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The chemical interaction between carbon fibres and Mg-rich Mg-Al alloys was studied at
723-1273 K using optical metallography, scanning electron microscopy and electron probe
microanalysis. In a first stage, carbon fibres were heated at 723, 1000 and 1273 K with
Mg-Al alloys of different compositions. Two carbide phases were identified at 1000 and
1273 K: an Al,C3 type phase with up to 6 wt.%Mg present in solid solution and a new
ternary carbide with the chemical formula Al;MgC, existing under two hexagonal
crystalline varieties. In a second stage, the solid-liquid phase equilibria in the Al-C-Mg
ternary system were experimentally established at 1000 K. At that temperature, all the
Mg-Al alloys containing more than 19 4+ 2 wt.%Al were observed to be in equilibrium with
the Al,C; type phase whereas Mg-Al alloys containing from 0.6 to 19 wt.%Al were found in
equilibrium with the ternary carbide Al,MgC,. As for the Mg-Al alloys with an Al content
lower than or equal to 0.6 + 0.2 wt.%, they appeared to be in equilibrium with carbon. These
thermodynamic principles being established, the extent, morphology and composition of
the reaction zones formed in out of equilibrium conditions at the interface between carbon
fibres and Mg-rich Mg-Al alloys were characterized. Attempts were made to determine the
influence of different factors such as the fibre nature, the alloy composition, the heating
time and the heating temperature on the formation and growth of the ternary carbide
Al;MgC,. The observed changes were interpreted in terms of reaction mechanism and
kinetics. © 2000 Kluwer Academic Publishers

1. Introduction cal reactions likely to develop at the interface between
On the basis of simple theoritical considerations (rulecarbon fibres and the magnesium-base matrix during
of mixture...) composite materials made of a magne{processing or use of these composites is of prime im-
sium base matrix reinforced with continuous carbon oportance.
graphite fibres may exhibit a combination of unique In a previous study, carbon fibres were shown to ex-
properties particularly attractive for aerospace applicahibit an excellent chemical inertness towards pure mag-
tions [1-6]. First, owing to the low density of mag- nesiumin the temperature range 700—-1000 K, provided
nesium (1.74 instead of 2.7 for aluminium), compos-that these fibres were sufficiently graphitized [9, 10].
ites with extremely high specific mechanical propertiesThis fact being established, it was interesting to ex-
could be produced. For example, composites made of ammine how this excellent chemical compatibility was
AZ61 alloy matrix (6 wt.%Al, 1 wt.%Zn) unidirection- affected when aluminium was added to magnesium.
ally reinforced with FT700 graphite fibres in a volume Aluminium is effectively present as major addition el-
fraction of 50% could theoretically possess a longitu-ement in the most common magnesium alloys (from
dinal tensile strength of 1700 MPa and a longitudinal3 wt.% in the AZ31 alloy to 9 wt.% in the AZ91 alloy)
stiffness of 370 GPa for a density of 2. Using highly and it is well known that this element can react with
graphitized fibres should also result in materials with acarbon and give aluminium carbides&8l;. Concerning
near zero coefficient of thermal expansion, i.e. with arthe occurence of the latter reaction in Mg-Al/carbon
excellent dimensional stability [2, 7]. Finally, the mag- fibre composites, the situation was however not very
nesium matrix should provide to these composites goodlear. On the one hand, formation of4&84 by reac-
damping characteristics [8]. tion of carbon with Mg-Al alloys a priori appeared as
Production of materials with the highest possible per-highly probable on the basis of simple thermodynamic
formances implies, however, a precise control of all fac-considerations [11]. On the other hand, this assumption
tors that may degrade the mechanical properties of thevas not fully supported by the observations made at the
reinforcing fibres and affect the interfacial load transfer.interface between carbon fibres and Mg-Al alloys. In
In this regard, a thorough understanding of the chemisome cases, no reaction product was found [12—14]. In
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other cases, carbide phases attributable &Alvere
found but, due to the low concentration or too small size
of the crystals, these phases could not be precisely char-
acterized, even by transmission electron microscopy ]
[15-18] or by Auger electron spectroscopy [19]. Fi- < SiO2 closed tube
nally, two new crystalline phases corresponding to two (0.1MPa Ar)
polymorphs of a ternary carbide with the chemical for-
mula ALMgC, were shown to exist in the Al-C-Mg
system [20].

It is to clear up these different points that the present

e iron opened tube

study was undertaken. In a first approach, attempts Mg powder in excess
were made to characterize the crystalline nature, the

morphology and composition of the phases effectively K

formed by reaction between carbon fibres and Mg-Al 2 \ graphite crucibles

alloysat723,1000and 1273 K. Isothermal diffusion ex- —

periments were then performed at 1000 K to determine
the solid-liquid phase equilibria in the Al-C-Mg ternary
system at that temperature. In a third stage, a detailed
examination of the reaction zones formed under dif-
ferent experimental conditions at the interface between
carbon fibres and Mg-rich Mg-Al alloys was carried
out to get more detailed information on the mechanisnfigure 1 Re-usable assembly employed for heat-treatments at 1000 K
and kinetics of the fibre/matrix chemical interaction. ° °*'°*

sample

graphite holder

2. Experimental procedure
Samples used in this study were prepared from com-

mercial powders of magnesium (purity98.5 wt %, < SiO» sealed tube
grain sized <300um, Merck) aluminium (purity (0.1MPa Ar)

99.8 wt-%, grain sizel <50um, Alfa), carbon (spec- /\

trographic graded < 25um, Le Carbone Lorraine) and iron sealed tube
aluminium carbide (stoichiometric AC3, d < 50um, .

(0.1MPa Ar)

Mg powder in excess

Alfa). The powders were ball-milled for 10 min in

a tungsten carbide mortar and cold-pressed under
400 MPa into small parallelepiped rods weighing about
2 g (6x 6x 30 mm), using conventional steel tools. Bro-
ken pieces£1 mm long, 10um in diameter) of pitch
base P55 carbon fibres (purity®9 wt.%, Amoco) were
also employed as carbon source. In that case, the broken

> graphite crucibles

fibres were carefully dispersed in previously ball-milled sample
Mg-Al powders (pre-alloyed or not) and the mixtures
were cold-pressed under 1.2 GPa into small cylinders graphite holder

weighting about 0.5 g (7 mm high, 7 mm in diameter),
using a tungsten carbide compression cell.

The cold-pressed rods and cylinders were isotherrigure 2 Sealed tube equipment used for experiments at 1273 K.
mally heat-treated under an atmospheric pressure of
purified argon (0.1 MPa). At temperatures lower than
or equal to 1000 K, we used the experimental closedealed under 1 atmosphere of argon and placed inside
tube assembly schemed in Fig. 1. This re-usable assilica tubes, themselves sealed under 1 atmosphere of
sembly was designed to avoid a too fast evaporation afrgon, as shown in Fig. 2. In both cases, a conventional
magnesium from the mixtures (presence of magnesiumertical tube furnace supplied by a stability controller
powder in excess) and to prevent a rapid degradation offas used as heat source. Although the furnace tem-
the external silica U tube by magnesium vapour (interperature was regulated withia3 K, the accuracy on
position of aninner irontube). The samples were placedhe sample temperature was no better thd) K. At
in a graphite crucible equipped with a cover. It was ef-the end of the isothermal heat-treatments, the assem-
fectively observed in preliminary experiments that noblies were driven out of the furnace and cooled in air
reaction occurred at the sample/graphite crucible interas rapidly as possible.
face, owing to the presence of an MgO oxide scale atthe After having evaluated their weight loss;Am/
surface of the rods or cylinders. At 1273 K, the vapourmg, the resulting samples were characterized by differ-
pressure of magnesium was too high for operating in thent techniques. X-ray diffraction (XRD) spectra were
re-usable assembly. Heat-treatments at that temperatusgstematically recorded on grossly polished faces, us-
were then carried out in iron tubes that were previouslying a standard Philips equipment (Ni filtered Cy K
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radiation, » = 1.54056 A). Observations by optical 7% 550G 560°C

metallography (OM, Olympus Vanox-T microscope)

and scanning electron microscopy (SEM, Hitachi S-  600]
800 microscope) were made on plane sections that wel,
diamond-polished to a finish of Am. Further char- ‘@ 500]

acterization of the phases produced was performed b*g (A)
electron probe microanalysis (EPMA), using a Camec:3 4001 r
Camebax apparatus equipped with awavelength dispe§

sive spectrometer and an energy dispersive analyser. £ 300] I
accelarating voltage of 5 kV, a regulated beam curren

of about 30 nA and a counting time of 10 s were selectec 2001 I
as standard operating parameters. For each phase an

ysed, the counting rated\, simultaneously recorded 100 2 7 T T o a0 100
for Al and Mg in at least five different points (crys- Mg Weight Percent Aluminium Al

tals, punctual mode) or along five different segments

250umlong (Mg-Al alloy matrix, line scan mode) were Figure 3 The Al-Mg binary phase diagram [21].
averaged, subtracted for background and referred to the

counting rates, i recorded under the same conditions »

for pure Al and Mg standards (also freshly diamond-| ‘
polished to a finish of Jum). The ratiosN/Ng thus |
obtained were converted into weight contents after cor{
rection for atomic number, absorption and fluorescence.
The carbon content of the carbide phases was dete|
mined by difference, after having verified that no for-
eign elements were detectable in the fluorescence spef
tra of these phases. It is worth noting that for obtaining
significant values on these carbides which can be ver’
easily hydrolysed, samples containing them must be
polished with non-aqueous solvents just before enter
ing the vacuum chamber of the microprobe. Despite
this precaution, the relative accuracy on the Al and Mg
contents of these phase was not better than about 109
which resulted in a poor precision on the carbon conten
determined by difference.

3. Characterization of the phases formed by
reaction between carbon fibres and Mg-Al
alloys

In this first approach, powder mixtures of carbon (bro-

ken fibres or particles) aluminium and magnesium (pre-

alloyed or not) were cold-pressed, heat-treated angigure 4 SEM photograph showing the interface between a P55 carbon
characterized after rapid cooling. Two mixtures wereibre and a Mg-Al 6 alloy after heating for 1200 hours at 723 K: no solid
heated at 723 K (450C) to investigate the solid state state interaction observable.

interaction between carbon fibres and single-phased

magnesium-rich Mg-Al alloys. Heat-treatments werebroken P55 carbon fibres (1.6 wt.%) were then cold-

then carried out at 1000 K (727C), temperature at pressed, heated at 723 K for 1200 hours and rapidly

which allthe Mg-Al alloys are inthe liquid state (Fig. 3). cooled. In spite of the very long duration of the heat-

This temperature of 1000 K also corresponds to the uptreatment, no indication of solid state reaction could be

per limit of the range in which aluminium or magnesium found at the interface between the fibres and the Mg-Al

base composites are usually processed by liquid phas#loys. Most often, the fibres appeared inserted between
infiltration. A third series of experiments was carried three grains of the Mg-Al matrix, touching them only
outat 1273 K (1000C) to explore the high temperature in rare points, as shown in Fig. 4. The EPMA concen-

domain. tration profiles recorded in these points (Fig. 5) were
characteristic for an abrupt interface, the width of the
3.1. Heat-treatments at 723 K fibre/matrix transition zone (about 2.%n) correspond-

For these experiments at low temperature, two different?d 0 the lateral resolution of the technique under the
Mg-Al alloys were prepared in a first stage: a single-OPerating conditions used.

phased Mg-based alloy containing 6 wt.%Al and a

single-phased alloy of the compound;#/Mg,7 con-  3.2. Heat-treatments at 1000 K

taining 43.9 wt.%Al. It can be seen in Fig. 3 that both In this second series of experiments, carbon parti-
alloys are in the solid state at 723 K (480). Mixtures  cles and P55 broken fibres were heated for 60 hours
made of powders of each of these two alloys with a fewat 1000 K under an atmospheric pressure of argon
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phase, A|C3, could be unambiguously characterized

by XRD as reaction product in the two samples where
graphite had been heated in the presence of the Mg-

\ Al alloys with the highest aluminium contents (sam-

1,00

0,80 1

2 Mg ples Mg-Al 50/G; and Mg-Al 30/G). The character-

= 060 istic diffraction lines of this reaction product appeared,

:.'_,' however, at angular positions slightly different from

[ those reported for pure AC3 in the JCPDS diffraction

_g’ 0,40 | file 35-799. Using a classical least square program, the

‘g’ unit cell parameters of the carbide formed by reaction

S o020 Al were refined in a hexagonal symmetry. To the preci-
/ sion the method used, the values obtained for the cell

parametera, corresponded to that of 3.3388(&)re-

0,00 1 ——u p ' ported for pure A|Cz in the above mentioned diffrac-
0 5 10 tion file whereas the values obtained for the cell param-
Distance (microns) eter,c, were slightly largerc=25.11(3) A for sam-

ple Mg-Al 50/Cy orc = 25.16(3),& for sample Mg-Al
Figure 5 EPMA concentration profiles recorded for Al, C and Mg at

the crossing of the interface between a P55 carbon fibre and a Mg-Al égOI_CQF I_nStead oft = 24.996(3)A for pure 'A_‘|4C3- fo'
alloy after 1200 hours heating at 723 K, showing an abrupt interface (th@mination by OM of the small corresponding cylinders
counting ratedN/Np are referred to pure Al, C and Mg standard). Mg-Al 50/P55 and Mg-Al 30/P55 revealed the same

typical morphology for the AJCs phase produced. As

. . i shown in Fig. 6, this phase formed elongated crystals
(0.1 MPa) with Mg-Al liquid alloys having thf follow- (piatelets) up to 1@m long protruding from the surface
ing initial Al contents: 50, 30, 15 and 6 WL.%A. Pre- ot hq fibres into the Mg-Al matrix. The composition
alloying magnesium and aluminium powders appearegy these crystals, as determined by EPMA in samples
useless since a homogeneous liquid alloy was formeﬂﬂg_Al 50/P55 and Mg-Al 30/P55 (Table II), was found
in few minutes after melting. X-ray studies were carriednsistent with that of an ACs phase in which 5 to
out on rods (cold-pressed under 400 M.Pa) containing \v o5 of magnesium were present. As suggested by
initially rather large amounts of carbon in the form of e ajues in at.% reported between brackets in Table I,
graphite powder (10 to 20 wt.%C). OM or SEM obser- 5 gnesium atoms might replace aluminium atoms in
vations and EPMA analyses were performed on smaqhe structure of ACs.
cylinders (cold—press_ed urjder 1200 MPa) containing For the two Mg-Al/G, samples the richest in mag-
broken P55 carbon fibres in much smaller proportion,acium (Mg-Al 15/G, and Mg-Al 6/G), no reaction
(2.4 wt.%C). For all these samples, the weight loss WaSroduct could be characterized by XRD, due the too
lower than 20%. strong intensity of the diffraction lines of metallic mag-

Results obtained by XRD are summarized in Table |, ogjym, whereas a reaction phase was clearly revealed
The first observation that could be made was that all

the samples treated at 1000 K mainly consisted of un-
reacted graphite and of a solidified Mg-Al alloy, the
composition of which was not very different from the
starting one: in fact, only a moderate enrichment of
the alloy in magnesium occurred, indicating that reac-
tions between graphite and the Mg-Al alloys under the
experimental conditions used were very incomplete. r
Despite the incomplete character of the reactions ani
the presence of magnesium oxide impurity (brought
with the starting Mg powder), the aluminium carbide

TABLE | Phases characterized by XRD in Mg-AfGamples heat-
treated at 1000 K for 60 hours under 0.1 MPa of argon and in the preser
of Mg vapour in excess

Phases characterized

Initial composition by XRD (decreasing

Sample wt.%Mg wt.%Al wt.%C abundance) o
Mg-Al 50/Cy 40 40 20 AhoMgs7, C, -
AI4C3,MgO
Mg-Al 30/Cy,  60.9 26.1 13 Mgoisol-» Al12Mg17,
C, MgO, A|4C3
Mg-Al 15/Cy  76.5 135 10 Mgoisol-» C,
Al12Mg17, MgO ) ) ) )
Mg-Al6/Cq 836 5.3 11 Quasi-pure Mg, Figure 6 Optical micrograph of the Mg-Al 30/P55 interface after
C, MgOo 60 hours heating at 1000 K. AC3 hexagonal platelets protrudes from

the fibre surface into the Mg-Al matrix.
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TABLE Il Composition in wt.% (and corresponding values in at.%) TABLE 111 Composition in wt.% (and corresponding values in at.%)
of the carbide crystals formed in Mg-Al/P55 samples after 60 hoursof the carbide crystals formed in Mg-AlgE samples after 60 hours
heating at 1000 K under 0.1 MPa of argon heating at 1000 K under a reduced pressure of argon= DFD38 MPa)
and without Mg in excess

Composition and nature of the reaction

carbide crystal Composition and nature of the reaction
WL%Mg  Wt%Al  wt%C carbide crystals
Sample (at.9%Mg) (at.%Al) (at.%C) Mgwt.% Alwt% Cwt%
Sample (at.%) (at.%) (at.%)
Mg-Al 50/P55 49 70.4 24.7 AC3
(4.1) (53.7) (42.2) (XRD) Mg-Al 15/Cq (LP)  24.4 49.4 26.1  AMgC;
Mg-Al 30/P55 6.0 69.4 24.6 AC3 (20) (36.6)  (43.4) Form T1 (XRD)
(5.1) (52.8) (42.1) (XRD) Mg-Al 6/Cqr (LP) 221 50.1 278  AMgC;
Mg-Al 15/P55 22.6 50.6 26.8 AMgC; (17.9) (36.5)  (45.6) Form T1 (XRD)
(18.5) (37.2) (44.3)
Mg-Al 6/P55 23.4 51.6 25.0 AMgC;
(19.5) (38.7) (41.8) whole course of the heat-treatment, the relative weight
loss for this metal- Am/mg, being of about 0.45% by
hour.

After 60 hours heating under these new experimental
conditions (LP), globular crystals with the same com-
position as those previously obtained were observed
by OM and analysed by EPMA in samples Mg-Al
15/Cy(LP) and Mg-Al 6/G(LP) (Table 1ll). Moreover,
owing to the evaporation of magnesium, a new set of
diffraction lines became visible in the XRD spectrum
of these samples. As no phase with this set of lines
was reported so far in the Al-C-Mg system, it was con-
cluded that a new aluminium-magnesium carbide had
been synthesized. On the basis of theoretical consid-
erations and referring to EPMA results, we have at-
tributed to this ternary carbide the chemical formula
Al,MgC; [20].

After 180—200 hours heating, all the metallic mag-

il nesium had disappeared from the samples Mg-Al
10 15/Cy4(LP) and Mg-Al 6/G;(LP), which allowed a pre-
Hm cise determination of the angular position and inten-

sity of the diffraction lines of the first set characteristic
for Al,MgC,. These lines were indexed in a hexoago-
nal symmetry witha = 3.4017(7) ancc =12.292(2)A
(crystalline phase 1 Table IV). However, heating
Figure 7 GIobl_JIar AbMgC; crystals formed afFer 60 hours he_ating at for 200 hours under reduced pressure also revealed
;ﬁ(()))(/);( at the interface between P55 carbon fibres and Mg-rich Mg AIa second Set of unknown dlffrac_tlon lines. This se_c—
ond set which appeared superimposed on the first
set was also indexed in a rlexagonal symmetry with
at the interface between the P55 fibres and the allop=3.377(1) ancc =5.817(4)A (crystalline phase 7,
by OM observation of the corresponding magnesiumTable V).
rich Mg-Al 15/P55 and Mg-Al 6/P55 cylinders. On At this stage of the heat-treatment, not one but two
the one hand, this reaction phase underwent a rapidew crystalline phases were present with MgO and un-
hydrolysis in ambient air, as ACs, but on the other reacted carbon in the magnesium-rich Mg-AY€am-
hand, its morphology was different from that of,&;.  ples. The question was to determine the composition of
As shown in Fig. 7, the reaction product effectively the crystalline phase;Tmixed with ALMgC, crystals
appeared rather in the form of globular crystals than irof the T; variety. It was thought for a moment that
that of elongated ones. Furthermore, EPMA analyses, crytals could form by decomposition of AMgC,,
of this reaction phase in Mg-Al 15/P55, Mg-Al 6/P55 as a consequence of magnesium evaporation during
cylinders revealed Al, C and Mg contents that wereprolonged heating, but this hypothesis had to be ruled
incompatible with any known phase of the Al-C-Mg out. Effectively, no appreciable change occurred in the
system (Table ). XRD spectrum of sample Mg-Al 15/Cgr(LP) previ-
To solve the XRD characterization problem, the du-ously treated for 200 hours at 1000 K on re-heating
ration of the heat-treatment of the magnesium-rich Mgfor 65 hours at 1000 K under a primary vacuum of 10
Al/Cg cold-pressed rods was increaed by steps from 6@a: the only conclusion that could be drawn was that the
to 200 hours, the pressure of argon in the reaction tubternary carbide AMgC, with the crystalline form T
was reduced from Po 3.8 x 10* Pa and excess mag- was stable at 1000 K under vacuum. In fact, additional
nesium powder was not added. This resulted in a slovexperiments carried outat 1273 K revealed thatthe crys-
evaporation of magnesium from the samples during théalline phases Tand T, had the same composition.
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TABLE IV X-ray powder diffraction data for the ternary carbide TABLE VI Phases characterized by XRD in Mg-AfCand Mg-

Al,MgC, under the crystalline form {r(ohexagonal crystal symme-
try with a:§.4017(7) andc=12292(2) A, filtered Cu K, radiation
A =1.54056A)

dobs: dealc.

(A) (A h k | 1/100bs
6.156 6.146 0 0 2 18
3.071 3.073 0 0 4 17
— 2.946 1 0 0 -a
2.864 2.864 1 0 1 100
2.655 2.656 1 0 2 48
2.390 2.392 1 0 3 70
2.125 2.126 1 0 4 62
2.047 2.049 0 0 6 46
1.8863 1.8874 1 0 5 33
1.7003 1.7006 1 1 0 69
— 1.6819 1 0 6 -a
1.6387 1.6391 1 1 2 3
— 1.5365 0 0 8 <2
1.5081 1.5083 1 0 7 6
— 1.4880 1 1 4 -2
— 1.4728 2 0 0 —
— 1.4623 2 0 1 -2
1.4321 1.4320 2 0 2 7
1.3860 1.3860 2 0 3 10
1.3625 1.3623 1 0 8 8
1.3280 1.3281 2 0 4 10
1.3077 1.3085 1 1 6 38
— 1.2634 2 0 5 -2
1.2390 1.2390 1 0 9 6
— 1.2292 0 0 10 2
1.1955 1.1958 2 0 6 2
— 1.1401 1 1 8 —
1.1342 1.1344 1 0 10 3

aThese reflexions may be hidden by other lines from MgO, £, T

TABLE V X-ray powder diffraction data for the ternary carbide
Al,MgC, under the crystalline form J (hexagonal crystal symme-
try with a=3.377(1) andc=5.817(4) A, filtered Cu K, radiation

1 = 1.54056A)

d(gbs- dco‘.alc-

A (A) h k I [/100bs
5.824 5.817 0 0 1 5
2.924 2.925 1 0 0 10
— 2.908 0 0 2 -2
2.612 2.613 1 0 1 100
2.062 2.062 1 0 2 68
1.9385 1.9389 0 0 3 17
1.6887 1.6887 1 1 0 43
— 1.6217 1 1 1 —
1.6162 1.6161 1 0 3 7
1.4617 1.4625 2 0 0 5
— 1.4604 1 1 2 —
— 1.4542 0 0 4 —
1.4185 1.4183 2 0 1 15
1.3077 1.3066 2 0 2 i)
— 1.3021 1 0 4 8
1.2736 1.2734 1 1 3 19
1.1670 1.1676 2 0 3 1
— 1.1633 0 0 5 —

aThese reflexions may be hidden by other lines from MgO, C, T

3.3. Heat-treatments at 1273 K

Al/P55 samples reacted for 10 hours at 1273 K in a sealed iron tube

" . Phases characterized
Initial composition

by XRD (decreasing
Sample wt.%Mg wt.%Al wt.%C abundance)
Mg-Al 82/Cy, 10.8 48.6 40.6 7, C, AlsCg, MgO
Mg-Al 73/Cy, 21 57 22 B, Mgsolsol-, Al4Cs,
MgO, C
Mg-Al 53/Cy, 35 39 26 B, quasi-pure Mg, C,
MgO, AlsCs
Mg/Cqr + Al4C3 35 39 26 Quasi-pure Mg,
Al4C3, MgO, T, C
Mg-Al 14.3/Cy 66 11 23 Quasi-pure Mgzl C,
MgO, AlsCs
Mg-Al 14.3/P55 75.1 12.5 2.4 Mgl sol-, MgO,
Al12Mgs7

Mg-Al 2/P55 95.65 1.95 2.4 Quasi-pure Mg, MgO

ucts, a third series of heat-treatments was performed
at 1273 K on various mixtures of the Al-C-Mg system,
using the experimental assembly illustrated schemati-
cally in Fig. 2. In that case, the heating duration was
of 10 hours (for longer reaction times, the tightness of
the heating assembly was no more ensured). Results
obtained by XRD and EPMA for this third series of
high temperature experiments, summarized in Table VI,
were effectively very different from those previously
reported after 65 hours heating at 1000 K.

It first appeared that, contrarily to what was ob-
served at 1000 K, the Mg-Al alloys present in the
samples after heating for 10 hours at 1273 K were
quite different in composition from the starting ones.
For sample Mg-Al 82/¢;, all the metallic magnesium
initially present was combined (no metallic or inter-
metallic Al-Mg phase was detectable). For sample Mg-
Al 73/Cq, a magnesium-rich alloy remained (Mg-Al
12 from EPMA results). For samples Mg-Al 53/C
and Mg-Al 14.3/G, all the aluminium initially present
was combined and quasi-pure magnesium was the only
metallic phase characterized after reaction. Anotherim-
portant difference was the fact hat the three samples
initially the richest in aluminium, i.e. samples Mg-Al
82/Cyr, Mg-Al 73/Cy and Mg-Al 53/ all contained
the crystalline phase,J phase which had not been de-
tected after 65 hours at 1000 K. In addition to this phase
T, an ALC3 type phase with a slightly shiftecparam-
eterwas also characterized, as at 1000 K, but the relative
abundance of the latter was much lower than that of the
former.

From these results, it was obvious that reactions
had progressed much farther during the 10 hours heat-
ing at 1273 K than during the 65 hours heating at
1000 K. However, it was also clear that equilibrium
was generally not reached since more than three phases
(in addition to MgO impurity) were found in samples
Mg-Al 73/Cgyr, Mg-Al 53/Cyr and Mg-Al 14.3/G,. Ef-
fectively, no more than three phases are generally ob-
tained in a ternary system under a constant pressure

As previously remarked, only very incomplete reac-when equilibriumis reached at a given temperature (ob-
tions were generally observed after 65 hours heating atining four phases is not theoretically impossible but
1000 K. To favour a more pronounced chemical in-the choosen temperature would have to corespond ex-
teraction and characterize further the reaction prodactly to that of an invariant transformation, which is
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very unlikely). In the same regard, the relative abun-TABLE VI_I Compositioninwt_.%(and corresponding values in at.%)
dance of the constituents in samples Mg-AI 593/§hd of the carbide crystals formgd in sample; Mg-Al 7§I'Gnd Mg-Al
Mg/C + Al,C3 were found very different after reac- 14.3/P55 after 10 hours heating at 1273 K in a sealed iron tube

gr

tion at 1273 K whereas these two samples had initially Composition and nature of the reaction
the same elemental composition. Why equilibrium con- carbide phase

ditions could not be attained at a reaction temperature as WL%Mg  WEL%AI  wt.%C

high as 1273 K could of course be justified by bad qual-sample (at.%Mg) (at.%Al) (at.%C)

ity contacts between the reactants or by graphite passi-

vation. In fact, the main reason was else, as revealed b'Y}g'A' 73/Car (g';) (gg'i) (‘21‘11 2) §<§3D)

the results obtained for sample Mg/@- Al4Cg, which 20.8 50 202 AMGCs
showed that a reaction between,84 and pure magne- (16.7) (36.1) (47.2)  FormXXRD)
sium yielding the crystalline phase Was possible but Mg-Al 14.3/P55  22.7 53.6 237  AMQC;
progressed at a very slow rate. The non-attainment of (19) (406) (404

equilibrium at 1273 K could thus be understood by con-
sidering that A{C3 was rapidly formed in a first stage
of the interaction and had not time enough toreactwith . .
magnesium in a second stage. ation in the aluminium content of the alloy could be
0,
Examination by OM and SEM of polished sec- detecte_d fro_m2_to 2'6Wt.' YAl .

tions of samples Mg-Al 73/ and Mg-Al 53/G re- At this point, it was logical to consider that the crys-
vealed that at 1273 K, the reaction phasegCAland talline phas_e_s fand T were two polymorp_hs of_the
T, formed facetted platelets imbricated in each Othelsame_aIumlnlum—magnesmm ternary.carblde with the
(Fig. 8). Analyses performed by EPMA on sample Mg- chemical formula AIMgCy, T, appearing rather as a
Al 73/Cy, yielded two different sets of values for Al, C low temperature” variety andlrather as a *high tem-

and Mg: a first set attributable to the,&; phase (with perature" variety. To ac_q_uire more detailed informa-
about 6 wt.% of magnesium in solid solution) and gtionon the thermal stability of these two polymorphs,

second set corresponding to the crystalline phase T S&mple Mg-Al 15/Cgr(LP, 200 hours heating) in which

o .« Al,MgCs, under the T and T; crystalline varieties had
As shown by Table VII, the composition found for this /"2 2
crystalline phase Jwas, to the precision of the tech- formed at 1000 K was re-heated for 10 hours at 1273 K

; ; ; d sample Mg-Al 53/g in which only the B crys-
nique used, the same as that previously established fGNe .
the crystalline phase;T The same phase composition tall;]ne Va(;'?ty of AhngCz had formed at 12h73 K was
was also obtained by EPMA for the crystals formed'€-neated for 65 hours at 1000 K. XRD characteriza-

after 10 hours heating at 1273 K in sample Mg-Al tion of the resulting products did not show any trans-

14.3/P55: in that case, &C3 was not found and the forr_‘na_tion between the “low” and *high tempe_rature"
final alloy composition was of 11 wt.%Al. Finally, no Varieties: & was not changed intozfon reheating at
indication of the formation of a reaction product was 1273 K and } was not _ch_anged IntogTon re-heating
obtained for sample Mg-Al 2/P55: only a slight vari- at 1_000 K'. The two varietiesyTand T2_would_then ex-

hibit certain metastable character, like for instance the
B-cubic anda-hexagonal crystalline forms of silicon
carbide SiC.

4. Phase equilibria at 1000 K in the Al-C-Mg
system
It was noticed in the preceding Section that reactions in
the Al-C-Mg system were very often incomplete, even
at temperatures as high as 1273 K, which impeded at-
tainment of equilibrium. The only equilibria that could
be considered as being established at 1000 or 1273 K
were local equilibria between liquid Mg-Al alloys and
crystals of ALC3 or Al,MgC, growing from these al-
loys as a result of the attack of carbon particles or fi-
bres. In order to acquire more detailed information on
the phase relations in the Al-C-Mg system, a further
study of these solid-liquid phase equilibria was carried
out by isothermal diffusion at 1000 K, i.e. at the high-
est temperature still compatible with the production of
Mg-Al base composites by liquid phase processing.
Two conditions had to be fulfilled for obtaining
significant results: first, the composition of the lig-
uid alloys must not vary in large proportions during
Figure 8 Optical micrograph of sample Mg-Al 73¢cafter 10 hours the Who!e length of the heat'treatment and second,
heating at 1273 K showing ACs (dark) and AbMgC, (grey) platelets ~ the carbide crystals growing from the liquid must be
of the T, variety imbricated in each other. large enough for a non-ambiguous characterization by
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TABLE VIII Alloy matrix and carbide crystals compositions, as determined by EPMA in Mg-Al/P55 samples (2.4 wt.%C) after heating for
60-65 hours at 1000 K

Mg-Al/P55 Aluminium content in the Mg-Al alloy matrix Composition of the crystalsformed by reaction
mpl

no. e Wt9%AI (initial) Wt.9%A (final) Wt.%Mg Wt.96AI Wt.96C

1 75 70+ 4 4.5 73.6 21.9

2 50 49+ 3 4.9 70.5 24.6

3 40 43+ 3 4.6 71.7 23.7

4 30 31+3 6.0 71.0 23.0

5 23 22+ 25 6.1 70.9 23.0

6 21 23+ 25 5.6 67.7 26.7

7 19 21+ 25 5.1 68.3 26.6

8 17 19+ 25 21.4 51.2 27.4

9 15 16+ 2 22.6 50.6 26.8
10 14.3 16+ 2 26.4 49.8 23.8
11 6 5+1 23.4 51.6 25.0
12 2.5 15+ 0.5 23.8 52.0 24.2
13 2 Q6+ 0.2 21.8 50.7 27.5
14 P 0.7+0.2 22.6 49.6 27.8
15 0.5 06+ 0.2 — — —

8Calculated by difference to 100%.
b130 hours heating.

EPMA. Practically, these ideal conditions could be ap-worth noting that for samples 13 and 14, the aluminium
proached by heating Mg-Al/C samples for 60—65 hourscontent of the Mg-Al matrix decreased from an initial
at 1000 K in the assembly shown in Fig. 1. For thesevalue of 2 wt.% to a final value of 0.6-0.7 wt.% what-
experiments, the opened crucible filled with pure mag-ever the heating time, whereas for sample 15 in which
nesium powder was placed above the covered cruciblao reaction occured, this aluminium content remained
containing the samples and the heat-treatments wenenchanged or slightly increased from an initial value of
realized under an atmospheric pressure of argon. Eadh5 wt.% to a final value of 8 & 0.2 wt.%.
sample was a small cylinder prepared by cold-pressing Concerning the carbide crystals analyzed in all the
under 1200 MPa a mixture of magnesium and alutreated samples except sample 15, they could be classed
minium powders (not pre-alloyed) in which broken P55in two groups. Crystals grown in Mg-Al matrices with
carbon fibres had been dispersed. The aluminium coran aluminium content higher than or equal to 19 wt.%
tent of the initial Al-Mg mixture varied from 0.5 to 75 exhibited compositions characteristic for an®4 type
wt.%Al depending on the sample; the proportion of thebinary carbide with up to 6 wt.% of magnesium present
P55 broken fibres added was fixed at a value of 2.4 wt.%n solid solution. Crystals grown in Mg-Al matrices
(Table VIII, samples no. 1 to 15). with an aluminium content ranging from 0.6 to 19 wt.%
After 60—65 hours heating at 1000 K and rapid cool-had compositions typical for the ternary aluminium-
ing, carbide crystals with a thickness of at leagti®  magnesium carbide AMgC, previously character-
were found at the fibre/matrix interface in all the treatedized.
Mg-Al/P55 samples except the one the richest in mag- Exploitation of these results in terms of liquid-
nesium (Table VIII, sample 15). These crystals couldsolid equilibria led to the construction of the Al-C-Mg
then be easily characterized by EPMA (point mode).isothermal section presented in Fig. 9. Two three-phase
The weight loss of the samples was evaluated to bequilibria are remarkable in this section. These are
less than 20%. This weight loss was in fact very diffi- on the one hand the equilibrium between carbon, the
cult to measure precisely since condensed magnesiutarnary carbide AIMgC, and a Mg-Al liquid contain-
droplets in variable amounts were often stuck to thang 0.6 £+ 0.2 wt.%Al (0.54 &+ 0.2 at.%Al) and on the
surface of the samples. To overcome this problem, thether hand, the equilibrium between the ternary car-
composition of the Mg-Al alloy matrix was system- bide Al,MgC,, the binary carbide AIC3; with about
atically re-determined by EPMA (line scan mode) af- 6 wt.%Mg in solid solution and a Mg-Al liquid contain-
ter heat-treatment. The results obtained are reported img 19+ 2 wt.%Al (17.5 + 2 at.%Al). In the absence
Table VIII. of any other ternary phase, the equilibrium between
As concerns the Mg-Al alloy matrix, EPMA did not the three solid phases C-MgC,-Al4C3 deduces by
reveal any significant variation before and after heatconstruction.
treatment as long as the initial aluminium content of the Indications on how the Al-C-Mg phase equilibria ex-
Mg-Al powder mixture constituting the major part of perimentally determined at 1000 K may change when
the samples was higher than or equal to 6 wt.% (samplethe temperature decreases are given in Fig. 10. This ten-
1to 11). For these samples, enrichment of the alloy matative representation based on simple thermodynamic
trix in aluminium due to magnesium evaporation was,considerations shows that the phase fields of carbon and
to a certain extent, counterbalanced by impoverishmeraf Al,MgC, become narrower when the Mg-Al alloy
due to reaction with carbon. This was no more true forchanges from a liquid to a solid. Consequently, Mg-Al
samples 12—14 in which a significant impoverishmentalloys with an aluminium content as low as 0.1 wt.%
in aluminium of the Mg-Al matrix was detected. It is would react in the solid state with carbon. From 0.1
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C heating time, the heating temperature, the alloy com-
position and the fibre nature.
T = 1000K The SEM photographs presented in Fig. 11a to d
illustrate the development of the interface reaction in
Mg-Al 2.5/P55 samples heat-treated at 930 K. After 10
hours heating (Fig. 11a), only some places of the carbon
C fibre surface have effectively been wetted by the liquid
AlsMgCo alloy, suggesting that an induction period is needed to
L c break protective oxide layers. In these places where
Al4CH an intimate contact has established, carbon has begun
L to dissolve in the liquid alloy, leaving the small depres-
sions visible at the fibre surface. At the same time, some
AlsCa AloMgCo Al,MgC; crystals have nucleated on impurit'y seeds lo-
AloMgCa Al4Cs  cated at _the me_tal/_flbre interface or close toit and begun
to grow in the liquid. After 20 hours heating at 930 K
(Fig. 11b), almost all the surface of the carbon fibres is
wetted by the liquid alloy and the attack is much more
severe than after 10 hours. Deep dissolution craters have
Mg Al formed at the fibre surface and newoMgC, crystals
have appeared. At this stage, it can be remarked that
Figure 9 Phase equilibria at 1000 K in the Al-C-Mg syter? (= most of these AIMgC; crystals have developed in the
0.1 MPa). vicinity of the fibre surface but not directly onto it. This
indicates that the carbon surface is not a favourable site
1200 for the nucleation of AIMgC,. After 75 hours heating
at 930 K (Fig. 11c and d), more than one half of the ini-
tial carbon fibre has been dissolved and converted into
Al,MgC; crystals. As concerns these crystals, itis their
size rather than their number that has increased between
20 and 75 hours heating, which account for the fairly
different interface morphologies observed. When the
nucleation sites initially present around the fibre were
3 in sufficient number, the AMgC; crystals have joined
;(y - 700 together and come in contact with the central part of

grid in weight %

1100

I 1000

ca y 72
L T Py

I 900

\\\\\\\
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the fibre not already attacked, forming the protective
shell visible in Fig. 11c. When only few nucleation
0 10 20 30 40 sites were initially present, some places of the carbon
Mg > WtL%Al fibre still remain in direct contact with the liquid alloy
and degradation by dissolution-precipitation can con-
Figure 10 Tentative representation of the Al-C-Mg phase equilibria be- tinue at a constant rate up to the complete consumption
low 1000 K. . . .
of the fibre, as shown in Fig. 11d.

The same experiments reproduced at 930 K with Mg-
to about 6 wt.%All, it is the ternary carbide AMIgC, Al alloys containing 6 and 9 wt.% of aluminium led
(under the crystalline form 1) that would be produced to nearly the same observations. The only differences
by solid state reaction while for aluminium contentsthat appeared when the aluminium content of the al-
higher than about 6 wt.%, AC3 would appear. loy increased were that the liquid alloy wetted the fibre

surface at a slightly faster rate and that theM¢C,

crystals tended to develop closer to this surface. Com-
5. Mechanism and kinetics of growth of the parison of Figs 11b, 12 and 13 illustrates these little

ternary carbide Al,MgC, differences at a reaction time of 20 hours. An EPMA

Inthe scope of producing high performance magnesiungoncentration profile typical for these samples is shown
base matrix composites, it was interesting to get a betin Fig. 14.
ter insight into the mechanism and kinetics of growth  The effect of the fibre nature on the mechanism and
of the ternary carbide AMgC; by reaction between kinetics of growth of A(MgC, can be seen on the SEM
carbon fibres and magnesium-rich Mg-Al alloys. Forphotographs taken after 20 hours heating at 930 K in a
that purpose, heat-treatments were carried out in thi#g-Al 6 alloy and presented in Figs 15 and 16. PAN-
temperature range 723-1000 K on small cylinders prebased M40 fibres (purity better than 99 wt.%C, 6r&
pared by cold-pressing broken carbon fibres (2.4 wt.%)n diameter, Toray) were observed to react with Mg-
with Mg-Al powder mixtures of different compositions rich Mg-Al alloys (Fig. 15) at the same rate and via
(from 2 to 10 wt.%Al). After having verified by EPMA  the same dissolution-precipitation mechanism as pitch-
that the composition of the crystals formed by reactionbased P55 fibres. This result can be understood by con-
effectively corresponded to that of the ternary carbidesidering thatin the two types of fibres, carbon is in about
Al;,MgC;, attention was focussed on the morpholologythe same graphitization state with a crystalljte size in
of the metal/fibre interface and its evolutions with thethec axis direction L, in the order of 70-108\ [10].
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Figure 11 Development of the interface reaction in Mg-Al 2.5/P55 samples heat-treated at 930 K. (a): for 10 hours; (b) for 20 hours; (c) and (d): for
75 hours.

Figure 12 Interface in a Mg-Al 6/P55 sample heat-treated at 930 K for
20 hours. Figure 13 Mg-Al 9/P55 sample heat-treated at 930 K for 20 hours.
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Figure 14 EPMA concentration profiles recorded at the crossing of the
interface in a Mg-Al 6/P55 sample heated for 20 hours at 930 K.

Figure 16 Mg-Al 6/T300 interface after 20 hours heating at 930 K.

Figure 15 Mg-Al 6/M40 interface after 20 hours heating at 930 K.

Consistently, highly graphitized pitch-based P100 fi-
bres (purity better than 99 wt.%C, 10 in diameter, _ _ _
Amoco) with aL value in the range 130-159[10] zfmuﬁ. ;;J”;g;czgogotft‘;vg%;;% fibre and a Mg-Al 6 alloy in the
appeared far less reactive than P55 or M40 fibres: no re- ‘ '
action could in effect be detected at the Mg-Al6/P100
interface after 20 hours heating at 930 K. As for the All the morphological features described above were
PAN-based T300 fibres (purity about 92 wt.%Cuffi  not noticeably modified when the temperature was
indiameter, Toray), they exhibited a singular behaviourchanged. In fact, what was strikingly modified was the
they were the first of the four types to be wetted by therate at which the interaction process developed. As an
liquid Mg-Al alloy and to react with it, which was in  example, complete dissolution of some P55 fibre pieces
agreerrgentwith theirlow degree of graphitizationftc  in a Mg-Al 2.5 alloy took less than 10 hours at 1000 K
10-20A) [10], but they were also the first to be pas- while at 930 K, more than 75 hours were necessary. At
sivated by a thin and continuous MgC, layer, as temperatures lowerthan 930 K, the reaction rate still de-
shown in Fig. 16. This rapid passivation might be re-creased. As shown in Fig. 17, interaction between P55
lated with the presence in the T300 fibres of 6—-8 wt.%fibres and a Mg-Al 6 alloy in the semi-liquid state had
of nitrogen, which could give rise to the formation of just begun after 75 hours heating at 860 K;MbyC,
MgsN> nucleation sites for AMgC, at the metal/fibre crystals were also observed to form by dissolution-
interface. precipitation at the interface between P55 fibres and a
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6. Conclusion

The aim of this study was to examine how the excel-
lent chemical inertness of carbon fibres towards mag-
nesium was affected when this metal was alloyed with
aluminium. From the results obtained, it is clear that a
chemical reaction can develop at the interface between
carbonfibres and a Mg-Al alloy as soon as little amounts
of aluminium are presentin the alloy. At a temperature
of 1000 K where all the Mg-Al alloys are in the liquid
state, the aluminium content beyond which carbon can
be attacked has been found to be @-60.2 wt.%. This
threshold value tends to increase with the temperature
to attain at least 2.6 wt.% at 1273 K whereas for Mg-Al

1,00

0,80

0,60 -

0,40 |

Counting rate (N / No)

0,20 -

0,00 — — A s alloys in the solid state below 923 K, an interface reac-
0 5 10 tion would still be possible for aluminium contents as
Distance (microns) low as 0.1 wt.%.

The products of the chemical interaction between
Figure 18 EPMA concentration profile showing the presence of carbon fibres and Mg-Al alloys are either the ternary
Al2MgC:; at the fibre/matrix interface in a Mg-Al 3/P55 sample heated cgrbide AbMgC, or the binary aluminium carbide
for 1200 hours at 853 K. Al,4Cs, depending on the composition of the alloy
and on the temperature. At a temperature of 1000 K,
Al,MgC; is formed in Mg-Al alloys with an aluminium
content ranging from 0.6 to 18 2 wt.%Al and ALC3
(with up to 6 wt.%Mg in solid solution) is produced in
Mg-Al alloys with an aluminium content higher than
19+ 2 wt.%All.

Formation of AbMgC, by reaction between carbon
fibres and Mg-rich Mg-Al alloys always proceeds via a
dissolution-precipitation mechanism whatever the state
of the alloy: liquid, semi-liquid or solid. This mecha-
nism involves the migration of carbon atoms by dif-
fusion in the alloy from the fibre surface where disso-
lution craters appear to the faces obMgC, crystals
growing in the metal matrix. The rate at which interac-
tion progresses mainly depends on the microstructure
of the fibres (the most graphitized being the least reac-
tive) and on the reaction temperature (thermally acti-
vated process). The alloy composition also influences
the reaction kinetics but to a lesser extent.

From the practical point of view of processing mag-
nesium base matrix composites reinforced with carbon
fibres, the use of Mg-Al alloys instead of pure mag-
nesium may be advantageous in several regards. It can
Figure 19 Dissolution crater formed at the surface of a M40 fibre after fOr instance facilitate a better control of the infiltration
20 hours heating at 930 K in the presence of a Mg-Al 6 alloy (the metaland of the solidification of the metal matrix in compos-
matrix and AbMgC, were removed by acidic attack). ites produced by liquid phase processing [13]. It can

also allow pre-coated fibre tapes to be consolidated by

hot pressing in the semi-liquid state [22]. It is thought
Mg-Al 3 alloy in the solid state at 853 K but in that case, that these benefits will be kept as long as a chemical
the reaction progressed at a very slow rate, 1200 hour®action at the metal/fibre interface will be avoided,
heating being necessary to characterize the ternary carhich seems possible under certain processing condi-
bide ALbMgC, by SEM (same interface morphology as tions [12—14, 22], specially if highly graphitized fibres
that presented in Fig. 17) and by EPMA (Fig. 18). are used (observation made with P100 fibres in Sec-

Some experiments were finally carried out usingtion 5). On the other hand, it is considered that de-
the very common magnesium alloy AZ61 (6 wt.%Al, velopment of an interfacial reaction would rapidly be
1 wt.%Zn) instead of synthetic Mg-Al alloys. Neither detrimental to the material properties. In effect, no im-
zinc nor the other impurity elements presentin the comprovement of interfacial wetting or bonding is to be ex-
mercial alloy were observed to play a role in the reacpected from areaction that proceeds via the dissolution-
tion mechanism and kinetics. More especially, EPMAprecipitation mechanism characterized while formation
did not revealed any abnormal concentration of zinc orof dissolution craters at the fibre surface, as shown
of the other impurity elements when approaching than Fig. 19, will rapidly constitute a grave source of
alloy/fibre interface. damage.
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