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FORMATION OF LAYERED Mg/EUTECTIC COMPOSITE USING DIFFUSIONAL PROCESSES AT THE Mg-Al INTERFACE

OTRZYMYWANIE KOMPOZYTU WARSTWOWEGO Mg-EUTEKTYKA NA DRODZE PROCESOW DYFUZYJNYCH

ZACHODZACYCH NA GRANICY Mg-Al

A processing technique has been developed to produce a layered magnesium-intermetallic compound light composite
from elemental magnesium and aluminium sheets. Structural examination and measurements of transition layer grown at the
magnesium-aluminium interface at high annealing temperature were performed. It was found using Mg/Al diffusion couple that
solid state diffusion results in development of Al;Mg, and Mg;;Al;; intermetallic compounds, which are separated into two
sublayers. The rate of the layer growth substantially increases with the appearance of the liquid phase at the Mg-Al interface.
The microstructure resulted from the partial solidification contains an eutectic composed of Mg;;Al;, intermetallic compound
and solid solution aluminium in magnesium. The structural processes, which transform the magnesium-aluminium interface,
can be applied for fabrication of layered magnesium-eutectic composites. Alternately stacked magnesium and aluminium sheets,
formed into a packet, were heated until aluminium was exhausted throughout the course of the Mg-Al reaction with the liquid
phase contribution. As a result, the composite containing residual magnesium and layers of eutectic mixture (Mg;Al;, and
solid solution of aluminium in magnesium) was obtained. Rapid solidification resulted in fine-grained eutectic microstructure
development. Using the presented method, composites with required thickness ratio of magnesium and the eutectic layers can
be obtained by choosing appropriate thickness ratio of starting magnesium and aluminium sheets.
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Opracowano metod¢ otrzymywania kompozytu zbudowanego z warstw magnezu i warstw zawierajacych zwiazek miedzy-
metaliczny, wykorzystujac jako substraty blache magnezu i blach¢ aluminium. Stosujac ztacze dyfuzyjne Mg/Al przeprowa-
dzono badania zmian strukturalnych zachodzacych pod wplywem temperatury na granicy mi¢dzyfazowej magnez-aluminium
oraz badania wzrostu warstwy produktéw reakcji. Stwierdzono, ze warstwa ta, utworzona w wyniku zachodzacych w stanie
statym przemian dyfuzyjnych, skiada si¢ z dwu podwarstw o strukturze zwigzkéw miedzymetalicznych: Al;Mg, i Mgi7Al};.
Szybko$¢ wzrostu warstwy zwigksza si¢ znacznie, gdy na granicy Mg-Al pojawia si¢ faza ciekla. Mikrostruktura utworzona
podczas krzepniecia zawiera gtéwnie eutektyke, skladajaca si¢ ze zwiazku migdzymetalicznego Mg;;Al}, i roztworu stalego
aluminium w magnezie. Zjawiska zachodzace na granicy magnez-aluminium zostaly wykorzystane do formowania kompozytu
warstwowego magnez-eutektyka. Arkusze blachy magnezu i blachy aluminium ulozone naprzemiennie w pakiet wygrzewa
si¢ do momentu wyczerpania si¢ aluminium w reakcji z magnezem zachodzacej z udzialem fazy cieklej. W wyniku powsta-
je kompozyt skladajacy si¢ z warstw pozostalego magnezu i warstw eutektyki zbudowanej z Mg;7Alj, i roztworu stalego
aluminium w magnezie. Gwaltowne krzepnig¢cie pozwala uzyska¢ eutektyke o drobnoziarnistej mikrostrukturze. Przez dobér
stosunku grubosci wyjsciowych arkuszy blachy magnezu i blachy aluminium mozna wykonaé¢ kompozyty o dowolnym stosunku
grubosci magnezu do grubosci warstw o strukturze eutektyki.

1. Introduction has resulted in limited application of these materials.

Higher elastic modulus can be obtained by the addi-

In recent years, magnesium and its alloys have been
a subject of great interest mainly because magnesium
is the lightest construction metal. The weight reduction
of transportation equipment is a very important factor,
especially within the automobile industry [1]. However,
the low elastic modulus of magnesium and its alloys

tion of the reinforcing phases to the magnesium ma-
trix. It was reported that using numerous methods, the
particulate-reinforced [2-8] and fibre reinforced [9-11]
magnesium composites can be fabricated. Improvement
of the material properties depend on the morphology and
volume fraction of reinforcement and its shape. It is ex-
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Fig. 1. Al-Mg phase diagram [19]

pected that substantially higher stiffness an mechanical
properties can be received for layered composites and
this idea provides the motivation for the present work.
Therefore, experimental work was focused on choosing
the best conditions for the manufacture of a compos-
ite with layers of magnesium metallurgical bonded with
alternately located hard layers containing intermetallic
phases.

Intermetallic phases can be synthesised by diffu-
sion bonding of different metals at high enough tem-
perature. Rawers and co-workers [12-14] demonstrat-
ed that received intermetallics can be formed into lay-
ers located between layers of pure metals. The foils of
two different metals, stacked alternately into a pack-
et, were heated until one of the metals is fully con-
sumed in the course of high-temperature reactions.
Using this method Ni-intermetallics, Fe-intermetallics,
Ti-intermetalics [12-14], Ti-3Al-2.5V-intermetallics [15]
and Cu-intermetallics [16-18] layered composites have
been produced. In the present work, aluminium foil
was chosen to synthesize intermetallic phases in layered
magnesium-based composite because of its lightweight
and common use of aluminium as an alloying element

80 90 ot% Mg

of the magnesium alloys. According to Al-Mg binary
phase diagram, presented in Fig. 1, in the Al-Mg system
the Mg;7Al}, and Al3Mg; intermetallic compounds are
formed [19]. The e-phase is formed at high temperature
but is not observed at room temperature. At the magne-
sium side, the eutectic containing Mg;7Al;, and a solid
solution of aluminium in magnesium are reported.

2. Experimental procedure

The materials used in the experiment were 99.9%
purity magnesium and aluminium sheets. Specimens 30
mmxX15 mm in size were cut from 3.0 mm thick magne-
sium and 0.8 mm thick aluminium sheets. After mechan-
ical polishing of the joining surfaces, the Mg-Al samples
were placed in a vacuum furnace and held at 430°C
(just below the eutectic temperature of 437°C) for a few
minutes. A pressure of 5 MPa was used to ensure good
contact between metals. Due to solid state diffusion, the
specimens were joined into a Mg-Al couple. The Mg-Al
couples were then used to study the structural transfor-
mation that take place, with the contribution of liquid
phase, at the Mg-Al interface. To determine the rate of
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Fig. 2. Schematic presentation of the process used for the composite manufacture:

a) Mg and Al sheets are stocked into a packet,

b) diffusion bonding of the sheets at 430°C,

c¢) processing with the liquid phase contribution at 445°C,
d) final consolidation of the composite under pressure,

e) magnesium-eutectic layered composite

intermetallic layer growth at the Mg-Al interface and
an analysis of structural components, the Mg-Al couples
were annealed at 445°C in an open air furnace (just over
the eutectic temperature of 437°C) for varying periods
of time. Structural observations were performed using a
Neophot 2 optical microscope, a scanning electron mi-
croscope (JMS 5400) equipped with ISIS 300 Oxford
Instruments system for energy dispersive X-rays analy-
sis (EDX), JEM 2010 analytical transmission electron
microscope equipped with scanning transmission elec-
tron microscopy device (STEM) and Oxford PENTAFET
— EDX system. Measurements of the layer thickness at
the Mg-Al interface with respect to holding time was
performed by means of a commonly used optical mi-
croscopy technique.

On the basis of mentioned above investigations, a
procedure for the composite formation was elaborated.
Scheme of the process used for the composite forma-
tion was shown in Fig 2. Magnesium and aluminium
sheets were stacked alternately into a packet. For diffu-
sion bonding of the Mg and Al sheets to occur, the packet
was held at 430°C for 10 minutes in the vacuum furnace
under pressure of 5 MPa. The load was then removed
and the packet was annealed at 445°C for 60 minutes. In
order to test the effects of undercooling on the dispersion
of solidifying phases, the packets were furnace cooled,
air cooled, water quenched and cooled in -50°C methyl
alcohol bath. Finally, the samples were compressed at
400°C using a pressure of 5 MPa for better consolida-
tion of the composite. Microstructure observations and
micro-hardness tests within the layers of composite were
performed. Vickers micro-hardness (HV0.1) was mea-
sured using a Hanemann micro-hardness tester mounted
on the Neophot 2 microscope.

3. Results and discussion

Solid state diffusion produces two distinguishable
layers between Mg and Al metals. The microstructure
of the Mg-Al couple that was annealed at 430°C for 20
minutes, was shown in Fig. 3. Following chemical com-
position of the layer marked A, formed on the aluminium
side, was received using SEM and EDX analysis: 41.0
at.% Mg, and 59.0 at.% Al. The result indicates, accord-
ing to Al-Mg diagram (Fig. 1.), an Al3Mg, intermetallic
compound development. X-ray microprobe analysis of
the narrow layer (marked B) in the neighbourhood of
magnesium revealed chemical composition of 58.9 at.%
Mg, and 41.1 at.% Al, which suggests that Mg;Al;,
compound was formed.

- _ * B e
Fig. 3. Microstructure of the Mg-Al interface. The specimen was

annealed at 430°C for 20 minutes
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If Mg-Al samples are held at 445°C, the liquid phase
appears at the Mg-Al interface. Transition layer formed
after 20 minutes between magnesium and aluminium lay-
ers is presented in Fig. 4. The dendritic structure of the
layer clearly indicates that the reaction at the Mg-Al in-
terface proceeds with the liquid phase contribution.

Al

500 um

Fig. 4. Microstructure formed between Mg and Al sheets. The
specimen was annealed at 445°C for 20 minutes to form a fine
magnesium-aluminium liquid layer. The specimen was furnace
cooled to room temperature
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Fig. 5. Effect of annealing time on the thickness of the reaction zone
at 445°C

d [mm]

The thickness of the layer was measured as a func-
tion of holding time. Results of the measurements are
shown in Fig. 5. The layer thickness vs. annealing time
relation was found: d = 0.0093 - t'3* (d — thickness of
the layer in mm, t — time in min.). It was also found
that the rate of the layer growth substantially exceeds
a parabolic growth reported in literature [20-23] for in-

termetallic phases received due to interdiffusion of the
components in the solid state. Microstructure of the layer
that was formed at the front of the Mg-Al reaction was
shown in Fig. 6 for the Mg-Al couple held at 445°C for
10 minutes. Details of the microstructure as observed on
the aluminium side and on the magnesium side are given
in Fig. 6b and Fig. 6¢c, respectively. The dominant part
of the microstructure is the two-phase mixture (Fig. 6a).
On the aluminium side a narrow sublayer adjacent to
the aluminium-substrate (A-region in Fig. 6b) and den-
drites (B) can be distinguished. In the edge of magne-
sium layer, a thin and homogeneous zone (marked C
in Fig. 6¢c) was observed. Analysis of the microstructure
was based on the Al-Mg binary phase diagram presented
in Fig. 1 and on the results of the X-ray microanaly-
sis. The chemical composition of the layer marked A is
as follows: 60.7 at.% Al, and 39.3 at.% Mg. Received
stoichiometry of elements suggests the presence of an
AlsMg, intermetallic compound. Chemical composition
of dendrites (marked B), 63.0 at.% Mg and 37.0 at.%
Al, was found to be close to the Mg;7Al;; intermetallic
compound stoichiometry. The chemical composition of
the zone marked C was 87.6 at.% Mg and 12.4 at.% Al,
which can be considered as a layer of aluminium solid
solution enriched with magnesium. During mapping of
aluminium and magnesium in the area of the two-phase
structure, grey and white structural components of the
eutectic revealed enhanced Mg and Al X-ray radiation,
respectively. On the basis of the AI-Mg diagram analysis
and taking into account that magnesium was the prevail-
ing element over aluminium, it can be concluded that the
heterogeneous structure is the eutectic composed of the
Mg;7Al}, intermetallic compound and a solid solution
of aluminium in magnesium.
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Fig. 6. Microstructure formed between Mg and Al sheets after solidi-
fication of the melting zone (a), microstructure in the neighbourhood
of aluminium layer (b), microstructure in the neighbourhood of mag-
nesium layer (c). Mg-Al couple was annealed at 445°C for 10 minutes
and surface cooled

The results mentioned above clearly show that the
structure resulting from the solidification of a liquid lay-
er contains phases that are all enriched in magnesium.
Therefore, the front of the reaction zone at AI/Mg cou-
ple have evidently migrate into the magnesium sheet,
as shown in Fig. 4. In spite of complete Al dissolution
due to reaction with the liquid phase contribution, more
volume of Mg than Al is consumed.

Structural analysis of the transformation process,
with the liquid phase contribution at the Mg-Al interface
that is described above, offers a simple method for the
composite manufacture. For the composite formation to
occur, the reaction between the magnesium and alumini-
um sheets must be prolonged until all the aluminium
is fully exhausted and transformed with part of the
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magnesium via liquid phase into the composite layers.
A macro-structure of the sample sectioned perpendicu-
larly to the composite layers, observed at low magnifica-
tion, is shown in Fig. 7a. Layers of residual magnesium
are stacked between layers containing products of the
Mg-Al reaction. The transition region from the mag-
nesium layer to the layer of the two-phase structure is
characterized by the zone of solid solution of aluminium
in magnesium, which is denoted « in Fig. 7b. Trans-
mission electron microscopy analysis has confirmed the
two-phase structure of the composite layers contain-
ing the eutectic composed of Mg;7Al}, intermetallic
compound and a solid solution of aluminium in mag-
nesium. Structure of the eutectic area, observed by TEM,

Fig. 7. Microstructure of the Mg-intermetallic composite (a) and con-
centration of Mg and Al profile across the composite layers (b)

is shown in Fig. 8A. The selected area diffraction pattern
(Fig. 8b) taken from a dark grain, denoted A in Fig. 8a,
correspond to Mg;7Al, phase. Selected area diffraction
pattern taken from the grain B, observed on the oppo-
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Fig. 8. Transmission electron micrograph of eutectic area (a). Select-
ed diffraction patterns received from a grain marked (A) and a grain
marked (B) are presented in figures (b) and (c) respectively

site side of the interphase boundary, corresponds to a
hexagonal close packed structure (Fig. 8c). Related en-
ergy dispersive X-ray microanalysis revealed chemical
composition of 7.8 at.% Al, and 92.2 at.% Mg. These
results confirm a previous statement on a solid solution

of aluminium in magnesium development. Dislocations
observed in the solid solution zone are extended from
the interphase boundary, and they likely result from the
internal stresses raised from different contraction of the
crystals during solidification and their different thermal
shrinkage during following cooling of the material.

Structural observations described above were per-
formed for the sample, which was slowly cooled after
completion of the high temperature reactions. This leads
to large dimensions of the structure components, which
solidify as the eutectic mixture. It is commonly accepted
that the morphology of the eutectic constituents affects
mechanical properties of the material. The effect of cool-
ing conditions on the grain refining and received mor-
phology of the eutectic components is shown in Fig. 9.
A wide spectrum of microstructures can be obtained and
this aspect must be taken into account in the composite
processing. As the increase of solidification rate results
in refined microstructure, a direct relationship between
cooling conditions and the hardness of the eutectic layer
is observed. The results of micro-hardness measurements
are listed in Table 1. Rapid water quenching of the sam-
ple result in 37% hardness increase for the eutectic layer
with respect to slowly cooled one. In the quenched sam-
ples, cracks produced by quenching stresses were not
observed.
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Fig. 9. Morphology of the eutectic containing Mg;7Al;, and solid
solution of aluminium in magnesium, which was formed at follow-
ing cooling procedure: furnace cooling (a), air cooling (b), water
quenching (c), quenching in methyl alcohol bath preliminary cooled
to -50°C (d)

TABLE 1
Results of micro-hardness measurements for eutectic layers
Micro-
Cooling conditions hardness
HVO0.1
Furnace cooling 187
Air cooling 213
Water quenching 256
Quenching in methyl alcohol cooled to -50°C 236

It should be also added that a spectrum of Al-Mg
composites with varied ratio of Mg layers to layers con-
taining eutectic can be produced by an adequate match-
ing of the starting Mg and Al sheets thickness ratio.

4. Conclusions

1. Solid state diffusion at high enough annealing tem-
perature was found to result in a growth of two
separate layers between magnesium and alumini-
um sheets. The layer’s structure was identified as
Mg7Al}; and Al;Mg, intermetallic compounds.
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Structural transformation processes at the Mg-Al in-
terface became substantially faster when a liquid
phase at the Mg-Al couple appears. After solid-
ification, a microstructure containing dendrites of
Mg;7Al;, and a two-phase eutectic layer is observed.
As the phases resulting from solidification are rich in
magnesium, migration of the reaction zone is more
efficient into magnesium than into aluminium.

To form a composite, the reaction between magne-
sium and aluminium sheets (stacked alternately into
a packet) must be prolonged until all the aluminium
is exhausted. The composite consists of well-bonded
layers of remaining magnesium and layers of eutec-
tic containing Mg;7Al;; intermetallic compound and
solid solution of aluminium in magnesium.

4. Fine-grained eutectic layers can be formed using
rapid solidification after high temperature treatment
of Mg-Al stacked sheets. The hardness value re-
ceived for the fine-grained eutectic layer was found
to increase 37% with respect to the coarse-grained
eutectic formed at slowly-cooled composite.
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