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ADVANCED SOLIDIFICATION PROCESSING OF 
METALS AND ALLOYS 

B. Cantor 

Oxford Centre for Advanced Materials and Composites, Department of Materials, Oxford 
University, Parks Rd, Oxford OX1 3PH, UK 

Abstract 

This paper describes some examples of the use of differential scanning calorimetry (DSC) in 
providing information for advanced solidification processing of metals and alloys. Spray forming, 
squeeze casting, grain refinement and crystallization of amorphous alloys are all discussed. DSC 
measurements are shown to be valuable for testing kinetic theories of nucleation and growth, and 
validating solidification process models. 
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Introduction 

A wide range of advanced solidification processing methods have been de- 
veloped to manufacture novel metallurgical materials for industrial applications. 
In general, sophisticated levels of process control are needed to maintain opera- 
tions within a tight window of thermal and mass flow conditions, and thus en- 
sure that the final material microstructures and properties remain within 
specification [1]. Unfortunately, our understanding of the kinetics of nucleation 
and growth during solidification is not good enough to predict the behaviour of 
industrial allow systems in complex processing environments [2]. Optimizing 
operating conditions is usually achieved, therefore, by inconvenient and uncer- 
tain trial and error testing under plant conditions. 

Calorimetric techniques are particularly convenient for monitoring the ki- 
netics of phase transformations such as solidification. Changes in heat content 
in a solidifying material are directly proportional to the amount of solidification 
which has taken place, and are closely related to the thermodynamic forces 
driving the solidification process. Calorimetric data can be used to test kinetic 
theories of nucleation and growth during solidificatio n , and to validate models 
of solidification processes for on- and off-line control [ 1, 3]. 
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648 CANTOR: METALS AND ALLOYS 

The objective of this paper is to describe some examples of the use of differ- 
ential scanning calorimetry (DSC) in providing information for advanced solidi- 
fic~ition processing of metals and alloys. The following processes are discussed: 
spray forming of AI alloy and A1 alloy/SiC particulate composite extrusion and 
forging billets for high specific strength and stiffness aerospace structural com- 
ponents; squeeze casting of A1-Si alloys and A1 alloy/Al203 discontinuous fibre 
composites for high integrity wear-resistant automotive components; grain re- 
finement by addition of nucleating agents to improve the homogeneity of ingots 
and castings; melt spinning of amorphous Fe-Si-B soft ferromagnetic alloys for 
low loss distribution transformer cores; and crystallization of amorphous Fe- 
transition metal-B alloys as in-situ Fe/boride particulate composites for high 
specific strength and stiffness areoengine components. 

Sol id  f r ac t i on  vs. temperature 

D S C  measurements 

Modelling and control of advanced solidification processes requires accurate 
data for the evolution of solid fraction and latent heat during cooling [1, 3]. Un- 
fortunately, the progress of solidification cannot be predicted quantitatively for 
multicomponent industrial alloys under complex thermal conditions during 
processing. However, DSC methods have now been developed to measure solid 
fraction and latent heat release directly [4, 5]. 

The DSC measurements are quite straightforward, involving heating an alloy 
above its liquidus temperature, and then re-cooling to monitor the heat output 
during solidification. Integrating the resulting DSC trace gives directly the tem- 
perature variation of solid fraction at the imposed cooling rate in the DSC. The 
main experimental problems are as follows [4, 5]. 

(1) Nucleation of solidification is often suppressed to below the liquidus 
temperature, unlike nucleation in industrial processes which is usually stimu- 
lated by impurities or nucleating agents. 

(2) Solute partitioning extends solidification to below the solidus tempera- 
ture, so that latent heat is emitted over a broad temperature range, making it dif- 
ficult to construct a suitable baseline for integration. 

(3) Latent heat evolution can be obscured by heat given out by reactions be- 
tween the liquid alloy and the DSC specimen container. 

(4) DSC cooling rates are typically 1-40 deg.miri -1, quite often but not al- 
ways comparable to industrial processing conditions. 

Graphite and tungsten-lined copper specimen containers are found to give 
acceptable results for the melting and solidification of a wide range of commer- 
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CANTOR: METALS AND ALLOYS 649 

cial AI alloys, as long as the specimen is maintained in the liquid state for as 
short a time as possible [4, 5]. DSC has been used to generate solid fraction vs .  

temperature results for a range of model and industrial AI alloys, as listed in Ta- 
ble 1. Figure 1 shows a typical DSC trace and the corresponding variation of 
solid fraction with temperature for the high strength, temperature resistant, 
wrought AI alloy 2618 (AI-2.5 wt%Cu-l.5 wt%Mg-1 wt%Fe-I wt%Mn). In- 
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Fig. 1 (a) DSC trace, (b) solidification cxothcrm and (c) integrated solid fraction for 2618 
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tegrating a DSC trace gives the total latent heat of solidification, and measured 
values are listed in Table 1. The next two sections describe applications of DSC 
results such as shown in Fig. 1 to the modelling of advanced solidification pro- 
CeSSeS. 

Table I AI alloys used to measure fraction solid vs. temperature by DSC, together with integrated 
latent heats 

Alloy Type Latent heat / kJ-kg -1 

2014 A1--Cu-Mg 288 

2024 AI--Cu-Mg 325 

2124 AI--Cu-Mg 310 

2618 AI-Cu-Mg 290 

997 A1 385 

6061 AI-Mg--Si 329 

6063 A1-Mg--Si 371 

7075 AI--Cu-Mg-Zn 367 

7150 AI-Cu-Mg-Zn 345 

7475 AI-Cu-Mg-Zn 362 

8090 AI-Cu-Mg-Li  388 

8091 AI-Cu-Mg-Li  326 

LM 13 A1--Si-Mg 450 

Spray forming 

The development and improvement of aerospace structures places a pre- 
mium on light materials with high stiffness and strength [6, 7]. Spray formed 
A1 alloy and composite extrusion and forging billets are being manufactured for 
these applications [8-10]. Figure 2 shows a schematic diagram of the spray 
forming process [3, 8]. An alloy is melted, superheated 100-300~ above its 
melting point, and then bottom poured through a 1-5 mm diameter nozzle into 
the top of the spray forming chamber. The melt stream is atomized by the im- 
pingement of 100-300 m/s gas jets to create a spray of 5-500 I.tm sized alloy 
droplets, which deposits on a collector plate interspersed in the spray plume. 
Collector and deposit are reciprocated or rotated and withdrawn synchronously 
with the metal feed to build up a cylindrical or flat slab billet. Composites are 
manufactured by entraining SiC particulate in the spray plume to co-deposit on 
the collector plate [1, 8]. 

Minimizing as-spray formed porosity, matrix grain size and second phase 
aluminide particle size is essential to guarantee material integrity and increase 
ductility and fracture toughness [8-10]. This requires careful control of the 
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Fig, 2 Schematic diagram of spray forming 

molten alloy cooling behaviour. Alloy superheat and latent heat are removed 
partially from the droplets during flight, and partially from the top surface of 
the billet after the droplets and SiC have deposited [8]. The gas, melt and SiC 
flow rates must be manipulated to ensure that the arriving spray and the billet 
top surface are both in a semi-solid state. Too liquid a spray leads to splashing, 
incorporated gas porosity, grain growth and coarse aluminides; too solid a spray 
leads to incorporation of pre-solidified droplets, shrinkage porosity and inho- 
mogeneous splat structures. 

Figure 3 shows computer calculated variations in droplet velocity v, tem- 
perature T and solid fraction f with flight distance during spray forming of 
AI alloy 7075 (A1-5.6 wt%Zn-2.5 wt%Mg-l.6 wt%Cu-0.23 wt%Cr) with an 
inlet gas velocity of 150 m/s and a melt superheat of 150~ [3]. The droplet ve- 
locities were calculated from Newton's second law of motion [11-13], using la- 
ser Doppler anemometer (LDA) measurements of gas velocity Vs: 

mdv/dt = cnr2p(vg - v) 2 (1) 
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Fig. 3 Computer calculations of (a) droplet velocity, (b) temperature and (c) solid fraction 
during spray forming of 7075 
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Fig. 4 (a) DSC trace, (b) solidification exotherm and (e) integrated solid fraction for 7075 

where m, r and p are the droplet mass, radius and density respectively, and c is 
the drag coefficient. The droplets accelerate and then decelerate with velocities 
which are very sensitive to droplet size. The droplet temperatures and solid 
fractions were calculated from Newton's law of cooling [11-13], using DSC 
measurements of solid fraction as shown in Fig. 4: 

- 3 h ( T -  Ts) = pr( CdT/dt  - Ldf/dt)  (2) 
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where C and L are the droplet specific and latent heat respectively, h is the heat 
transfer coefficient and T s is the gas temperature. Droplet cooling and solidifi- 
cation behaviour are again very sensitive to droplet size. Figure 5 shows com- 
puter calculated variations of the top surface temperature of a 7075 spray 
formed billet at 0.31 m from the atomizer, obtained from a 1-D billet heat flow 
model after integrating the individual droplet results in Fig. 3 over a sieve- 
measured droplet size distribution, and again using the DSC measurements of 
solid fraction in Fig. 4 [3]. Infra-red thermal imaging measurements agree rea- 
sonably well with the calculated top surface temperatures [3, 13], as shown in 
Fig. 5. 
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Fig. 5 Computer calculations of top surface temperature and corresponding infra-red mea- 
surements during spray forming of 7075 

Squeeze casting 

Environmental issues such as energy consumption, recycling and pollution 
are causing rapid improvements in automotive fuel efficiency. Without impair- 
ing roadholding and comfort, this requires a reduction in the dynamic loads 
transmitted from the vehicle frame to the suspension system, which in turn re- 
quires a reduction in the unsprung mass. Thus, squeeze cast A1 alloys and com- 
posites are being manufactured to replace cast iron and steel automotive 
components [14-16]. Figure 6 shows a schematic diagram of the squeeze cast- 
ing process [14, 15]. An alloy is melted, superheated 100-300~ above its 
melting point, injected into a preheated die cavity at 300-500~ and then pres- 
surized up to 1-200 MPa during cooling and solidification. Composites are 
manufactured by infiltrating a fibre preform inserted in the die [1, 14]. 

Minimizing porosity, solute segregation and grain size is essential to en- 
hance as-cast mechanical properties and compete with cast iron and steel in 
high volume, low cost automotive markets [14-16]. This again requires careful 
control of the molten alloy cooling behaviour. Alloy superheat and latent heat 
are removed rapidly from the melt by the die, and it is difficult to prevent partial 
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solidification before reaching full pressure [15, 16]. The melt, die and ram tem- 
peratures and the ram travel must be manipulated to ensure that die filling is fol- 
lowed smoothly and rapidly by pressurization. Too rapid pressurization leads to 
poor filling and low tolerances; too slow pressurization leads to alloy segrega- 
tion and poor infiltration. 
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Fig. 6 Schematic diagram of squeeze casting 

Figure 7 shows computer calculated variations of temperature with time at 
the ingot centre and die inner surface during squeeze casting of the automotive 
A1 casting alloy A356 (A1-7 wt%Si-0.3 wt%Mg) into a 50 mm diameter, 
80 mm long, cylindrical H13 tool steel die cavity, with low applied pressure 
corresponding to an ingot/die heat transfer coefficient of 2 kW/m2K and initial 
melt and die temperatures of 750 and 300~ respectively [16]. The calculations 
used finite difference methods in cylindrical coordinates to solve the thermal 
diffusion equation for the solidifying ingot material, using DSC measurements 
of solid fraction similar to Figs 1 and 4: 

CdT/dt + Ldf/dt = (k /p)V2T (3) 
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where k is the thermal conductivity. Heat flow in the squeeze casting die and 
ram were included by ignoring the second term, and the boundary conditions 
were Newtonian: 

CdT/dt = (k / p ) V T -  hAT (4) 

where AT is the temperature difference across the boundary, and different time 
variations of heat transfer coefficient h were used at the boundaries between in- 
got, die, ram and surrounding atmosphere. The die temperature rises and the 
ingot cools and solidifies rapidly, as alloy superheat and latent heat are ex- 
tracted from the melt. Embedded thermocouple measurements of alloy cooling 
behaviour agree well with the calculated temperatures, as shown in Fig. 7 [16]. 
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Fig. 7 Computer calculations and embedded thermocouple measurements of ingot and die 

temperatures during squeeze casting of A356 

Heterogeneous nucleation and grain ref'mement 

D S C  measurements  

The nucleation pattern during solidification processing determines many im- 
portant microstructural features, such as grain size and shape, phase structure 
and extent of solute segregation, all of which exert a strong influence on the fi- 
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lrlg. $ Transmission electron micrographs of A1-7 wt%ln melt spun at (a) 7 m/s, (b) 14 m/s 
and (e) 65 m/s 
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nal mechanical properties [2, 17, 18]. Industrially, grain refining agents such as 
AI-Ti-B are added to stimulate nucleation heterogeneously, i.e. to provide cata- 
lyst surfaces on which the solid nuclei can form [19]. 
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Fig. 9 DSC traces of Cd droplet solidification exotherms in A1-4.5 wt%Cd 

Controlled and reproducible experimental techniques for investigating the 
heterogeneous nucleation of solidification are difficult to achieve, because the 
nucleation process is highly sensitive to catalytic trace impurities [2, 18]. A 
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DSC method has been developed to overcome this problem [20-24]. An alloy 
consisting of 10-100 nm sized liquid droplets embedded in a solid matrix is 
cooled below the melting point, and droplet solidification is nucleated hetero- 
geneously by the surrounding matrix. The kinetics of nucleation are monitored 
by DSC, and the solidified microstructures are monitored by transmission elec- 
tron microscopy. By dividing the liquid into a large number of small droplets, 
trace impurities are segregated into relatively few droplets and thus rendered 
harmless [20-24]. 

Figure 8 shows typical microstructures in a melt spun AI-7 wt%In alloy, 
consisting of 10tg-10~/m 3, 10-100 nm sized In particles in an A1 matrix [25]. 
Figure 9 shows typical DSC traces of Cd droplet solidification exotherms in an 
A1-4.5 wt%Cd alloy. The Cd droplets are heterogeneously nucleated on {111} 
facets of the surrounding AI matrix, with an onset temperature corresponding 
to an undercooling of 56 K below the Cd melting point [24]. Similar results 
have been obtained for a range of alloy systems as shown in Table 2, with mea- 
sured undercooling often reproducible to better than _+0.5 K. 

Table 2 Heterogeneous nucleation temperatures, contact angles and site densities obtained from 
embedded droplet DSC experiments 

Alloy AT/K 0/o Nr /particle 

Cu-Pb 0.5 4 10 -12 

AI-Pb 22 21 10 ~ 

Zn-Pb 30 23 10 "s 

,M-In 13 27 10 -7 

AI--Cd 56 42 30 

AI--Sn 104 59 100 

Nucleation mechanism 

The classical model of heterogeneous nucleation assumes that solid nuclei 
form as spherical caps on the catalyst/liquid interface, as shown in Fig. 10. The 
fraction of solidified droplets Z depends upon the nucleation rate J [ 18, 26, 27]. 

dZ/dt = J(1-Z3 (5) 

J = aNt exp(-bg/AT21) (6) 

where a and b are material constants, Nc is the densit~ of available nucleation 
sites on the catalyst surface, g = 1/4(2-3cos0+cos 0) is the catalytic effi- 
ciency, 0 is the contact angle at the catalyst/solid/liquid triple point as shown in 
Fig. 10, and AT = Tm-T is the undercooling below the melting point Tin. 
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Differentiating Eqs (5) and (6) gives the variation of peak temperature Tp 
with cooling rate R for DSC traces such as shown in Fig. 9 [27]: 

bgR (3Tp - T,,) / aNr - Tp)ST~= exp -bg / (Tm - Tp)2Tp (7) 

Equation (7) predicts a linear variation of ln{R(3Tp-Tm)/(Tm-Tp)3Tp 2} with 
1/(Tm-Tp)2T, with a slope and intercept determined by 0 and No. Figure 11 
shows typical results for the Cd solidification exotherms in Fig. 9 [24, 27]. 
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Measured values of 0 and No are included in Table 2. Poor catalysts with high 
0 show reasonable agreement with the classical theory of Eqs (5)-(7), but good 
catalysts with low 0 give unphysical values of Arc [28, 29]. The classical theory 
fails because the spherical cap in Fig. 10 becomes unreasonable thin when 0 is 
less than ~20 ~ . 
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Fig. 12 DSC traces of Pb droplet solidification exotherms in A1-5 wt%Pb doped with (a) 
0 w t % G e ,  (b) 0 .5 w t % G e ,  (e) 1 w t % G e ,  (d) 1.5 w t % G e  and (e) 2 w t % G e  

Doping experiments can be used to investigate the effect of impurities on 
heterogeneous nucleation. Figure 12 shows typical DSC results for the effect of 
Ge on heterogeneous nucleation of Pb droplets by the surrounding A1 matrix. 
AI dissolves up to 1 wt%Ge, and its catalytic efficiency deteriorates, i.e. Pb so- 
lidification is nucleated at larger undercooling [30]. Similar experiments show 
that P enhances the catalytic efficiency of A1 as a nucleant for Si solidification 
[31, 32]. 

Crys ta l l iTa t ion  of amorphous alloys 

D S C  measurements 

Amorphous alloys crystallize by a variety of complex reactions [33]. Under- 
standing and controlling the crystallization of amorphous alloys is necessary in 
some cases to manufacture a devitrified product, and in other cases to prevent 
unwanted devitrification in service. For example, melt spun amorphous FeSiB 
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alloys exhibit low magnetic hysteresis losses and are attractive as transformer 
cores, but must be prevented from crystallizing under working conditions 
[34-40]. As another example, melt spun or atomized amorphous FeCrXB al- 
loys, where X is a transition metal, can be crystallized during heat treatment and 
consolidation to produce materials with high specific strength and stiffness for 
structural applications, but the crystallized microstructure must be carefully 
manipulated to ensure appropriate mechanical properties [41-44]. 

Figures 13 and 14 show typical DSC traces for the crystallization of amor- 
phous FeTsSigB13 and Fe~sCrlsTi2B15 respectively during continuous heating at 
5-80 deg.min -! and isothermal annealing at 495-520~ [38, 39]. The crystal- 
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Fig. 13 DSC traces of the crystallization of amorphous FeTsSigBl3 during (a) continuous heat- 
ing and (b) isothermal annealing 
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Fig. 14 DSC traces of the crystallization of amorphous Fe65CrlsTizBz5 during isothermal an- 
nealing 

lization temperatures increase with increasing heating rate, and the crystal- 
lization kinetics increase with increasing annealing temperature. 

Crystallization mechanism 

Tables 3 and 4 summarise the phases found in crystallized Fe78Si9B~3 and 
FeToCr~sMo2B~0 respectively by X-ray diffractometry and transmission electron 
microscopy after annealing at different temperatures [38, 39, 45-48]. The crys- 
tallized microstructures consist of fine-scale multiphase mixtures, with the 
prevalence of different phases depending sensitively on annealing temperature. 

Table 3 Phases in crystallized FeTsSi9BI3 after annealing at different temperatures 

T/~ Matrix Other phases 

450 bee ferrite none 

510 bee ferrite tetragonal M3B+euteetic ferrite/M3B 

600 bee ferrite DO3Fe3Si+ort&orhombie M2B 

Amorphous alloy crystallization kinetics often obey the Johnson-Mehl- 
Avrami equation [17, 45]. 

f =  1 - eXl~-(Kt)* } (8) 

wherefis the crystalline fraction after an annealing time t, obtained by integrat- 
ing DSC traces such as shown in Figs 13 and 14, n is the Avrami exponent, and 
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K is the crystallization rate constant. For FeTaSi9Bt3, the measured Avrami ex- 
ponent is n = 4, corresponding to bulk nucleation and linear 3-D growth of po- 
lymorphic or eutectic crystals [38, 39, 45]. Microstructural measurements of 
crystal number densities and sizes also show linear nucleation and growth kinet- 
ics. For FeToCrlsMo2Bt0, the measured Avrami exponent is n = 3, correspond- 
ing to linear 3-D growth of polymorphic or eutectic crystals on pre-existing 
nuclei [46--48]. The apparent simplicity of the crystallization kinetics is surpris- 
ing, given the microstructural complexity shown in Tables 3 and 4, making it 
unwise to predict crystallization,behaviour by extrapolation to lower tempera- 
tures. 

Table 4 Phases in crystallized FevoCrlsMozB~o after annealing at different temperatures 

T/~ Matrix Borides 
500 and 600 bee ferrite 
700 and 800 bee ferrite 

900 bet martensite 
950 and 1000 bet martensite 

Cr rich bet M3B 
Cr rich orthorhombic M2B+Mo rich fee M23B6 
Cr rich orthorhombie M2B+Mo rich fee M23B6 
Cr rich orthorhombie M2B + Mo rich tetragonal 
M3B2 

C o n c l u s i o n s  

DSC measurements can be used to obtain information about the kinetics of 
nucleation and growth during the solidification and crystallization of metals and 
alloys. DSC measurements can be used to test kinetic theories and solidification 
process models. 
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