric techniques. Hard-
ness and compressive strength of the sintering compacts were determined in order
to compare the mechanical properties of the composite material as a function of
the EAFD and GS content. Compressive testing was performed under displace-
ment control using an Instrom 20 kN screw-driven machine. Five-cylindrical
shaped specimens of each blend were used with a diameter of 4 mm and a length
of 8 mm, using in all cases a constant cross-head speed of 0.76 mm - min~'.
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Figure 3. X-ray diffraction (a) and scanning electron microscopy image (b) obtained from the
electric arc furnace dust.

3.0 RESULTS AND DISCUSSION

The predominant goal in powder compaction is to achieve good compact
properties with minimal applied force. Particle packing is important in most pow-
der-forming processes, because the packing density dictates the die fill, binder
content, and shrinkage in sintering. Increasing pressure during compaction pro-
vides better packing (via particle rearrangement and plastic deformation) and leads
to decreasing porosity with the formation of new particle contacts (3). Figure 5
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Figure 4. Energy dispersive X-ray spectroscopy (a) and transmission electron microscopy image
(b) obtained from the electric arc furnace dust.

shows the effect of compaction pressure on Al powders, indicating that the sample
density increases with increasing pressure, approaching relative densities of 98%
at 600 MPa. The same procedure was carried out with the mixtures of Al and
each of the industrial ceramic particles. For Al/GS, the presence of the slag parti-
cles inhibited densification (Fig. 5), where a density of only 90% in the 85A115GS
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Table 1. Chemical Composition (wt %) of the Prepared

Composites

Granulated
Designation Aluminum Slug EAF Dust
95AISEAFD 95 5
90AI10EAFD 90 10
80AI120EAFD 80 20
95AI5GS 95 5
85A115GS 85 15
75A125GS 75 25
65A135GS 65 35

material was produced at highest compaction pressure. The bulk density of both
composites, Al/GS and AI/EAFD, was calculated according to the rule-of-mixture
(4) where the relative density corresponds to the ratio between compact density
and theoretical density.

Powder metallurgy manufacturing experience has shown that green density
of compacts depends on several parameters such as particle morphology, chemical
composition, surface area, mean particle size, and particle size distribution. Green
density usually decreases with decreasing particle size (3) and compaction of pow-
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Figure 5. Relative density versus compaction pressure of samples during Al, Al/GS, and Al/
EAFD powder consolidation.
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ders becomes quite difficult when particles belong to the nanometric domain (5,6).
As the TEM image illustrates in Figure 4, the EAFD is basically composed of
particles in the nanometric range. Figure 5 shows the effect of compaction pressure
on AI/EAFD powders, indicating that 10% of EAFD particles reduce densification
more than 15% of GS particles. Therefore, the presence of the extremely fine
ceramic particles inhibited densification more, and a relative density of only 85%
in the 90A110EAFD material was achieved at the highest pressure, illustrating
the problems associated to the MMC materials produced by powder metallurgy
techniques (Fig. 5). Other experimental studies have found that densification of
metallic powders is always easier than the densification of the powder mixtures
(7). Similar results were obtained for the other volume fractions of GS and EAFD.
Figure 5 indicates that above 400 MPa the gain in densification in Al/GS and Al/
EAFD compacts was quite small, hence all the compacts subjected to sintering
were compacted at this pressure.

During dilatometry, all experiments were carried out at a constant heating
rate of 10°C/min. Relative shrinkage (AL/L,) was calculated as the change in
sample length divided by its initial length. Figure 6 shows results obtained by
dilatometry from samples having different GS content. From these experiments,
it was observed that shrinkage in Al1/GS composites starts at 175°C. After sintering
the samples to 620°C, the compact density measured at room temperature changes
from 93 to 98% for pure Al and from 86 to 90% for those having 15 wt % of
GS. These curves indicate that during constant heating rate sintering, the final
density of compacts is affected by the slag content on the sample, specially once
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Figure 6. Sintering curves of the Al/GS composites as a function of slag content. All samples
compacted to 400 MPa. ‘ :
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the GS content exceeds 25 wt %. In addition, the presence of peaks on the dilato-
metric curves (Fig. 6) could indicate not only a difference of thermal expansion
coefficients between the matrix and the particles, but also the presence of other
phenomena such as phase changes, release of trapped gas, and oxidation.

On the basis of thermodynamic considerations, there is the possibility of
chemical reactions between the aluminum powder and the constituents of the GS
and EAFD, such as SiO,, ZnO, and FeO. In sufficient quantity, certain alloying
elements can form intermetallic compounds with the aluminum and appear as
second-phase precipitates in the samples. Such interfacial reactions between the
metal and the reinforcement particles would influence the properties of the com-
posite. The possible chemical reactions between the aluminum powder and the
constituents of the solid wastes used in this study are shown as follows (8):

3/2 FeO (s) + Al (s) = 1/2 AL, 05 (s)

1

+ 3/2 Fe AG°(873 K) = —389.78 kJ M

3/2 ZnO (s) + Al (s) = 1/2 AL,O; (5) @)
+ 3/2 Zn (1) AG°(873 K) = —308.1 kJ

3/4 Si0, (s) + Al (s) = 1/2 AL,O; (s) 3)
+ 3/4 Si (s) AG°(873 K) = —136.40 kJ

At the experimental temperature of 620°C, the Gibbs free energy changes in these
chemical reactions are negative, indicating the possibility of chemical reactions
between the aluminum powder and the reinforcement particles. Nevertheless, free
energy changes can only tell if reactions are plausible and only the kinetics of
the solid-state reactions will dictate the occurrence of such processes. To increase
the densification of MMC blends and observe the possible occurrence of reactions
during sintering, different soaking times at 620°C were carried out. The best re-
sults were obtained using a thermal treatment of 1 hr at this temperature. SEM
images of Al/GS composites heated to 620°C and held for 1 hr are shown in
Figure 7. The typical microstructure of low GS content composite (95A15GS)
shows low porosity levels and relative uniform distribution of the GS (Fig. 7a).
Nevertheless, clustering of the particles was observed (Fig. 7¢) in the microstruc-
ture together with porosity at high slag contents (65A135GS). After heat treatment,
samples with higher concentrations of GS (85A115GS and 65AI35GS) contained
microstructure with slag particles together with another kind of particle having
needle-like morphology (Fig. 7b, ¢, and d). EDX analysis suggests the formation
of an Al-Fe intermetallic compound. In general, the slag coming from the
steelmaking industry always contains small amounts of iron, so the peak observed
on the dilatometric curves at 590°C (Fig. 6) could be associated to the formation
of the FeAl; intermetallic compound as a product of the reaction (9):

1/3 Fe (s) + Al (s) = 1/3 FeAl; (s) AG'873 K) = =576kl  (4)

where the Gibbs free energy change in this chemical reaction was calculated using
rough approximations (8,9).
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50 pm
Figure 7. SEM images showing typical microstructures in Al/GS sintered for 1 h at 620°C. (a)
95A15GS; (b) 85A115GS; (c) 65A135GS; and (d) enlargement of precipitates observed in 85A115GS.

According to thermodynamic analysis, it is likely that silica or zinc and iron
oxides were reduced by aluminum powder. Nevertheless, EDX analysis was un-
able to detect the presence of zinc or silicon in the aluminum matrix. Diffusive
mass transport takes place when there is a gradient in the chemical potential and
when the species in question has sufficient mobility. The diffusion coefficient of
Fe in Al can be approximately estimated to 10~° cm? - sec™" at 620° C (10), and
those for the corresponding diffusion of the cationic species in the oxide lattice
can be estimated in the range of 107°~107' cm? - sec™' at the same temperature
(11). Then, because of the employed experimental conditions and according to
diffusional information, if reduction takes place in the solid state, it should be
in the metal—solid waste interface. Experimental evidence indicates that there is
progressive reduction of silica and iron oxide when processing for longer times
above the melting temperature of aluminum (12). Nevertheless, these preliminary
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results suggest that during the solid-state sintering process, the fastest reaction
concerns the interaction between metallic iron and aluminum powder, producing
the needle-like intermetallic precipitate observed on the Al/GS composites.

On the other hand, the results obtained from samples having different EAFD
content were different. In this case, the nanometric particles largely affect the
sintering behavior and consequently the final density of the composites (Fig. 8).
At low EAFD content, it was observed that shrinkage also starts at 175°C. As
the EAFD content increased from 5 to 10 wt %, the composite compact expanded
drastically. After sintering at 620°C, the compact density at room temperature
changed from 82 to 78% for those composites with 20 wt % of EAFD. Once
again, thermodynamics indicates the possibility of chemical reaction between the

aluminum powder and the EAFD particles, basically by Eq. (2) together with the
reaction:

1/2 Fe,0; (s) + Al (s) = 1/2 AL, O, (s)
+ Fe (s) AG°(873 K) = —404.7 kJ

where the Gibbs free energy change in this case at 620°C is also negative. The
peak observed on the dilatometric curves at 570°C (Fig. 8) could also be associated
with the formation of the intermetallic compound as a consequence of reactions
(4) and (3), i.e., iron oxide reduction followed by aluminum—iron reaction. Never-

theless, in this case the presence of the intermetallic compound was never ob-
served.
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Figure 8. Sintering curves of the AI/EAFD composites as a function of slag content. All samples
were compacted to 400 MPa.
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SEM images corresponding to the AI/EAFD composites sintered to 620°C
and kept for 1 hr at the final temperature are shown in Figure 9. These images
illustrate the microstructure of the AI/EAFD composites, revealing moderate po-
rosity levels and no uniform distribution of the particles (Figure 9a) at low EAFD
content (95AISEAFD). At higher EAFD content there is an increase in porosity
(90A110EAFD and 80AI20EAFD), whereas particle distribution seems to be rela-
tively uniform (Fig. 9b and c). However, at large magnification, the uniform distri-
bution comes from agglomeration of the nanometric particles around coarse parti-
cles (Fig. 9d).

Agglomeration poses special problems, making compaction and sintering
more difficult (8), and probably in the present experimental conditions, particle

Figure 9. SEM images showing typical microstructures in AI/EAFD sintered for 1 h at 620°C. (a)
| 95AISEAFD; (b) 90A110EAFD; (c) 80AI20 EAFD; and (d) enlargement of agglomerated particles
i observed in 80AI20EAFD.
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agglomeration comes from the as-prepared powders as a consequence of the poor
surface-active agent employed during the blending process of Al and EAFD raw
powders. Moreover, in the AI/EAFD materials, EDX analysis was unable to detect
the presence of needle-like precipitates or the presence of alloying elements in
the aluminum matrix. If chemical reactions actually take place in these AI/EAFD
composite materials, it should be in the nanoscale metal-solid waste interface.
More studies will have to be undertaken, in particular concerning diffusional ex-
periments at the interface of Al/solid—waste particles to discern the possible chem-
ical reaction kinetics involved during processing.

In powder metallurgy all mechanical properties, including strength, elastic
modulus, fatigue life and fracture toughness, depend on the sintered density (3,13).
Also, the mechanical properties of particulate MMCs are sensitive to the distribu-
tion of reinforcing particles (14,15). Inhomogeneity, especially concentrated clus-
ters of particles, is expected to have an adverse effect on the ductility and fracture
toughness. Figure 10 shows Vickers hardness as a function of the GS and EAFD
content. This figure shows that increasing the amount of GS or EAFD to about 10
and 15% respectively, can result in a considerable increase in the MMC hardness.
Beyond these limits, increasing the ceramic particle content weakens the material.
In Fig. 10, an important aspect is the hardness peak displacement observed at a
lower content of EAFD, probably due to agglomeration and porosity.
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Figure 10. Effect of the ceramic particle content on the composite hardness. Samples were com-
pacted at 400 MPa and sintered at 620°C for 1 hr.
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Regarding the mechanical response of the MMCs, Figures 11 and 12 show
the typical compression stress—strain curves of the Al/GS and AI/EAFD compos-
ites compacted at 400 MPa, then heated to 620°C and held for 60 min. The com-
pressive strength of the Al/GS composites (Figure 11) is relatively high compared
to the compressive strength obtained for pure Al (173 MPa). Following the hard-
ness results (Figure 10), the maximum compressive strength was obtained with
a GS content corresponding to 15 wt %. The high compressive strength observed
could be an indication of good interfacial bonding between the slag particles and
the aluminum matrix in Al/GS composites. Another possible mechanism could
be the presence of the Al-Fe intermetallic compounds produced during the heat
treatment of composites (Figure 7). In the present case, the compressive strength
of the MMCs made with 15% GS reached a value of 372 MPa. Once more, the
mechanical behavior of the AI/EAFD composites was inferior to that observed
using GS. Nevertheless, a compressive strength of 248 MPa was reached with
10% of EAFD (Figure 12). The effect of the ceramic particles on the strength of
MMCs is shown in Figure 13. This figure clearly indicates that under the present
conditions, the addition of GS and EAFD can increase the compressive strength
of the MMCs. Although GS performance is quite better than that of EAFD, the
nature of the present discontinuous reinforcement seems to enable an improvement
in mechanical properties over the unreinforced matrix. The challenge in the future
will be to improve the engineering properties of discontinuously reinforced MMCs
via casting processing, making them valuable at a competitive cost compared to
their unreinforced counterparts.
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Figure 11. Effect of the GS on the compressive behavior of the sintered Al composites. Samples

were compacted at 400 MPa and sintered at 620°C for 1 hr.
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Figure 12. Effect of the EAFD on the compressive behavior of the sintered Al composites. Sam-
ples were compacted at 400 MPa and sintered at 620°C for 1 hr.
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Figure 13. Effect of ceramic particle content on the compressive strength of sintered compacts.
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4.0 CONCLUSIONS

The present results indicate that MMCs made of Al/GS and AI/EAFD can

be prepared by pressing and sintering techniques involving conventional powder
metallurgy processing. The green and sintered densities of the MMCs here ob-
tained were low, ranging from 2.9 to about 3.1 g cm 3. The mechanical response of
the Al/GS and AI/EAFD composites was determined in compression. The highest
compressive strength of the MMCs made with 15% GS was 372 MPa, and for
those made with 10% EAFD the value was 248 MPa. The nature of the present
discontinuous reinforcement seems to produce an improvement in mechanical
properties over the unreinforced aluminum matrix.
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