Hydrogen Evolution during Directional Solidification and Its

Effect on Porosity Formation in Aluminum Alloys
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Most of the models for predicting porosity formation in aluminum alloy castings use a simple mass
balance, such as the lever rule, to track hydrogen enrichment in the interdendritic liquid. However,
the hydrogen concentration predicted by the lever rule is typically too low to satisfy the threshold
concentration for pore nucleation based on classi cal nucleation and growth theory. Asaresult, important
features of microporosity such as the size and spacing of pores cannot be treated properly. In this
article, the hydrogen concentration during the directional solidification of an Al-4.5 pct Cu aloy is
calculated, assuming hydrogen rejection during solidification and diffusion in the mushy zone. The
calculation shows that the use of the lever rule greatly underestimates the hydrogen concentration at
the eutectic front. This is due to the fact that the eutectic front also rejects hydrogen and that this is
not considered in the use of the lever rule. Results of numerical simulations that consider hydrogen
rejection and diffusion are compared with results obtained using the lever rule. The comparison
indicates that actual hydrogen concentrations may be orders of magnitude higher than that predicted
by the lever rule. It is suggested that the lever rule should not be used in predicting porosity nucleation.
Themodel outlined inthisarticleis used to propose and explain the formation of awavelike distribution

of pores during directional solidification.

I. INTRODUCTION

POROSITY, which occursin almost all aluminum alloy
castings, is detrimental to the mechanical properties and
pressure-tightness of the castings.[ Asaresult, research has
been conducted on the formation of porosity for almost half
acentury.>9 It iswell known that hydrogen is the only gas
having a large solubility in the liquid aluminum alloy and
asmall solubility in the solid. On solidification, hydrogen is
rejected by thegrowing solid and isenriched in theremaining
liquid in the mushy zone. When the hydrogen concentration
in the liquid exceeds its solubility, pores tend to form. The
nucleation and growth of a pore is a process that consumes
the supersaturation of hydrogen in the liquid. To model the
formation of poresin acasting, both the hydrogen concentra-
tion and its solubility in the liquid need to be considered.
The partition and diffusion of hydrogen during solidification
governs the concentration of hydrogen in the liquid.

Based on thefact that the diffusion coefficient of hydrogen
isafew orders of magnitude higher than that of other solute
elements in auminum aloys[*? the lever rule has been
widely employed“- for calculating the local hydrogen con-
centration in the liquid. The application of the lever rule
results in the control volume shown in Figure 1 and a mass
balance for hydrogen as shown in Eq. [1]:

CSfS + CLfL = CO [l]
where

Cs = the hydrogen concentration in the solid,
C_ = the hydrogen concentration in the liquid,
C, = the initia hydrogen concentration of the aloy,
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fs = the local liquid fraction in the mushy zone, and
f_ = the local solid fraction in the mushy zone.

As aresult of the use of the lever rule for calculating the
local hydrogen concentration, the enrichment of hydrogen
in the liquid during solidification is only proportional to the
local fraction of solid. Thisleadsto alarge error in calculat-
ing the hydrogen concentration in the liquid under certain
conditions. It is due to the fact that (as will be shown later)
hydrogen behaves very differently compared to most other
solute elements during solidification. Before poresform, the
concentration of hydrogen in the liquid is proportional to
the total amount of hydrogen rejected by the solid from the
start of solidification. Thisis shown in the large shaded area
shown in Figure 1. For comparison, the control volume
representing local fs and f_ are also shown. As shown in
Figure 1, the use of the lever rule using local fs underesti-
mates the local hydrogen concentration in the liquid. As a
result, the calculated hydrogen concentration istypically too
low to satisfy the threshold concentration for pore nucleation
based on classical nucleation and growth theory. Thisisone
of the reasons why the nucleation and growth of pores cannot
be treated properly in numerical models.

This article provides a more compl ete treatment of hydro-
gen evolution and diffusion during the solidification of alu-
minum alloys. Inthiswork, the total hydrogen concentration
in the mushy zone of an Al-4.5 pct Cu aloy during direc-
tional solidification due to hydrogen diffusion and hydrogen
rejection at theadvancing solid frontiscalculated. A compar-
ison is made between the calculated total hydrogen concen-
tration and that predicted using the lever rule. It is hoped
that the approach outlined in this article can provide the
basis for the development of more sophisticated models
that treat the nucleation and the growth of pores during
solidification. Although the treatment presented is for direc-
tional solidification, the concepts are equally applicable to
the case of equiaxed solidification.
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Fig. 1—Schematic diagram showing the control volume element for the
application of the lever rule and an improved formulation (large shaded
areq) that considers the total amount of hydrogen rejected from the start
of solidification.

II. HYDROGEN EVOLUTION EQUATIONS

The aluminum-hydrogen phase diagram is shown in Fig-
ure 2. In the solid aluminum phase, hydrogen solubility is
very small. Ransley and Neufeld showed that the maximum
solubility of hydrogen in the solid is about 0.0175 mL/100
g at the melting temperature of pure aluminum metal .l*2
Under most casting conditions, the initial hydrogen concen-
tration in the melt is much higher than the maximum solubil-
ity of hydrogen in the solid. This means that hydrogen will
be rejected to the liquid and enriched in the mushy zone
during solidification.

For the calculation of hydrogen evolution during the solid-
ification of an Al-4.5 pct Cu dloy, the solidification is
assumed to be one-dimensional and the temperature gradient
(G) isassumed to be constant. The total solidification length
is assumed to be 30 cm. The growth rate (R) is chosen such
that the freezing front is cellular or dendritic, which is the
typical morphology of the freezing front during directional
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Fig. 2—The aluminum-hydrogen phase diagram.[*4
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solidification. Hydrogen partitioning during solidification is
assumed such that the hydrogen concentration in the solid
(Cg) is a constant and equal to the maximum solubility of
hydrogen in the pure aluminum solid at its melting tempera-
ture. The diffusion coefficient of hydrogen in the liquid is
taken as 3.8 X 102 cm#s* and diffusion in the solid

is neglected.
The evolution of hydrogen is governed by
] 9 aC. of.
3t (flC) = ax (DfL &) Csﬁ (2]
where

D = the diffusion coefficient of hydrogen in the liquid,
x = the distance, and
t = the time.

In the al-liquid region where f_ = 1 and of /ot = 0, Eq. [2]
reduces to a diffusion equation. In the mushy zone, the
second term on the right-hand side of Eq. [2] describes the
partition of hydrogen between solid and liquid.

Unlike most other solute elements in aluminum alloys,
hydrogen does not affect the melting temperature of the
solid (Figure 2). Since hydrogen does not affect the melting
temperature of the alloy, the liquid fraction (f,) in the mushy
zone is determined only by the copper concentration, so that
f_ can be estimated using the Scheil equation.[*34 Thus,

(o= T o (3]
Co\Te- T

where

T = the temperature in the mushy zone,
To = the melting temperature of pure aluminum,
T, = the liquidus temperature of the Al-45 pct Cu
aloy, and
k = the partition coefficient of cooper.

Assuming that x, isthe position of the freezing front (liquidus
isotherm), T is given by

T=T - GKx—X (4]

for a constant temperature gradient of G.

The initial conditions for Eq. [2] aref, = 1, x, = 0, and
C = Cy. A boundary condition of zero diffusion flux of
hydrogen is applied at both ends of the casting (i.e., at x =
0 and x = L, where L is the length of the casting shown in
Figure 3). When the eutectic occurs at the root of the cells/
dendrites (i.e., when the eutectic isotherm is at the dendrite
roots), hydrogen is rejected at a planar eutectic front at a
position X,. At this position, the usual interface flux balance
applies, namely,

aC
D5 = RC.~ Cfe [5]

where fg is the eutectic fraction. Using these initial and
boundary conditions, Eq. [2] can be solved numerically to
calculate the total hydrogen concentration in the liquid as
a function of distance.

1. RESULTS AND DISCUSSION

For purposes of illustration, hydrogen evolution during
thedirectional solidification of an Al-4.5 pct Cu aloy with an
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Fig. 3—Schematic illustration showing the various fluxes that must be
taken into account in calculating hydrogen redistribution during directional
solidification, viz.,, hydrogen partitioning during primary solidification,
hydrogen diffusion toward and beyond the dendrite tips, and hydrogen
rejection at the eutectic front.

initial hydrogen concentration of 0.1 mL/100 gisconsidered.
The solidification conditions are assumed to be R = 1072
cm/sand G = 1 °C/cm. The hydrogen concentration in the
liquid and the corresponding liquid fraction in the mushy
zone are plotted against distance for the solidification length
of 30 cm.

Hydrogen evolution during solidification is best under-
stood by analyzing hydrogen evolution in two stages. In the
first stage, the liquid fraction at x = O is greater than the
eutectic fraction of 0.081, i.e., the temperature at x = 0 is
greater than the eutectic temperature. This is illustrated in
Figure 4. Until the onset of the eutectic, hydrogen is progres-
sively enriched intheliquid dueto thedifferencein solubility
between the solid and the liquid. Hydrogen also diffuses
toward and ahead of the dendrite tips. The upper plot in
Figure 4 shows the hydrogen concentration as a function of
distance, whilethelower plot showsthe corresponding liquid
fraction. In the upper plot in Figure 4, both the hydrogen
concentration calculated using the lever rule (Eqg. [1]) and
calculated total hydrogen concentration are plotted for com-
parison. When the liquid fraction is higher than the eutectic
fraction, the calculated total hydrogen concentration is actu-
aly slightly lower than that for the lever rule, due to hydro-
gen diffusing toward and beyond the dendrite tips.

This scenario changes dramatically in the second stage
of hydrogen evolution, when the eutectic appears. Due to
the large difference in solubility between the solid and the
liquid, a significant amount of hydrogen is rejected at the
eutectic front when the highly enriched eutectic liquid solidi-
fies. Provided that pore nucleation does not occur, the hydro-
gen concentration at the eutectic front increases drastically
as the eutectic front advances. As shown in Figure 5, the
hydrogen concentration is 8 mL/100 g when the eutectic
front advances a distance of 3.15 cm (X, = 3.15 cm), i.e,
about 80 times its original concentration, and is 20 mL/
100 g when x, = 9.15 cm, about 200 times its original
concentration.  Although the hydrogen concentration
decreases rapidly away from the eutectic front, the highly
enriched zone of hydrogen still extends a few centimeters
ahead of the eutectic front. The dashed curve at the top
of Figure 5 indicates the locus of the maximum hydrogen
concentration at the eutectic front as a function of position,
in the absence of pore nucleation.
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Fig. 4—Evolution of hydrogen during the first stage of directional solidifi-
cation of an A1-4.5 pct Cu aloy containing 0.1 mL/100 g hydrogen when
the liquid fraction at x = 0 is higher than the eutectic fraction of 0.081.
The top diagram shows hoth the hydrogen concentration in the liquid
calculated using the lever rule and that from the present calculation.
The bottom diagram shows the corresponding liquid fraction.

Keeping in mind that the liquid fraction at the eutectic
front is always equal to fg (i.e., 0.081), the use of the lever
rule would predict a fixed hydrogen concentration at the
eutectic front, given by the mass balance shown in Eq. [1].
Thisresultsin ahydrogen enrichment of only about 10 times
the initial concentration. This is obviousy much smaller
than the values obtained with the present calculation and
is unlikely to result in pore nucleation based on classical
nucleation and growth theory.

The previous calculations point out an important aspect
of the calculation of the redistribution of solute elements
such as hydrogen, which are rejected at the eutectic front.
The lever rule and the Scheil equation cannot be used to
predict the hydrogen concentration in the interdendritic lig-
uid, as hydrogen is rejected at the eutectic front. As shown
in Figure 3, the hydrogen partitioning during solidification,
the hydrogen diffusing toward and beyond the dendrite tips,
and the hydrogen rejected at the eutectic front must be con-
sidered. Care should a so be taken in the use of the lever rule
or the Scheil Equation for calculating solute redistribution in
multicomponent alloys, as there should be long-distance
diffusion of some solute elements and rejection of some
solute elements at the eutectic front.

Figures 6 through 8 show the cal culated maximum hydro-
gen concentration at the eutectic front for varying tempera-
ture gradients, initial hydrogen concentrations, and growth
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Fig. 5—Evolution of hydrogen during the second stage of directional solidi-
fication of an Al-4.5 pct Cu aloy containing 0.1 mL/100 g hydrogen when
the eutectic reaction occurs. The top diagram shows both the hydrogen
concentration in the liquid calculated using the lever rule and that from
the present calculation. The locus of the maximum hydrogen concentration
at the eutectic front is also shown. The bottom diagram shows the corres-
ponding liquid fraction.
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Fig. 6—Calculated total hydrogen concentration at the eutectic front for
Co = 0.1 mL/100 g, R = 0.01 cnV/s, and thermal gradients of 1, 2, and 16
°C/cm. Pore nucleation is neglected.

rates of the solid. An increase in the temperature gradient
decreases the hydrogen concentration at the eutectic front
(Figure 6), due to greater hydrogen diffusion toward the
dendrite tip, but the decrease is very small. Even with a
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Fig. 7—Calculated total hydrogen concentration at the eutectic front for
G = 1.0 °C/em, R = 0.01 cm/s, and initial hydrogen levels of 0.1, 0.2,
and 0.34 mL/100 g. Pore nucleation is neglected.
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Fig. 8—Calculated total hydrogen concentration at the eutectic front for
Co = 0.1 mL/100 g, G = 1.0 °C/cm, and growth rates of 0.001, 0.01, and
0.1 cm/s. Pore nucleation is neglected.

temperature gradient of 16 °C/cm, the hydrogen concentra-
tion at the eutectic front is much higher than that predicted
using the lever rule.

The initial hydrogen concentration affects the hydrogen
concentration at the eutectic front (Figure 7). An increase
intheinitial hydrogen concentration resultsin aproportional
increase in the hydrogen concentration at the eutectic front.

The most important parameter affecting the hydrogen con-
centration at the eutectic front is the growth rate of the solid,
assuming that the solubility of hydrogen in the solid is not
affected by the growth rate. As shown in Figure 8, the
calculated hydrogen concentration at the eutectic front
increases drastically with increasing growth rate of the solid.
This indicates that the nucleation of porosity is likely to be
favored at high growth rates of solid. However, the porosity
level may not necessarily be higher, since the increased
nucleationisonly likely to result in alarger number of small
pores. In the example considered in this study, the higher
growth rates of the solid correspond to larger cooling rates,
since the cooling rate is the product of the thermal gradient
and growth rate. In this case, the pore size will most likely
decrease, since the secondary dendrite arm spacing decreases
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with increasing cooling rate.*™ Similarly, the pore fraction
would also likely decrease at increasing cooling rates.®

The enrichment of hydrogen at the eutectic front leads to
the postulation of a wavelike distribution of pores during
directional solidification. As illustrated in Figure 9, hydro-
gen becomes enriched at the cell/dendrite root asthe freezing
front advances. When the hydrogen concentration reaches
acritical value (Cc), pore nucleation occurs. The nucleation
and the subsequent growth of the pore consumes hydrogen
locally and reduces the local hydrogen concentration in the
liquidto alevel corresponding to that of equilibrium between
the hydrogen in the pore and that in theliquid. The growth of
the pores ceases, and the pores will most likely be gradually
trapped by the growing solid. Asthe freezing front advances
further, hydrogen will again be enriched in the liquid until
pore nucleation occurs. As aresult, poreswill occur periodi-
caly in a wavelike fashion (Figure 9). This was observed
by Cartel*®l during the rapid freezing of athin layer of water.
In the case of the freezing of water, the dissolved gasis air.
The wavelike distribution of gas bubbles in ice is directly
related to hydrogen evolution and the subsequent nucleation
and growth of poresin aluminum alloys. If this distribution
can be documented experimentally, the critical supersatura-
tion required for hydrogen bubble nucleation can be esti-
mated by measuring the distance corresponding to the
location of the first porein adirectionally solidified sample.

Under most casting conditions, pores are not distributed
in awavelike fashion; instead, they are distributed more or
lessuniformly inthe casting. Thisisdueto the fact that pores
migrate toward the direction of the higher liquid fraction in
the mushy zone. The pore migration blurs the wavelike
distribution of porosity in a casting. In the solidification of
cyclohexane, a transparent alloy, it was observed that pores
could migrate over alarge distance and that their migration
velocities could be as high as 200 wm/s.[*1 Unfortunately,
this suggests that important aspects of porosity formation,
such as the critical hydrogen supersaturation required for
nucleation and information on hydrogen diffusion, cannot
be easily obtained from the distance between pores in a
casting. Pore migration during solidification needs to be
systematically studied and quantified in order to fully under-
stand the fina distribution of poresin a casting.

Composition

Position

Fig. 9—Schematic illustration showing the formation of a wavelike distri-
bution of pores during directional solidification. Here, X, through x5 denote
thepositionsof the eutectic isotherm, and C denotesthe hydrogen concentra-
tion in the liquid ahead of the eutectic isotherm.

METALLURGICAL AND MATERIALS TRANSACTIONS A

IV. CONCLUSIONS

Theuse of the lever rule for the prediction of the hydrogen
concentration in the liquid in the mushy zone underestimates
the hydrogen concentration at the eutectic front during the
solidification of aluminum aloys. Models for predicting
pore nucleation, size, and distribution should not use the
lever rule for calculating hydrogen concentration, since the
predicted hydrogen concentrations are too low to satisfy
the threshold concentration for pore nucleation based on
classical nucleation and growth theory. Calculations of the
total hydrogen concentration at the eutectic front that con-
sider hydrogen partitioning during primary solidification,
hydrogen diffusion toward the dendrite tips, and hydrogen
rejection at the eutectic front indicate that actual hydrogen
concentrations may be orders of magnitude higher than that
predicted by the lever rule.

The enrichment of hydrogen at the eutectic front is
strongly affected by the growth velocity of the solid, with
higher growth rates leading to significantly higher enrich-
ment of hydrogen at the eutectic front. Hydrogen enrichment
at the eutectic front also increases with an increase in the
initial hydrogen concentration in the liquid. However, the
hydrogen concentration at the eutectic front is only slightly
dependent onthethermal gradient. Anincreaseinthethermal
gradient leads to a somewhat lower hydrogen concentration
at the eutectic front.

The enrichment of hydrogen at the eutectic front leads to
the postulation of a wavelike distribution of pores after
solidification. However, under most solidification condi-
tions, this wavelike distribution of poresislikely blurred by
pore migration in the mushy zone.
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