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Abstract

This paper reports on the quantification of primary dendritic and eutectic nucleation
undercoolings during rapid solidification of impulse atomized hypo-eutectic Al-Cu
droplets. The procedure consists in determining the eutectic fraction of each
investigated droplet from the fraction of intermetallic Al.Cu obtained by Rietveld
refinement analysis of neutrons scattering data. The corresponding eutectic nucleation
undercooling is then deduced from the metastable phase diagram of the alloy. The
dendritic nucleation undercooling is subsequently determined using semi-empirical
coarsening models of secondary dendrite arms. The two nucleation undercoolings are
finally used as input variables to run a microsegregation model for binary alloys. The
fractions of eutectic computed by the microsegregation model compare very favourably

with the experimental results.

1. Introduction

Undercooling is observed to various extents in practically every alloy that undergoes
solidification processing. Indeed, microstructure development occurs into an

undercooled melt after primary phase nucleation. The growth rate depends on the



degree of undercooling [1]. The higher the primary phase nucleation undercooling
(4Tp), the faster is the growth / solidification rate of the primary phase. Fast dendrite
growth induced by a high A47p is, however, accompanied by a large release of latent
heat. Therefore, an alloy with a low specific heat will show strong recalescence
characterized by a temperature rise which affects the homogeneity of the resulting
microstructure and may result in partial re-melting of already solidified dendrites [2]—
[4]. Similar undercooling phenomena and recalescence accompany the nucleation of
second phases for the formation of the eutectic. This nucleation is termed eutectic
undercooling (47t ). ATr and ATe in rapid solidification yield materials with improved
mechanical and chemical properties due to the resulting microstructure refinement and
reduction of microsegregation [5]. In order to control microsegregation and
microstructure distributions in hypoeutectic alloys, it is important to understand how
ATe and ATk relate to processing conditions for a specific alloy.

Impulse Atomization (IA) is one of the drop tube types of rapid solidification
techniques. With IA, the cooling rate is controlled by the heat exchange between the
stagnant gas and the atomized droplets. This heat exchange is a function of upon the
nature of the gas in the atomization chamber (helium or nitrogen in the present study),
the velocity of the droplets and their size, which depend on atomization operating
parameters [6], [7]. Due to practical difficulties, in-situ measurements of nucleation
temperatures cannot be achieved during IA experiments, consequently a post-mortem
method of determining the nucleation temperatures, Tp, of the primary phase and Te of
the secondary phases for the formation of eutectic has to be developed. Only in the
Electromagnetic Levitation (EML) system, can direct measurements of undercoolings
be made. However due to the large size of droplets used in EML (6mm), most of the
microstructure of the solidified droplet forms post- recalescence and under conditions
of low cooling rate.

The aim of this paper is to consider experimental results obtained by Rietveld
refinement analysis of Neutron diffraction (ND) data to determine the eutectic fraction
(Fe) and ATe. Then, using AT in combination with empirical and coarsening models
of secondary dendrite arms, A7r will be determined. 47 and 4 Te will subsequently be
used to run a microsegregation model to characterize the microstructures of rapidly
solidified droplets generated by IA. Models of equiaxed solidification are rarely

compared with microsegregation measurements. Among the few validated models, one



can refer to the work of Gandin et al. [8] on solidified droplets during Electro-Magnetic
Levitation (EML) and the work on 1A droplets published by Prasad et al. [9], [10]and
Tourret et al. [11]. Tourret’s model will be used in the present study. While EML is
based on microstructures solidified with relatively low cooling rate () and high A7»,
IA is based on relatively high T and a high 47p. It is worth mentioning that A7s, a key
processing parameter is directly related to microstructural evolution. Therefore, its
quantification is an important step in getting access to direct information on the specific
solidification path and thermal history controlling microstructures development. Thus,
analysis of IA droplets will allow us to map out a wide range of solidification
microstructures so that their processing history can be inferred from the knowledge of

ATpand T.

2. Experimental

Rapidly solidified Al-Cu droplets of different sizes were generated by IA under
nitrogen and under helium atmospheres [9]. A schematic representation of the 1A
experimental setup is given in Fig.1. A summary of the investigated samples and the
experimental conditions are given in Table I. The droplets considered in the present
investigation were atomized from a melt temperature of 1123 K (850°C) in an oxygen-
free chamber (less than 20 ppm oxygen [10]) filled with either nitrogen or helium. After
atomization, the droplets were washed, dried and sieved into different size ranges
varying from (180pum - 212 pm) to (850um -1000um). In the present study, for each

size range, an average value is considered.

3. Results
3.1. Eutectic fraction Fg and eutectic nucleation undercooling ATg

3.1.1. Procedures for estimating Fg and ATg

In a published work by Prasad et al [9], Fg for the droplets under investigation were
obtained using a combination of measured values by Stereology and Neutron
Diffraction (St.+ND). And, the corresponding ATe were estimated based on
interpolations of experimental measurements on Al-Cu droplets reported by Gandin et
al [8]. In this section, a metastable phase diagram of the Al-Cu system will be used in
combination with Gulliver-Scheil (GS) model of microsegregation and Neutron



Diffraction (ND) data to estimate Fy and the corresponding ATy. Indeed, considering
that rapid solidification resulting from high cooling rate does not promote time
dependent processes such as diffusion. Therefore, the GS model of microsegregation
(a model that assumes no diffusion in the solid and complete mixing in the liquid) is
considered to be more suitable for the determination of eutectic fractions in rapidly
solidified droplets. If the nucleation of eutectic structure phases occurred without any
undercooling, i.e. at the eutectic temperature of each alloy, GS model predicts F (in
wt.) to be 46% for Al-17wt% Cu, 25% for Al-10wt% Cu and 12% for Al-5wt% Cu.
These values are all higher than the equilibrium eutectic fractions (EQ) calculated by
the Lever Rule (LR) (Table I). However, the eutectic structure phases in rapidly
solidified droplets are not likely to nucleate at the equilibrium eutectic temperature
considering the undercooling of droplets. Since in-situ measurements of nucleation
temperatures cannot be achieved during 1A experiments, a post-mortem procedure to
determine AT needs to be developed. It must combine experimental results of phase
fractions obtained from ND data and the extensions of solidus and liquidus lines of the
equilibrium phase diagram of the investigated alloys following the steps described

below:

(i) The weight fractions of eutectic are calculated at various temperatures below
equilibrium eutectic temperature using the GS microsegregation equation (1).

Co
It is assumed that no re-melting takes place after eutectic nucleation. Thermodynamic

T (1)
Fo(T) = <CE(T)>k( )

calculations of phases are carried out by extending the solidus and liquidus lines in the
aluminum rich hypoeutectic region of the Al-Cu phase diagram (Fig.2) [Thermo-Calc
Database, TCBIN Versionl.1, 2008]. Thus, the temperature T could be varied from the
equilibrium eutectic temperature T = 821 K (548°C) to 790 K (517°C), the
temperature corresponding to the new maximum solute solubility obtained after
extending the solidus and liquidus lines (through suspension of 6-Al.Cu phase). C¢(T)
is the temperature dependent liquid composition varying from the equilibrium eutectic

composition (33wt% Cu) to the maximum solubility limit in the liquid (38.7 wt%). Co



is the nominal composition of the alloy under consideration (5, 10 or 17wt% Cu) and k

is the temperature dependent partition coefficient.

(if) The weight fraction of 6-Al.Cu phase Fy(T) at each temperature below T is

calculated from the eutectic weight fraction using Eq.2.

Fg(T) = Fog X Fg(T) (2)

Fyi 1s the fraction of 0-Al>Cu in the eutectic structure, it is assumed that the nucleation
of 6-Al>Cu is followed by a temperature rise due to recalescence (latent heat released
greater than the convective heat loss through the droplet) up to T and that most of the
0-Al>Cu forms at the equilibrium eutectic temperature after recalescence as previously
shown by modelling results reported in [4]. Consequently, Fgy could be determined by

the LR at the equilibrium eutectic temperature.

(iii) Fg(T) is calculated at various temperatures (Eg.2) and compared with the
experimental fraction of 0-AlCu determined by Rietveld refinement analysis of ND
data. Consequently, the actual weight fraction of eutectic, F(T) , is determined as the
value corresponding to Fg(T) that matches the experimental fraction of 6-Al.Cu. A
temperature T (corresponding to that liquid temperature T when Fy(T) matches the
experimental weight fraction of 6-Al>Cu) could therefore be defined as the eutectic
nucleation temperature so that AT; can be defined as the temperature difference
between the equilibrium eutectic temperature T and the temperature Ty at which the

actual eutectic nucleation occurred (Equation 3).

ATy = Ty — T} 3)

3.1.2. Variations of Fg with alloy composition

Fig. 3 shows the variation of weight percent eutectic with alloy nominal composition
and also compares the eutectic fractions obtained through the metastable extensions of
solidus and liquidus lines (Fg) with corresponding results obtained by combination of

stereology and neutron diffraction ( Fz_St+ ND). The GS predictions and the



equilibrium solidification (EQ) calculated by the LR are also plotted. It can be observed
that:

() Fg is in good agreement with F;_St + ND for all of the investigated droplets.

(if) Fg increases with Cu-content (alloy nominal composition) as expected from the
simple EQ and GS approximations.

(iii) For Al-Cu alloys of composition 5wt% and 10wt% Cu, Fe lies between predicted
values by EQ and GS predictions.

(iv) Fg for Al-17wt% Cu lies below predictions by EQ and GS.

Indeed, during rapid solidification, a delay in the nucleation of 6-Al.Cu phase of the
eutectic structure is possible so that the dendritic phase is allowed to solidify below the
equilibrium eutectic nucleation temperature [8], [9]. Consequently, there will be a
smaller amount of liquid left when eutectic reaction takes place. Hence, lower
experimental eutectic fractions are obtained as compared to GS and EQ predictions.
Table 11 shows a summary of the experimental results obtained by stereology and
neutron diffraction that lead to the estimation of eutectic fractions.

3.1.3. Variations of Fg with AT

Fig. 4 shows the variation of weight percent eutectic with eutectic nucleation
undercooling. For each alloy composition Fe is shown to be slightly decreasing with
ATg. The higher the nominal composition of the alloy the more this decrease is
observed. As already mentioned above, below the equilibrium eutectic temperature,
primary dendrites can continue to grow so that there is less liquid available when
eutectic reaction takes place at a lower temperature, hence the slight decrease of weight
percent eutectic as eutectic undercooling is increased. This result is in agreement with

previously reported results by Prasad et al. [9], [10]
3.2. Determination of primary dendritic nucleation undercooling AT p
3.2.1. Procedures for estimating ATp

Definition and assumptions

Primary dendritic nucleation undercooling ATp is defined as the difference between
the equilibrium liquidus temperature T, and the nucleation temperature Tp of the

primary dendritic o -phase. To determine ATp it is assumed that:



(i) The a-phase forms as a result of nucleation, growth and coarsening up to the
nucleation of the eutectic. Following the nucleation of 8-Al>Cu phase, no primary solid
formation takes place. This assumes that the eutectic structure grows as a front in
between the dendrites as shown in [12], [13] using in-situ radiography imaging of
directional solidification of Al-30wt%Cu. During eutectic growth, no liquid is in
contact with the primary o -phase.

(i) There is no primary a-phase re-melting due its recalescence.

(iii) Most of the dendrites that have formed did so during coarsening so that a semi-
empirical relationships such as the one reported by Kurz and Fisher [14] can be used to
describe the secondary dendrite arms spacing A2 as a function of solidification time
(Eq.4a).

AZ = S.S(MtSL)1/3 (4)

where tg; is the local solidification time and M includes all temperature dependent
terms. Taking the dendrite coarsening results of Kattamis [15], Roosz and co-workers

[16] have defined the coarsening parameter M as:

M= yD, ()T (5)
~ m(1-k)AHC,

where y is the energy of solid/liquid interface, AH is the latent heat of solidification, m
is the liquidus slope, k is the solute partition coefficient, D_ is the solute diffusion
coefficient in liquid phase and C is the solute composition in liquid phase.

The coarsening parameter M as expressed in Eq.4b is found to decrease with decreasing
temperature during solidification (Fig.5) so that a mean value of M can be calculated
according to Eq.5 as the average value of M varying from the nucleation temperature

of primary a-phase Tp to the eutectic nucleation temperature Ty .

s (6)

Eq.4a can therefore be written as:



AZ = 5'5(MtSL)1/3 (7)

Combination of experimental results and empirical models

Secondary dendrite arm spacing (SDAS) Az is shown to be related to the average

ATs1 ) by a power law described by Eq.7 [17], [18].

solidification cooling rate (T = -
SL

A, =A™ (8)

ATg; is the local solidification interval, A and n are alloy-dependent parameters
obtained from the best fitting curves (R>>0.90) of A2 Vs T. The values of 7 and X, used
to estimate A and n for the investigated samples (Table I) are the ones reported in [9].
The parameter A, described as a “composition-sensitive” coefficient by Eskin et al [17]
is found to be decreasing with increasing nominal alloy composition Co (A is equal to
43. 96, 22.66 and 20.92 respectively as Co varies from 5wt%, 10wt% and 17wt% )
while coefficient n is less sensitive to the alloy composition (n = 1/3 for the three

investigated alloys). Thus, for each investigated droplet, M and A can be determined

by equating Eq.7 and Eq.8. (Substituting AtTSL for T).
S

L

A = 5.5(MATg)Y/3 (9)

Knowing the experimental value of A for each alloy composition, M and ATy, (= Tp —
Tz) were varied from Tp =T, to Tp = T; until the experimental value of A is

obtained. Then AT} is deduced (Eq.10) from the corresponding Tp.
ATP = TL - TP (9)

3.2.2. Variations of ATp with average droplets size

Primary nucleation undercooling is plotted as a function of average droplets size. Fig.6
shows that there is little to no variation of the AT, within the investigated range of
droplet sizes (180um-1000um) for the three investigated Al-Cu compositions under
both He and N>. Therefore, it can be said that primary dendritic nucleation undercooling

and heat extraction rate are not correlated in the case observed. This is in agreement



with EML experiments where high dendritic nucleation undercooling can be obtained
followed by low solidification cooling rate [19]. Indeed, undercooling depends not only
on the nucleation mode, but also on other factors such as the size and nature of nuclei
as well as the thermo-physical properties of the melt [20] [21]. It is worth noting that
Al-5wt% Cu droplets display AT, ~14K , a value that is very close to 15K obtained for
the same droplets in [9] by trial and error using solid fraction around the nucleation
point on droplets microstructures revealed by micro-tomography images.

Table IV summarizes the experimental results of Fr, ATz and AT, for each
investigated alloy with respect to cooling gas and droplet size . AT, values obtained
with the methodology presented in this paper will be used as input variables to run the
microsegregation model so that the output results will be compared with the

experimental results used in this methodology.
3.3. Microsegregation model

3.3.1. Brief description

A microsegregation model has been developed by Tourret et al. [22], [23]. It is an
extension of the equiaxed solidification model developed successively by [8], [9], [24—
28] and coupled with Thermo-Calc. The model is applicable to an atomized (spherical)
droplet under a non-moving gas. It is limited to binary alloys with uniform and constant
density in all phases and the growth of the structures is isotropic during the entire
solidification process. It is also assumed that solidification is controlled by solute
diffusion in both solid and liquid and the temperature is homogeneous within the
droplet.

The input variables of the model consist of: (i) the melt temperature, (ii) the droplet
size (iii) the gas type and properties, (iv) the alloy composition and properties, (v) the
alloy phase diagram, (vi) the solute diffusion coefficients, (vii) the secondary dendrite
arm spacing, (viii) the Gibbs-Thompson coefficients, (ix) the contact angles between
phases and (x) the primary dendritic and secondary eutectic nucleation undercoolings.
A single nucleation event at a given temperature is assumed for nucleation.

The model’s output gives the thermal history of the solidified droplet (cooling rate,
enthalpy, variation of phases, recalescence, etc.) and predicts microsegregation within
the droplet during solidification in terms of weight percent eutectic Fe (model).



3.3.2. Model prediction of eutectic fraction

ATp and ATy obtained for each investigated droplet are used as input variables to run
the model. Fe (model) for each investigated droplet is plotted as a function of
composition (Fig.7a). The conclusions given for the experimental results in section
3.1.2 are found to apply very well for the model predictions. Then, the Fe (model) are
compared with the experimental values, Fig.7b shows that these values are in good
agreement with the experimental results. Note that the microsegregation model predicts
that only 0.2 to 23 % of the total solidification time account for primary a-phase
nucleation and recalescence. Thus most of the primary dendrites are formed during
coarsening. Hence the use of a coarsening model to estimate the dendritic nucleation
undercooling is justified.

3.3.3. Model prediction of primary dendritic solid fraction during recalescence

Recalescence occurs when the rate of heat generation during phase transformation is
higher than the rate of heat loss by the droplet to the surrounding gas. It is characterized
by a rise of temperature after nucleation. During rapid solidification by IA, if a phase
formation happened at a rate sufficiently fast relative to the time required for heat
exchange with surrounding gas, an overall adiabatic condition could be established
between a droplet and the stagnant surrounding gas.

Fig.8 shows the variation of the primary solid fraction Fr formed during recalescence

with AT, for the three investigated alloys. As expected, Fr is a linear function of AT5.

Assuming that during the period of recalescence the solidification occurs under
adiabatic conditions, the primary dendritic solid fraction Frformed during recalescence

(therefore adiabatically) can be determined using equation (11).

Cp (10)
o= (g ) o

Where C,l, is the melt heat capacity, AH, the latent heat of fusion and AT, the primary
a-phase nucleation undercooling.

The characteristic undercooling or hypercooling limit AT,,,, of the melt is given by



AHg (11)

AThyp = L
p

Consequently the adiabatic primary dendritic solid fraction is given by

_ ATy (12)
ATy,

Fr

ATp can therefore be defined as a fraction (Fr) of the hypercooling limit of each alloy,
ATy, of the investigated alloys are given in Table II. Thus, using Equation 13 and the
values of Fr predicted by the microsegregation model, the corresponding AT, for each
investigated droplet can be back calculated.

Fig.9 shows a plot of AT, (theory) calculated using Eq.13 against the AT, (exp)
estimated by the coarsening model for each investigated alloy. The points almost
overlapping the X=Y curve is a clear indication that within the limit of experimental
measurements AT, (exp) are in agreement with the theoretical values. Therefore, the

experimental methodology used to determine ATp is justified.

3.3.4. Effect of primary dendritic nucleation undercooling on recalescence

Fig.10 shows the variation with AT, of the characteristic temperatures during the alloys
solidification. It can be observed that for all the investigated alloys, the recalescence
temperature Tr (maximum temperature reached by the melt subsequent to recalescence)
rises just below the liquidus temperature. This result indicates that there is no remelting
taking place after primary dendritic phase nucleation. As expected, the temperature

increase during recalescence is a function of ATj.

3.3.5. Effect of primary dendritic nucleation undercooling on eutectic fraction

The microsegregation model is run with the dendritic nucleation undercooling being
equal to zero but the eutectic nucleation undercooling is kept as experimentally
estimated. Fig.11 shows a comparison of the model outputs of weight percent eutectic
taking into account the dendritic undercooling (E1) and ignoring the dendritic
nucleation undercooling (E2). It can be seen that all the points lie on the X=Y curve,
indicating that the predicted weight percent eutectic is the same with or without the
primary dendritic nucleation undercooling. Therefore, it can be concluded that the

primary dendritic undercooling does not influence the fraction of eutectic structure.



4. Conclusions

Rapid solidification of impulse atomized Al-Cu droplets of compositions 5, 10 and 17
wt% Cu, classified in different size ranges, were analysed. The solidus and liquidus
lines of the hypoeutectic side of Al-Cu system were extended by Thermo-Calc to
account for metastability resulting from rapid solidification and high nucleation
undercoolings. Experimentally measured phase fractions by rietveld refinement of
neutron diffraction (ND) data were used to estimate the weight percent eutectic in each
droplet and the corresponding eutectic nucleation undercooling from the phase
diagram. A very good agreement was found between the estimated weight percent
eutectic and the published results obtained by combining stereology measurements and
ND data. Dendritic nucleation undercooling was then calculated by combining semi-
empirical models of SDAS with the estimated eutectic nucleation undercooling. The
dendritic and eutectic nucleation undercoolings were then used as input variables to run
a validated microsegregation model. The output results were found to be in agreement

with the theory of a spherical droplet solidifying in a quiescent gas.
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Al,Cu as well as the investigated alloy compositions are indicated by dashed lines.
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Fig. 3: Comparison of weight percent eutectic obtained from the metastable phase
diagram with results from combination of Stereology (St.) and Neutron Diffraction
(ND) data, predictions by Scheil-Gulliver-Scheil (GS) and the Lever Rule (LR).
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Fig.4: Variation of weight percent eutectic with eutectic nucleation undercooling
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Fig.5: Variation from T to T of coarsening parameters of Al-Cu droplets atomized
under He. Droplets size: 196 um
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Fig.6: Variation of dendritic and eutectic nucleation undercooling with average
droplet size for the three investigated alloys atomized under He and No.
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Fig.8: Primary solid fraction Fr formed during recalescence as a function of the
primary dendritic nucleation undercooling AT, for the three investigated alloys.The
data are fitted with a linear curve.
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Fig.9: Theoretical primary dendritic nucleation undercooling AT, (theory)
calculated using the definition of hypercooling limit as a function of AT, (exp)
estimated by the coarsening model for each investigated alloy.
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Fig.11: Comparison of model outputs of weight percent eutectic (E1) considering the
primary dendritic nucleation undercooling and (E2) ignoring the primary dendritic
nucleation undercooling.



List of tables

Table I: Impulse Atomized Al-Cu droplets of different compositions and sizes
solidified in nitrogen and helium from melt at a temperature of 1123 K (850°C) [10]

Droplet Fe_Lever rule Fe_Gulliver-Scheil (GS)
Alloy Atomization  average (LR) (wt.%)
Composition gas size (wt.%)
(nm)
196
He
925 0 12
Al-5wt% Cu
N 196
? 925
196
He
2 15 25
Al-10wt% Cu 925
N 234
2 925
196
He 925 41 46
Al-17wt% Cu
234
N2

780




Table 11: Summary of the experimental results obtained by stereology and neutron
diffraction[10] that lead to the estimation of eutectic fractions.

Secondary
Alloy Atomization  Droplet Dendrite 6-Al>Cu Fe
composition Gas size (um)  Arm Spacing  (wW®) (wt.%) (wt.%)
(um)

196 2.11 4.45 7.53

N He 925 5.63 4.55 7.62
196 4.21 4.73 7.92

N2 925 7.07 4.71 7.88

He 196 2.21 9.3 15.6

ALLOWto% Cu 925 4.62 9.2 15.4
234 3.56 11.8 19.8

N2 925 5.93 9.98 16.7

196 1.41 17.5 29.3

17wt Co He 925 3.16 18.13 31.7
234 2.49 18.43 30.9

N2 780 4.46 18.45 30.9




Table 111. Summary of the data used for the three investigated Al-Cu alloys

Parameter Al-5wt.% Cu Al-10wt.% Cu Al-17wt.% Cu Reference
Size in um Size in um Size in um
(gas type) (gas type) (gas type)
196 | 925 196 | 925 196 | 925 234 | 925 196 | 925 234 | 780
(He) | (He) | (N2) | (N2) | (He) | (He) | (N2) | (N2) | (He) | (He) | (N2) | (N2
T (K/s) 4689 | 349 | 973 153 | 3546 | 258 | 608 113 | 2258 176 | 433 97 [10]
A,x10%(m) | 2.11 |563 |4.21 [7.07 |2.21 [4.62 (356 (593 |1.41 |3.16 |2.49 |4.46 [10]
k 0.22 | 0.22 [0.22 |0.22 [0.28 |0.28 |[0.21 |0.26 [0.31 |0.28 |0.29 |0.28 [12]
Ce (Wt.% Cu) | 37.26 | 37.09 | 36.59 | 36.65 | 38.51 | 38.59 | 36.10 | 37.93 | 39.59 | 38.74 | 39.03 | 39.03 [12]
Ty, 920.28 906.51 885.56 [12]
Tg 820.73 820.73 820.73 [12]
Ax106 (m(K/s)") 43.96 22.66 20.92
n 0.35 0.28 0.35
I'(Km) 2.41x107 2.41x107 2.41x107 [10]
D' (m?3s?) 1.05x107 exp(-2860/T) 1.05x107 exp(-2860/T) 1.05x107 exp(-2860/T) [17]
m (K (wt.%)?) -3.66 -3.86 -4.23 [10]
C (J.nr3k1) 3.25%x10° 3.31x10° 3.40%10° [17]
AH; (J.m3) 1.09%x10° 1.13x10° 1.18x10° [17]
AThyp 335 340 348 [17]




Table 1V: Dendritic nucleation undercooling results based on the use of coarsening model
[13] and eutectic nucleation undercooling estimated based on weight percent eutectic.

Eutectic Dendritic
Fe metastable . .

L nucleation nucleation

Alloy Atomization Droplet phase . .

- . ) undercooling undercooling

composition Gas size (um) diagram (K) )
t.%

(wt.%) (samein°C) (samein °C)
He 196 7.53 20.9 14.4
925 7.62 20.0 14.3

_ 0
Al-Swt% Cu \ 196 7.92 173 14.0
2 925 7.88 17.6 14.0
He 196 15.6 29.0 81.7
925 15.4 29.5 82.1
Al-10wt% C
Wt Cu \ 234 19.8 14.6 69.7
2 925 16.7 25.4 78.6
He 196 29.3 34.9 70.5
925 31.7 30.4 65.8
Al-17wt% C

wt% Cu \ 234 309 323 67.3
2 780 30.9 32.2 67

30



