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The interfacial reactions between various molten metals and solid plates were investigated 
in this diffusion couple study. The molten metals were pure magnesium, pure aluminium, 
aluminium-rich AI-Mg alloy, and aluminium-rich AI-Cu alloys, and the solid plates were 
pure nickel plate, alumina plate, and nickel-plated alumina plate. The interracial reactions in 
the diffusion couples were determined by using optical microscopy, scanning electron 
microscopy and electron probe microanalysis in regard to the formation of intermetallic 
phases, the dissolution rates of the nickel plates, and the morphology of the interfaces. 
Mg2Ni phase was found in the pure Mg/Ni plate diffusion couples, and theAlaNi and AlaNi2 
phases were observed in the pure AI/Ni plate and AI-alloys/Ni plate diffusion couples. In the 
AI-Cu alloy/Ni-plated alumina plate diffusion couple, AI203 formed at the interface, while 
spinel particles were found in the diffusion couples of AI-7.4 wt % Mg alloy/Ni-plated 
alumina plate. Experimental difficulty was encountered in preparing the diffusion couples 
with alumina plate, and a gap existing at the interface prohibited reactions between the 
molten metal with alumina plate. 

1. Introduction 
Alumina-reinforced aluminium matrix composites 
have received much interest owing to their high 
strength to density ratio, high Young's modulus to 
density ratio, and their good interracial stability 
[1-4]. The wetting ability between the aluminium 
alloys and the alumina is poor. The addition of some 
active elements, such as magnesium, to alloys and 
surface treatments of alumina, such as nickel plating, 
are the most common treatments used to overcome 
this non-wetting difficulty [5-7]. The improvement of 
the wetting ability mainly results from the chemical 
reactions between the added elements with the sub- 
strate and the surface coating with the molten alloy. In 
this study, the interfacial reactions between various 
molten metals and solid plates were investigated. The 
molten metals were pure aluminium, pure magnesium, 
aluminium-rich A1-Cu alloys, and aluminium-rich 
AI-Mg alloys, and the solid plates were nickel plate, 
alumina plate, and nickel-plated alumina plate. 

The reactions between the molten aluminium alloys 
and the alumina have been investigated by many 
researchers [1, 6, 8-14]. Levi et  al. [1] studied the 
interfacial reactions between polycrystalline alumina 
fibres and several aluminium-rich alloys. They found 
a stable A12MgO4 spinels formed at the interface of 
alumina fibre and A1-Mg alloys, and the spinel forma- 
tion was also observed by many other research groups 
[6, 8, 9, 12-14]. The studies of the interfacial reactions 
between the molten aluminium alloys and alumina are 
summarized in Table I. In spite of the frequent obser- 
vation of the spinel formation, Cappleman et  al. [10] 
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carried out their experiments in a shorter time (only 
for a few minutes), but did not find any spinel in 
their samples. Weirauch's experimental results [6] 
indicated that the spinel formed in the systems 
with higher magnesium content aluminium alloys 
(A1-6.0 wt % Mg), but not in those with lower magne- 
sium content alloys (A1 3.0 wt % Mg). Besides the 
formation of A12.MgO4 spinel at the interface, Levi 
et al. [1] and Molins et  al. [12] also found the MgO 
phase, yet it was not reported by other researchers 
[6, 8-11, 13, 14]. The formation rates of spinel were 
seldom discussed, and the results reported by Levi 
et  al. [1], Molins et  aI. [121, and McLeod and Gabryel 
[14] were scattered. Later in this report we will discuss 
the experimental difficulties encountered in this study 
when investigating the interfacial reactions between 
the molten aluminium alloys and alumina, which 
might explain the inconsistency of the data in the 
literature. 

Besides the addition of magnesium to aluminium 
alloys, nickel plating of the alumina can also enhance 
the wetting ability, and this is mainly due to the plated 
nickel reacting with the molten aluminium. According 
to the AI-Ni equilibrium phase diagram [15], four 
phases, A13Ni, A13Ni2, A1Ni, and AINi3, are likely to 
form at the A1/Ni interface when annealed below 
854 ~ Castleman and Seigle [16, 17] prepared A1/Ni 
diffusion couples annealed from 400-625 ~ and they 
determined only A13Ni, A13Ni2 phases at the A1/Ni 
interface. There were very thin layers of the A1Ni and 
A1Ni3 phases found in the A1/Ni diffusion couples 
with long-term annealing, 340 h, at 600~ Janssen 
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TABLE I Interactions between the molten aluminium alloys and alumina 

System Experimental conditions Experimental results Reference 

A1-Mg/A1203 600, 630, 640 ~ MgO, A12MgO4 [1] 
AI-Cu/A1203 637 ~ Al/O3, and unknown phase 
A1-6.0 wt % Mg/A1203 800 ~ AI2MgO4 [6] 
A1-3.0 wt % Mg/AI203 800 ~ No product 
AI-Mg/A1203 638-675 ~ AlzMgO4 [8] 
A1-Mg/AlzO3 50~ above the liquidus temp. A12MgO4 [9] 
A1-Mg/AlzO3 150~ above Tliquidus No product [10] 
Mg/AI20 3 723 ~ A12MgO4 [11] 
AI-Mg/AI203 500 ~ MgO, AlzMgO4 [12] 
AI-Mg/AlzO3 700, 750, 800, 850~ A12MgO4 [13] 
A1-Mg/AI203 675-800 ~ A12MgO4 [14] 
AI-7.4 wt % Mg/A1203 800 ~ AlzMgO4 Present work 
A1-2.4 wt % Mg/AlzO3 800 ~ No product Present work 
A1 Cu/AlzO3 800~ A1203 Present work 

TABLE II Interracial reactions in the A1/Ni and Mg/Ni systems 

System Experimental condition Experimental results Reference 

A1/Ni 400, 625 ~ A13Ni, A13Niz [16] 
A1/Ni 600 ~ 340 h A13Ni, A13Niz, A1Ni, A1Ni3 
A1/Ni 610 ~ 66 h A13Ni, A13Ni2 [18] 
A1/Ni thin film 250 ~ A13Ni [19] 
A1/Ni thin film 400, 430 ~ AlaNi [20] 
A1/Ni thin film 220~ A13Ni, A1Ni3, unknown phases [21] 
A1/Ni 600, 700, 750 ~ A13Ni, A13Ni2 Present work 
Mg/Ni thin film 225 ~ Mg2Ni [22] 
Mg/Ni 660, 680 ~ MgaNi Present work 

and Rieck [18] also found only A13Ni, A13Ni2 phases 
at the A1/Ni interface of the A1/Ni diffusion couples 
annealed at 610 ~ up to 66 h. Nastasi et al. [19] and 
Bertoti et al. [20] observed the formation of A13Ni 
phase in the thin-film A1/Ni system. The thin-film 
study by Tarento and Blaise [21] indicated different 
results and they reported the formation of the A13Ni, 
A1Ni3 and other unknown phases at the A1/Ni inter- 
face. As listed in Table II, the above-mentioned results 
were all for solid aluminium and solid nickel systems, 
while analogous liquid diffusion couples studies re- 
garding the molten aluminium and solid nickel were 
not found in the literature. Hong and d'Heurle [22] 
studied the Mg/Ni system and found Mg/Ni phase at 
the Mg/Ni interface, but did not find the MgNi2 
phase. In this study, the interracial reactions between 
the molten metals and plates were determined via the 
liquid diffusion couples experiments concerning the 
formation of intermetallic phases, the dissolution rates 
of the nickel plates, and the morphology of the interfa- 
ces. For  comparison, a diffusion couple made of solid 
aluminium and solid nickel plate and annealed at 
600 ~ was also prepared in this study. 

2. Experimental procedure 
The aluminium alloys utilized in this study were pre- 
pared by using a conventional method as described 
previously [23] and were from pure aluminium, cop- 
per and magnesium elements of 99.999% purity. The 
compositions of the prepared alloys were analysed by 
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TABLE II I  Compositions of the alloys used in this study 

Alloy Composition 

1 A1-1.7 wt % Mg 
2 A1-2.4 wt % Mg 
3 A1-7.4 wt % Mg 
4 Al-2.0 wt % Cu 
5 A1-4.0 wt % Cu 
6 Al-8.0 wt % Cu 

using inductively coupled plasma (ICP), and the 
results are listed in Table III. Three different types 
of plate were used for preparing diffusion couples, 
and they were pure nickel plate (99.995% purity), pure 
alumina plate (polycrystalline, 99.5% purity), and 
nickel-plated alumina plate. The conventional electro- 
less-plating procedures described in the Metals Hand- 
book [24] were followed for the nickel plating of 
alumina. The thicknesses of the alumina plate, the 
nickel plate, and the electroless-plated nickel layer 
were 750, 1000 and 3 gm, respectively. The width and 
length of the plates were 0.4 and 2.3 mm, respectively. 

As shown in Fig. 1, each plate was held vertically in 
a graphite crucible with two pieces of metal which 
weighed 3 g. The sample-containing crucible was 
loaded into a quartz tube and sealed in a 10 -* tort  
(1 torr = 133.322 Pa) vacuum. For  diffusion couples 
of types 1-14, the sealed quartz capsules were kept 
inside a vertical furnace at a pre-determined temper- 
ature, and after a pre-set length of time they were 
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Figure 1 A schematic diagram of the diffusion couple preparation procedures. 

taken out of the furnace and cooled in air. For diffu- 
sion couples of types 1, 2-8, 9 14, the annealing tem- 
peratures were 660 and 680 ~ 700 and 750 ~ and 
800~ respectively. These annealing temperatures 
were higher than the melting points of aluminium (or 
magnesium) and its alloys, while lower than those of 
the nickel plate and the alumina plate. For diffusion 
couples of type 15, the sample capsules were first held 
at 700~ for 5 rain, and then were transferred to 
a furnace at 600 ~ 

These air-cooled diffusion couple samples were first 
mounted and polished to reveal the cross-sections of 
the interfaces. The interfacial reactions in the diffusion 
couples were then analysed by using optical micros- 
copy (OM), scanning electron microscopy (SEM) and 
electron probe microanalysis (EPMA). X-ray dif- 
fraction (XRD) was also used to identify the phases 
formed at the interfaces. Owing to the non-planar 
interfaces in the annealed diffusion couples, the thick- 
ness of the remaining nickel layer was measured and 
the average values of the thickness were reported. 
Because well-defined reaction zones were not found in 
the diffusion couples with alumina plates, a different 
examination technique was applied. The air-cooled 
diffusion couple samples with alumina plates were 
etched in a NaOH solution to remove the unreacted 
aluminium alloys and to reveal the interface, which 
was later analysed by using SEM and EPMA. 

3. Results and discussion 
3.1. D i f fus ion  coup les  w i th  nickel plate 
In the beginning of the annealing process, the molten 
metal surrounded the nickel plate and formed the 
liquid diffusion couples; during the process, inter- 
metallic phases nucleated and grew at the interface, 
and the nickel layer dissolved by diffusion through the 
intermetallic phases into the unsaturated molten 
metal. As shown in Fig. 2, a reaction layer was ob- 
served in type 1 diffusion couple, which was the 
molten magnesium with nickel plate. This reaction 
layer existed in all the type I diffusion couples an- 
nealed with various times and temperatures as listed 
in Table IV, and the layer was determined to be 
MgzNi using energy-dispersive spectrometry (EDS) 
and XRD. The bright phase on the right-hand side of 
Fig. 2 was the unreacted nickel plate, while on the 
left-hand side was the two-phase mixture of magne- 

Figure 2 Microstructure of the interface in the Mg/Ni diffusion 
couple annealed at 680 ~ for 10 rain. 

sium and Mg2Ni, and the mixture was liquid phase 
prior to solidification. According to the equilibrium 
Mg-Ni phase diagram [251, both MgzNi and MgNi2 
phases are likely to form; however, the MgNi2 phase 
was not observed in all the type I diffusion couples 
investigated in this study. The average thickness of the 
remaining nickel layer was measured, and thus the 
dissolution rates of nickel could be calculated, as 
shown in Fig. 3. 

Two different reaction layers were found in all the 
type 2 diffusion couples, which were molten alumi- 
nium with nickel plate. As shown in Fig. 4, the layer 
adjacent to the nickel plate was the A13Niz phase, 
while the layer next to it and adjacent to the liquid 
phase was the A13Ni phase. These phases were iden- 
tified by using XRD and EDS. To achieve a more 
accurate analysis, the A1Ni phase was prepared by 
using an arc-melter and served as a standard reference 
for the EDS analysis. The dissolution rates of the 
nickel plates were measured in terms of the layer's 
thickness, and are shown in Fig. 5. According to the 
A1-Ni equilibrium phase diagram [15], besides the 
A13Ni and A13Ni2 phases, two other phases, A1Ni and 
A1Ni3, should have formed in the diffusion couples 
annealed at 750 and 700 ~ however, the latter two 
phases were not observed. These results, which 
showed only some of the possible phases at the inter- 
faces, were in agreement with those determined at 
lower temperatures both in the literature [16-20], and 
in this study, which was the type 15 diffusion 
couples exhibiting only A13Ni and A13Ni2 phases at 
the interfaces. 
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TABLE IV Different types of diffusion couples 

Diffusion couple Temp. (~ Time inside Interfacial reactions 
the furnace 

1 Mg/Ni plate 660, 680 5, 10, 15 rain MgzNi 
2 A1/Ni plate 700, 750 10, 20, 30 rain A13Ni, A13Ni2 
3 Alloy 1/Ni plate 700, 750 10, 20, 30 rain A13Ni (Q, A13Ni2 (8) 
4 Alloy 2/Ni plate 700, 750 10, 20, 30 rain A13Ni (Q, A13Ni2 (8) 
5 Alloy 3/Ni plate 700, 750 10, 20, 30 rain A13Ni (Q, A13Niz (8) 
6 Alloy 4/Ni plate 700, 750 10, 20, 30 rain A13Ni (c), A13Ni2 (8) 
7 Alloy 5/Ni plate 700, 750 10, 20, 30 rain A13Ni (Q, A13Niz (5) 
8 Alloy 6/Ni plate 700, 750 10, 20, 30 rain AlsNi (Q, A13Ni2 (5) 
9 Alloy 1/(Ni) AlzO3 plate 800 24 h 

10 Alloy 2/(Ni) AlzO3 plate 800 24 h - 
11 Alloy 3/(Ni) AlzO3 plate 800 24 h MgAI204 
12 Alloy 4/(Ni) A1203 plate 800 24 h A1203 
13 Alloy 5/(Ni) A1203 plate 800 24 h AlzOs 
14 Alloy 6/(Ni) A1203 plate 800 24 h AlzO 3 
15 A1/Ni plate 600 1, 2, 3 wk AlsNi, A13Ni2 
16 Alloy 1-6/A1203 plate 800 1, 4, 8, 24, 72 h - 
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Figure 3 The average thickness of the nickel layer consumed by the 
interracial reaction in the type 1 diffusion couple. (~-) 680 ~ 
(.. A.,) 660 ~ 

L n t ( I n m i n )  L n t ( I n m i n )  

Figure 5 The average thickness of the nickel layer consumed by the 
interracial reaCtion in the type 2 diffusion couple. (4~) 750~ 
(.. zx..) 700 oc. 

Figure 4 Microstructure of the interface in the AI/Ni diffusion 
couple annealed at 750 ~ for 25 min. 

The interracial reactions determined in the diffusion 
couples types 3-8 were very similar to those observed 
in the type 2 diffusion couples. Two phases, A13Ni (Q 
and A13Ni2 (8), formed at the interfaces. Their com- 
positions were determined by using EDS and only 
a small amount  of copper and magnesium was 
detected in the c and ~ phases. As shown in Fig. 6, a 
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Figure 6 A schematic diagram of the diffusion paths of the 
A1 Cu/Ni diffusion couples in this study. ( - -) Diffusion path, 
(-~--~) mass balance line. 

possible diffusion path of the A1-Cu/Ni  system was 
determined by comparing the 700 ~ isothermal sec- 
tion of the ternary A1-Cu Ni [26] and the experi- 
mental results determined in this study. The diffusion 
paths of the A1-Mg/Ni  and A1 Cu/Ni  systems were 
similar and were determined to be liquid/A13Ni/ 
A13Niz/Ni. The dissolution rates of nickel plates in the 
diffusion couples of types 3-8 are shown in Figs 7-12, 
respectively. 
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Figure 8 The average thickness of the nickel layer consumed by the 
interracial reaction in the type 4 diffusion couple. ( -~ )  750 ~ 
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e- 

x -  

_5 

10.00 - -  
9.00 - Al loy 5 /Ni  

8.00 - 

7,00 --:-- 

6,00 ~- 

5.00 =_- 

4.00 - " 

3.00' 

2.00, 

1.00 

, , r , I R t i i I , 

0.0~).00fl 1.00 2.00 

L n t ( I n m i n )  

I I ~ I I 

3.00 

Figure 11 The average thickness of the nickel layer consumed by 
the interfacial reaction in the type 7 diffusion couple. (~ - )  750 ~ 
(.-A-.) 700 ~ 
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Figure 9 The average thickness of the nickel layer consumed by the 
interracial reaction in the type 5 diffusion couple. (4,-) 750 ~ 
(-. ZX-.) 700 ~ 

The dissolution rates of the nickel plates, as shown 
in Figs 3, 5, and 7-12, were fitted to the following 
equation 

AX = At"  (1) 
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Figure 12 The average thickness of the nickel layer consumed by 
the interfacial reaction in the type 8 diffusion couple. (-A-) 750 ~ 
(--ZX .-) 700 ~ 

where AX is the thickness of the nickel layer con- 
sumed by the reaction, A is a constant, t the time for 
annealing, and n the empirical exponent. The values of 
n determined from the diffusion couples investigated 
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in this study are listed in TableV. If the rates of 
interracial reactions were diffusion controlled, the 
value of n should have been 0.5, commonly called 
the parabolic law, whereas in this study the values of 
n varied from 0.16-1.21. Dybkov [273 indicated that if 
the reaction rate was interfacial reaction controlled, 
the rate was directly proportional to the reaction time, 
i.e. n = 1. This interracial reaction control mechanism 
would then transit to diffusion control when the thick- 
ness of the reacted layer became large, i.e. n = 0.5. van 
Loo [28] and Old and Macphail [29] pointed out that 
several reasons could cause the deviation of the rate of 
layer growth from the parabolic law, such as the 
existence of the oxide layer. Kang and Ramachandran 
[30] noticed that the growth kinetics of the inter- 
metallic phases at the liquid/solid interface changed 
during reaction. They found that the parabolic law 
was followed for both the initial (n = 0.54) and final 
stages (0.63), while the growth was slow in the inter- 
mediate stage (n = 0.12). However, because there were 
only four data points in every set of diffusion couple 
experiments, there are uncertainties in the values of 
n reported in this study, and further experimental 
investigations are needed. For all the liquid diffusion 
couples in this study, the morphology of the layers of 
the intermetallic phases adjacent to the molten metal 
was very faceted, while along the solid nickel interface 
it was planar, as can be noted in Figs 3 and 5. This 
faceted morphology was also reported in other sys- 
tems in relation to the liquid-solid interfaces [29-33], 
while the morphology of the interface was mostly 
planar along the binary solid-solid interfaces 
[28]. Interfacial reactions between solid-solid are 
often encountered and have been intensively studied; 
however, the investigations of the interracial reactions 
between liquid-solid are much less investigated 
[28,30]. Further studies are needed to seek 
explanations for the different behaviours, primarily 
regarding the interracial reaction rate and interfacial 
morphology. 

3.2. Diffusion couples with alumina 
plate and nickel-plated alumina 
plate 

A gap between the molten metal and the alumina plate 
was observed in all the diffusion couples with pure 
alumina plate. Several attempts, such as cleaning, pre- 
heating and degassing the alumina plate, were made 
but failed to improve this "non-wetting" situation. As 
expected, this "non-wetting" problem was overcome 
by using the nickel-plated alumina plate. The 3 gm 
thick electroless-plated nickel layer reacted with the 
molten metal and contributed to the rupture of the 
molten metal's surface oxide layer, which was believed 
to be the main obstacle to the molten metal wetting 
the alumina plate. 

The AlzMgO4 spinel was found in the type 11 
diffusion couples. The excessive amount of aluminium 
alloy in the annealed diffusion couple was removed by 
etching in the NaOH solution, and the surface of the 
alumina plate was then exposed. As shown in Fig. 13a, 

T A B L E  V The empirical exponent n in the rate equation 
D X  = A t" for the nickel dissolution rates in the diffusion couples 
investigated in this study 

Diffusion Annealing n 
couple temperature (~ 

1 660 0.87 
1 680 0.32 
2 700 0.78 
2 750 0.16 
3 700 0.68 
3 750 1.26 
4 700 0.84 
4 750 1.19 
5 700 0.29 
5 750 0.39 
6 7OO O.55 
6 750 1.21 
7 700 0.7 
7 750 0.19 
8 700 0.73 
8 750 0.45 
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Figure 13 (a) Secondary electron image of the spinel grown in the 
type 11 diffusion couple annealed at 800~ for 24 h. (b) From top 
to bot tom are the X-ray elemental line scans of the magnesium, 
aluminium and oxygen, respectively and are across the centre of the 
exposed surface as shown in (a). 



the ~ 10 gm particles were the A12MgO~ spinel. The 
spinel phase was identified by using the qualitative 
X-ray elemental analysis and by comparing the mor- 
phology with those reported in the literature [13]. As 
shown in Fig. 13b, the results of the X-ray elemental 
line scans across the spinel particles, indicated an 
enrichment of the magnesium, oxygen and a depletion 
of aluminium in comparison with the alumina sub- 
strate. Spinel particles were not found in the type 
9 and 10 diffusion couples. Weirauch [6] reported 
a similar observation, which indicated that spinel did 
not form in the A1-Mg/alumina interface when the 
content of magnesium was less than 6 wt % in the 
aluminium alloy. The secondary electron image of the 
surface of alumina plate in the as-received condition is 
shown in Fig. 14a, while larger particles were ob- 
served on the surface of alumina plate for diffusion 
couples 14 as shown in Fig. 14b. The elemental X-ray 
mapping and EDS analysis indicated that those par- 
ticles were the A1203, and these results were in agree- 
ment with those determined by Levi et  al. [1]. Similar 
results were also obtained for all the types 12-14 
diffusion couples. The thermodynamic driving forces 
for the formation of the various phases, such as CuO, 
AlzO3, and AlzCuO4, at the interfaces were discussed 
by Levi et  al. [1] and McLeod and Gabryel [-14] 
previously; however, the formation of the CuO and 
AlzCuO4 phases was not found in any of the diffusion 
couples investigated in this study. 

Figure 14 (a) Secondary electron images of the surface of (a) the 
alumina plate in the as-received condition, and (b) alumina in the 
type 14 diffusion couple annealed at 800 ~ for 24 h. 

4. Conclusion 
In the diffusion couples study, nickel plates consumed 
and only some of the equilibrium phases formed at the 
interfaces. MgzNi was found in the molten Mg/solid 
Ni diffusion couples, while A13Ni and A13Niz were 
observed in the molten A1 (alloy)/solid Ni diffusion 
couples. The diffusion paths for the aluminium-rich 
alloy/Ni systems at 700 and 750 ~ were determined to 
be liquid/A13Ni/A13Ni2/Ni. The spinel phase was 
noticed in the diffusion couples made of molten 
A1-7.4 wt% Mg and nickel-plated alumina plate, 
while it was not observed in other types of diffusion 
couples. Larger A1203 particles were found at the 
molten A1-Cu alloys and alumina plate interfaces. 
Although the morphology of most binary solid-solid 
interfaces was planar, the morphology of the interfaces 
along the liquid-solid was found to be faceted. 
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