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Melting behaviour of cadmium particles 
embedded in an aluminium matrix 

D.L. Z H A N G * ,  J. L. H U T C H I N S O N ,  B. CANTOR 
Oxford Centre for Advanced Materials and Composites, Department of Materials, 
University of Oxford, Parks Road, Oxford 0)(1 3PH, UK 

An AI-4.5% Cd alloy has been manufactured by melt spinning to produce a microstructure of 
14-1,50 nm diameter faceted cadmium particles embedded in an aluminium matrix. The 
melting behaviour of the cadmium particles has been investigated by differential scanning 
calorimetry. The melting point of 20 and 14 nm diameter cadmium particles embedded are 
depressed by 7 and 9 K respectively, below the bulk equilibrium cadmium melting point, 
because of Gibbs-Thomson capillarity effects. The average solid cadmium particle/aluminium 
matrix interfacial energy is 27 mJ m -2 higher than the average liquid cadmium 
particle/aluminium matrix interfacial energy. No significant superheating is needed to nucleate 
cadmium particle melting. 

1. Introduction 
The melting point of small crystalline solid particles 
can differ from the bulk equilibrium melting point of 
the same material for several reasons: (1) Gibbs- 
Thomson capillarity effects; (2) pressure effects caused 
by differential thermal contraction between the par- 
ticles and a surrounding solid matrix; (3) pressure 
effects caused by solidification shrinkage during sol- 
idification of the particles; and (4) kinetic barriers to 
the nucleation of particle melting. Many researchers 
have investigated the melting behaviour of small par- 
ticles [1-16]. In general, for solid particles surrounded 
by their own vapour, the melting temperature is de- 
pressed below the bulk equilibrium melting point by 
an amount which is inversely proportional to the 
particle size [6-11]. However, for solid particles em- 
bedded in a high melting point solid matrix, the 
melting temperature can be either lower or higher' 
than the bulk equilibrium melting point, and can 
either decrease or increase with decreasing particle 
size [12-16]. The present paper describes the results 
of an investigation into the melting behaviour of 
cadmium particles embedded in an aluminium matrix 
by a combination of transmission electron microscopy 
(TEM) and differential scanning calorimetry (DSC). 

2. Experimental procedure 
A hypomonotectic A1-4.5 wt % Cd alloy was manu- 
factured by induction melting 99.999% pure alumi- 
nium and cadmium in a recrystallized alumina 
crucible under a dynamic argon atmosphere. 
Specimens of the resulting alloy ingot were then 
rapidly solidified by melt spinning. Alloy charges of 
3-5 g were induction remelted in quartz crucibles 
under a dynamic argon atmosphere, held for 100 s at 
800~ and then ejected with an overpressure of 
20 kPa through a 1 mm diameter orifice on to the 
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outer surface of a polished copper wheel rotating with 
a tangential surface speed of either 12.5 or 33.5 m s 21. 
The ribbon compositions were examined in a Cameca 
Camebax electron microprobe analyser and deter- 
mined to be 4.47 wt % Cd. 

Melt-spun A1-4.5 wt % Cd specimens were jet-elec- 
tropolished in a mixture of 25 vol % nitric acid and 
75vo1% methanol at - 4 0 ~  for metallographic 
examination in a Philips CM12 TEM and a Jeol 
4000EX high-resolution TEM (HREM). The melting 
behaviour of cadmium particles in the melt-spun 
microstructure was investigated by heating and 
cooling experiments in a DuPont  1090 thermal ana- 
lyser fitted with 910 DSC module. Individual samples 
of 15-20 mg were sealed in aluminium cans, heated at 
a rate of 10 K min-  1 from 200 ~ to a temperature in 
the range 312-350 ~ held for 600 s, and then cooled 
at a rate of 5 K min - 1 to 200 ~ all under a dynamic 
argon atmosphere. Heat-flow differences between the 
sample and a similarly heat-treated reference were 
continuously recorded on a microcomputer for sub- 
sequent examination. 

3. Results 
Fig. la and b show typical transmission electron 
micrographs of the microstructure of A1-4.5 wt % Cd 
melt spun at 12.5 and 33.5 m s - l ,  respectively. For 
both wheel speeds, the microstructure consisted of 
small cadmium particles homogeneously distributed 
throughout a matrix of aluminium. The cadmium 
particle diameters were in the range 20-150 nm at 
12.5 ms -1, and 14-120 nm at 33.5 ms -1, i.e. the aver- 
age cadmium particle size decreased with increasing 
wheel speed. The h c p cadmium particles were found 
to have an orientation relationship with the fcc  
aluminium matrix which can be described as:' 
{lll}AIII{0001}Cd and ( l l 0 ) A l l j ( l l 2 0 ) c a ,  as 
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Figure 3 HREM from melt-spun A1-4.5 wt % Cd, showing 
cadmium particle shape with electron beam parallel to a ~110)A 1 
zone axis. 

Figure ! Transmission electron micrographs of the microstructure 
of A1-4.5 wt % Cd melt spun at wheel speeds of (a) 12.5 m s 1 and 
(b) 33.5 m s- 1. 
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Figure 2 (a) Selected-area electron diffraction pattern from melt- 
spun A1-4.5wt%Cd, showing superimposed [111]A ] and 
[0001]cd zones from the aluminium matrix and Cadmium particles, 
respectively; (b) schematic electron diffraction pattern correspond- 
ing to (a). 

shown by selected-area electron diffraction patterns 
such as in Fig. 2. The cadmium particles within the 
aluminium matrix grains were surrounded by two 
{1 1 1}AII]{000 1}c d facets separated by curved inter- 
face regions, as shown by the H R E M  micrograph in 
Fig. 3. Ledges were sometimes present on the 
{1 1 1}A,H{0001}c d facets as shown in Fig. 3, The 
cadmium part icle/aluminium matrix orientat ion rela- 
tionship and the cadmium particle faceting behaviour  
have been discussed in more detail elsewhere [17]. 

Fig. 4a and b show typical D SC traces of cadmium 
particle melting endotherms from A1-4.5 wt % Cd 
melt spun at 12.5 and 33.5 m s  -1, respectively. The 
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Figure 4 DSC traces of cadmium particle melting endotherms from 
A1-4.5 wt % Cd melt spun at wheel speeds of (a) 12.5 ms-1 and 
(b) 33.5 ms -1. 

cadmium particles always melted with a single sharp 
endothermic peak, with onset temperatures of 314 and 
312~ for wheel speeds of 12.5 and 33 .5ms  - I ,  re- 
spectively, i.e. the onset temperature of cadmium par- 
ticle melting decreased slightly with increasing wheel 
speed. Fig. 5a shows the volume fraction of molten 
cadmium particles as a function of temperature  for 
A1-4.5 w t % C d  melt spun at 33 .5ms  -1, determined 
by heating a series of specimens in the DSC to differ- 
ent annealing temperatures in the range 310-350~ 
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Figure 5 Volume fraction of molten cadmium particles from 
A1-4.5 wt % Cd melt spun at 33.5 ms  1 as a function of temper- 
ature determined by (a) heating in the DSC to different 
temperatures within the melting range and then cooling to measure 
the solidification heat for each annealing temperature, and (b) 
integrating the cadmium particle melting endotherm. 

i.e. in the range of cadmium particle melting 
temperature, followed by holding for 600 s, and then 
cooling to measure the solidification heat for each 
annealing temperature. From Fig. 5a for 600s 
anneals, all the cadmium particles melted when melt- 
spun A1-4 .5wt%Cd was heated to the bulk 
equilibrium cadmium melting point of 321~ [18]. 
Approximately 70% of the cadmium particles melted 
within 2.5 K of 321 ~ and the remaining 30% melted 
at temperatures 2.5-9 K below 321 ~ Fig. 5b also 
shows the volume fraction of molten cadmium 
particles as a function of temperature for A1-4.5 wt% 
Cd melt spun at 33.5 m s- 1, determined by integrating 
cadmium particle melting endotherms such 
as shown in Fig. 4b. From Fig. 5b for continuous 
heating, approximately 75% of the cadmium 
particles melted at temperatures within 2.5 K of 
321 ~ approximately 12.5% melted at temperatures 
2.5-9 K below 321~ and approximately 12.5% 
melted 2.5 4 K above 321 ~ For any given volume 
fraction of melted cadmium particles, Fig. 5b extended 
to 1-3 K higher temperatures than Fig. 5a. 

Fig. 6a-c show typical DSC traces of cadmium 
particle solidification exotherms from A1-4.5 wt % Cd 
mel tspun at 33.5 m s- t, as a function of annealing 
temperature in the range 312-350 ~ i.e. in the range 
of cadmium particle, melting temperature. The 
cadmium particles always solidified with a single 
sharp exothermic peak. The onset, peak and end 
temperatures of the cadmium particle solidification 
exotherm were independent of annealing temperature 
within the range of cadmium particle melting, but the 
size of the solidification exotherm increased with 
increasing annealing temperature as more of the 
cadmium particles melted. The cadmium particle 
solidification behaviour has been discussed in more 
detail elsewhere [17, 19]. 
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Figure 6 DSC traces of cadmium particle solidification exotherms 
from A l - 4 . 5 w t % C d  melt spun at 33.5ms 1 as a function of 
annealing temperature in the range of cadmium particle melting: 
(a) 317.4 ~ (b) 319.9 ~ and (c) 321.3 ~ 

4. Discussion 
Fig. 5a and b show the volume fraction of molten 
cadmium particles as a function of temperature for 
600 s anneals and continuous heating, respectively. 
For a given volume fraction of molten cadmium 
particles, Fig. 5b extends to 1-3 K higher temper- 
atures than Fig. 5a. There are three possible reasons 
for this difference: 

(1) instrumental thermal lag during continuous 
heating. However, the DSC is accurately calibrated for 
continuous heating, with the melting onset temper- 
ature independent of heating rate within the experi- 
mental error of _ 0.1 K. In other words, the thermal 
lag must be less than __ 0.1 K, much smaller than the 
observed temperature difference between Fig. 5a 
and b. 

(2) kinetic delay for growth of the cadmium melts 
after nucleation of cadmium particle melting. For a 
cadmium particle diameter of 120 nm at a heating rate 
of 10 K min-  1, the observed temperature difference of 
3 K between Fig. 5a and b corresponds to a melting 
time of 18 s, and a melting growth velocity of about 
7 nms-1.  This is unreasonably low for melting by 
many orders of magnitude, indicating that growth 
kinetics are insignificant compared with the observed 
temperature difference between Fig. 5a and b. 

(3) kinetic delay for nucleation of cadmium particle 
melting. For a heating rate of 10Kmin  -1, the ob- 
served temperature difference of 3 K between Fig. 5a 
and b corresponds to a time of 18 s to nucleate melting 
in all the cadmium particles of a given size. This is not 
unreasonable, because of the very small size and there- 
fore very large number of cadmium particles i n each 
DSC specimen. In addition, previous in situ experi- 
ments in the TEM have shown directly than indium 
and lead particles embedded in an aluminium matrix 
melt at different times over a range of 10-20 s [16-1. In 
summary, the temperature difference between Fig. 5a 
and b is caused by the kinetic delay in nucleating 
melting in a very large number of small cadmium 
particles. 

The cadmium particle melting endotherms on the 
DSC traces are very similar for the two melt-spinning 
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wheel speeds of 12.5 and 33.5 ms -a , with most of the 
cadmium particles melting at temperatures very close 
to the bulk equilibrium cadmium melting point of 
312°C. However, there are low-temperature tails on 
the cadmium particle melting endotherms which ex- 
tend 7 and 9 K below 312 °C for wheel speeds of 12.5 
and 33.5 m s- 1 respectively. In other words, some of 
the cadmium particles melt at lower temperature 
when the melt-spinning wheel speed is increased, and 
this correlates with a decrease in the cadmium particle 
size, as shown in Fig. 1. The maximum depression of 
cadmium melting point is 7 K corresponding to the 
smallest cadmium particle diameter of 20 nm at 
12.5 ms -1, and 9 K corresponding to  the smallest 
cadmium particle diameter of 14 nm at 33.5 m s -1. 
This depression of cadmium melting point may be 
caused by pressure effects associated with either differ- 
ential thermal contraction, solidification shrink- 
age, or Gibbs-Thomson capillarity. 

The combined effects of differential thermal con- 
traction and solidification shrinkage on the cadmium 
particle melting point in melt-spun AI-4,5 wt % Cd 
can be estimated as follows 

AT 1 = (VLK L q- (V s - s )Ks )Tm/L  v (1) 

where AT is the change in cadmium melting point 
from the bulk equilibrium melting point Tm, KL and 
Ks are the bulk moduli of liquid and solid cadmium, 
respectively, V L and Vs are the fractional volume 
changes associated with differential thermal contrac- 
tion of the liquid and solid cadmium particles, respect- 
ively, - s is the solidification shrinkage, and L v is the 
latent heat of melting per unit volume of cadmium. VL 
and V s can be calculated from 

V L = 3(Tmo -- Tm)(aAl -- aLca) (2) 

V s = 3(T m -- TR)(aA1- ascd) (3) 

where Tmo and Ta are the monotectic temperature and 
room temperature, respectively, and aAn , aLC a and asc a 

are the linear coefficients of thermal expansion of solid 
aluminium, liquid cadmium and solid cadmium, re- 
spectively. In the absence of cavitation, fracture or 
flow to relieve differential thermal contraction and 
solidification shrinkage stresses, Equation 1 predicts 
that the change in equilibrium melting point, A T ,  
is independent of particle size, and positive or neg- 
ative depending on the relative magnitudes of the 
different terms in Equation 1. Taking KL = Ks = 
55 GPa, s = 0.047, aLCd = asce = 31.3 g m m - l K  -a, 
aAl=27 .41amm- tK-1 ,  L v = 4 7 5 . 3 M J m - 3 ,  Tm 
= 594K, TR = 298K and Tmo = 923K (19, 20), 

Equations 1-3 give A T = - 3733 K. The measured 
melting point depression is three orders of magnitude 
smaller, and increases with decreasing particle size. In 
other words, the differential thermal contraction and 
solidification shrinkage stresses must be relieved by 
cavitation, fracture or flow, removing any significant 
influence on the cadmium particle melting point. 

The cadmium particles in melt-spun AI-4.5 wt% 
Cd are also subject to hydrostatic stress caused by 
Gibbs-Thomson capillarity forces from the curvature 
of the particle surfaces. The hydrostatic capillarity 
stresses are associated with changes in chemical po- 
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tential which are different for the solid and liquid 
cadmium particles. The effect of Gibbs-Thomson 
capillarity on cadmium particle melting point in melt- 
spun A1-4.5 wt% Cd can be estimated as follows 

AT 2 = 2(~L/PL -- ¢~s/Ps)TmPL/Lvr (4) 

where A T2 is the change in cadmium particle melting 
point from the bulk equilibrium melting point, 9L and 
Ps are the densities of liquid and solid cadmium, 
respectively, and OL and crs are the solid alumin- 
ium-liquid cadmium and solid aluminium-solid 
cadmium surface energies, respectively, averaged over 
all of the cadmium particle surfaces including contri- 
butions from the fiat facets and curved regions as 
shown in Fig. 3. Equation 4 predicts that the change in 
cadmium melting point,,A T2, is inversely proportional 
to particle size and positive or negative depending on 
the relative magnitude of the two terms in Equation 4. 
This prediction is in good agreement with the DSC 
results. Taking A Tz = 7 and 9 K corresponding to r 
= 10 and 7 nm, respectively, T m = 594 K, PL = Ps 
---- 8.33 Mgm -3 and L v = 475.3 MJm -3 [18, 20], 

Equation 4 gives the difference in average solid 
aluminium-solid cadmium and solid aluminium- 
liquid cadmium surface energies as C~s-CS L = 28 and 
2 5 m J m  -z, i.e. in good agreement for the two 
different wheel speeds. The average difference can be 
taken as Os-O L = 2 7 m J m  -2. Previous work has 
shown that o s of {1 1 1}Al11{000 1}C d facets is lower 
than the corresponding Og for melt-spun A1-4.5 wt % 
Cd, unlike the present observation of an average o s 
higher than cs L. This difference can be attributed to the 
contribution of the curved interface regions surround- 
ing the cadmium particles, as shown in Fig. 3. 

Fig. 6 shows that the onset, peak and end temper- 
atures of the cadmium particle solidification exo- 
therms are independent of annealing temperature, 
i.e. are independent of cadmium particle melting tem- 
perature. This suggests that effect of the depression 
of cadmium particle equilibrium melting point on 
cadmium particle solidification exotherms is insigni- 
ficant. 

5. Conclusion 
The melting points  of 20 and 14nm diameter 
cadmium particles embedded in an aluminium matrix 
in melt-spun A1-4.5 wt% Cd are depressed by 7 
and 9 K, respectively, below the bulk equilibrium 
cadmium melting point, because of Gibbs-Thomson 
capillarity effects. The average solid cadmium 
particle/aluminium matrix interfacial energy is 
27 mJm - 2  higher than the average liquid cadmium 
particle/aluminium matrix interfacial energy. No sig- 
nificant superheating is needed to nucleate cadmium 
particle melting. 
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