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Abstract 

Experimental data on directional and bulk solidification of hydrogen-charged samples of 
aluminum alloy A356 and nickel alloy Inconel 718 are discussed. The solidification structure 
of the porous zone is shown to be dependent on many process variables. Of these variables, 
hydrogen content in the melt prior to solidification, and furnace atmospheric pressure during 
solidification play the decisive role. Also important are the furnace atmosphere composition, 
the solidification velocity, and the temperature distribution of the liquid metal inside the mold. 
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Introduction 

It has been shown that a gas-eutectic equilibrium may occur in binary metal-hydrogen 
systems in the vicinity of the melting temperature of the pure metal [l]. This happens mainly 
in systems where no formation of metal hydrides occur at high temperatures, such as Fe-H, 
Cu-H, Ni-H, A1-H, and Mg-H. When the metal is charged with hydrogen to a level near the 
gas-eutectic concentration, solidification involves the transformation of the liquid to a solid 
and a gaseous phase and a variety of gas-solid structures may develop /2]. This transformation 
is termed gas-eutectic and the process to produce gas-solid structures is termed the Gasar 
process [3]. Of particular interest is gasarite, a structure featuring an ordered porous region 
[2]. Materials possessing this structure, or Gasars, display mechanical properties superior to 
porous materials produced by other methods. While gasarite is more or less readily obtained 
in binary metal-hydrogen systems, it may only form under special conditions in ternary or 
more complex alloys where no explicit gas-eutectic equilibrium is attained. 

Producing Gasars from complex, high-strength alloys with mechanical properties 
exceeding those of the pure base metal is of great interest for commercial applications. No 
consistent experimentation in this area has been performed. The major reason being the 
notorious difficulties of working with hydrogen at high temperatures. 

The purpose of this study was to examine the gas-solid solidification structure of the 
widely used aluminum alloy A356, and nickel alloy Inconel 71 8. The basic thermodynamic 
data were obtained previously [4]. Alloy A356 is widely used in aerospace applications; 
hence, the desire to reduce its density by 40-50 % without appreciably compromising its 
tensile strength (as demonstrated by previous work on copper and magnesium Gasars [SI). 
Inconel 7 18 combines favorable mechanical properties with outstanding resistance to 
corrosion, particularly at high temperatures. However, its high density (8.22 g/cni’) severely 
restricts its applications in aerospace vehicles, so reducing the density of this alloy is likewise 
attractive. 

Experiments and Results 

Commercial alloy samples were used in the experimentation. The composition of the 
A356 cast bars was 5.86 % Mg, 0.13 YO Ti, 0.2 YO Fe, balance AI. Inconel 718 was supplied in 
12 mm rolled bars with chemical composition: 5.2 % Nb, 3.1 YO Mo, 0.9 % Ti, 0 3  % Al, 
balance Ni. Hydrogen and argon of technical-grade purity were used as components of the 
controlled atmospheres. No special purification was carried out. A mechanical vane pump was 
used at the roughing stage to provide a vacuum of 10 to 50 millitorr. All experimentation was 
performed at the Liquid Metals Processing Laboratory of Sandia National Laboratories, 
Albuquerque, New Mexico. The details of this unit have been described elsewhere [4]. The 
partial pressures of hydrogen and argon were varied from 0.0 1 to 2.0 MPa. The temperature 
was measured by a W-Re thermocouple. During the A356 experiments the thermocouple was 
protected by an alumina sheath and introduced into the melt. During the Inconel 71 8 
experiments, the thermocouple was placed within the stopper rod, 50 nim from the crucible 
bottom. A two color optical pyrometer was used as a back-up in case of thermocouple 
malhnction. The melting process was monitored by an external video camera aimed at the 
crucible and solidification was observed with an internal video camera aimed at the mold. 



Charge weight was 2 to 5 kg for the A356 experiments and 4 to 9 kg for the Inconel 7 18 
experiments. The castings were subjected to density measurements ,by hydrostatic weighing 
(Archimedes principle), then cut across their structural zones to determine the local void 
fractions and pore morphology. In some cases, microstructural characterization and chemical 
analyses were performed. Two solidification modes were investigated, namely directional 
solidification and bulk solidification. 

The directional solidification experiments involved the following steps: 

heating and melting the charge in a controlled atmosphere, 
10 minute soak of the melt at constant temperature and partial pressures of the gases, 
tapping the melt into a cylindrical mold 165-250 mm in diameter having a copper base and 
ceramic walls, and 
solidification under controlled- varied or constant - pressure. 

The velocity of directional solidification was varied by changing the thickness of the 
ceramic coating on the copper base, the water flow velocity in the copper chill. and the 
tapping temperature. 

The bulk solidification experiments involved the following steps: 

heating and melting the charge in a controlled atmosphere, 
10 minute soak of the melt under constant conditions, 
cooling the alloy down to, or slightly below, its liquidus temperature, 
tapping the melt into a ceramic mold minimizing heat losses, and 
varying gas pressure above the melt at a preset rate during solidification. 

The major process variables in  this series of experiments were the pressui-c 1 ariation rate 
during solidification, the solidification velocity, the tapping temperature, and the rate of melt 
cool-down to liquidus temperature. 

Alloy A354 

Directional Solidification 
The directional solidification experiments of A3 56 resulted in a macrostructure featuring 

two zones, Fig. 1. Compact spheroidal pores having relatively small diameters. 0. I to 2.0 mm, 
occur in the bottom zone that adjoins the copper base. The pore diameter incrcascs by a factor 
of 2 to 3 from bottom to top, The pores show a uniform, although not ideal, frcqwncy 
distribution throughout the zone. At the top of the casting there is another zonc of large gas 
holes whose shape is replicated at the casting surface. 

The void fraction values averaged across the casting and within the bottoni  one are 
mainly dependent on the hydrogen pressure, the holding temperature, and the gas pressure 
during solidification. All other process variables exert much less control. The solidification 
pressure has an especially marked effect, Fig. 2. Yet the influence of pressure is riot uniform 
over its entire range. Above 0.04 MPa, its effects are hardly observable. Conversely. even 
minute pressure variations within the range from 0.005 to 0.01 MPa lead to dramatic changes 



in the void fraction. This is the cause of the broad scatter in the lower pressure range. Fig. 2 
shows an abrupt rise in Gasar void fraction as the pressure is lowered below 0.02 MPa. 
However, the void fraction, even in successful directional solidification runs, did not exceed 
30 percent. 

Figure 1. Schematic of directionally solidified A356 Gasar macrostructure. 
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Figure 2. Influence of solidification pressure on void fraction of directionall!. solidified 
A356 Gasar ingots. Hydrogen charging pressure 0.5 MPa, charging and pouring temperature 
900 "C. 

Bulk Solidification 
The bulk solidification experiments normally resulted in spheroidal pores, a1 though 

compact pores of complex shape also formed, Fig. 3. The distribution of pores across the 
casting was much more intricate than in directionally solidified ingots and was dependent on 
the temperature distribution in the melt at the instance of pressure change. This factor was 
found to be highly important because it determined conditions of hydrogen bubble nucleation 
and growth. When a region was too cold, bubbles grew slower than the solid. iliaking the 
region lean in porosity. When the local temperature was too high, the bubbles grew more 
rapidly than the solid, expanded significantly, and floated up to the melt surface. As a result, a 



low-porosity material formed in the overheated melt region as well. Therefore, various 
macrostructures could develop when no special measures were taken to equalize the melt 
temperature throughout the casting, Fig. 3. 

Figure 3. General macrostructural types of bulk-solidified A356 Gasar ingots. Left: uniform 
temperature distribution in the melt. Rest: nonuniform temperature distribution. 

Both the overall and local void fractions were greater in the bulk solidified materials than 
in the directionally solidified ones. The major factors affecting void fraction were the pressure 
difference between the holding and the solidification step, the melt tapping temperature, and 
the rate of melt cool-down to the liquidus temperature. 

Worthy of special mention are pore dimensions and shape. The average pore size ranged 
from 0.5 to 10 mm, depending on the terminal pressure and the starting temperature of 
pressure decline during solidification. Titanium additions also played a part, for they 
enhanced hydrogen solubility in the melt and facilitated gas bubble nucleation. The latter 
effect is associated with the formation of fine particles of refractory intermetallic TiAl,. These 
have a very low surface energy and act as bubble nucleation sites when the pressure is 
reduced. Microstructural characterization revealed that the TiA1, crystals have a plate-like 
shape and are predoniinantly found at the hydrogen bubble surface. The hydrogen bubbles 
adhere to the aluminide particles rather strongly, so that the thermodynamic impetus for and 
the rate of bubble coalescence are markedly reduced. Also hindered is mechanical removal of 
bubbles from the solidifying melt via upward floatation. As a result, the final void fraction is 
further increased. The maximum void fraction achieved by bulk solidification \vas 78 percent, 
with the pores having a complex compact shape and an average size of 4 to 8 mm 

Inconel 718 

Directional Solidification 

macrostructure generally featuring four zones. Aligned, columnar pores make a honeycomb 
structure in the casting bottom section that contacts the water-cooled chill, Fig. 4. A relatively 
shallow zone of coarse pores, sometimes coalesced to form disk-shaped cavities. is found 
above the bottom zone. This results from coalescence of neighboring pores as the!. grow in 

The directional solidification of hydrogen-charged Inconel 7 1 8 results in a 



the honeycomb zone, so the region in question is termed the coalescence zone. Above this, a 
zone of more or less compact pores having complex dendrite-like shapes is revealed. Further, 
the top portion of the casting is where large subsurface bubbles (pores) concentrate. The 
overall void fraction of the honeycomb zone was approximately equal to that of' the 
coalescence zone and ranged from 5 to 67 %, depending on the Gasar process variables. The 
void fraction was primarily affected by the hydrogen charging pressure and the argon pressure 
during solidification. The absolute and relative dimensions of the zones are also dependent on 
conditions of melting and solidification. It is possible to produce castings having only one of 
the above zones or any combination of two or three of them. To do this, however. the mold 
shape and material and the sample weight sometimes have to be changed. For example, the 
copper base was in some cases replaced by non-cooled slabs of graphite, ceramic. or steel, 25 
mm thick. 4 

Figure 4. Schematics of Alloy 71 8 Gasar ingot macrostructure produced by directional (left) 
and bulk solidification (right). 

"Twin-plate" casting was performed using two similar or dissimilar plates spaced 1 to 25 
mm apart. The cooling plate material affectd the Gasar structure and void fraction fairly 
strongly. It was always possible, however, to select pressures of hydrogen and argon and 
tapping temperature so that a desired structure and void fraction (up to 65 %) could be 
achieved in cast sheets up to 25 mm thick. In-situ production of sandwich constructions with 
Inconel 71 8 is thus feasible. Such Gasar sheets 1 to 2 mm thick with an overall \mid fraction 
of approximately 45 % may consist of a porous core and two nonporous skins. 

Bulk Solidification 
The bulk solidification experiments resulted in the formation of only two str.~ictural 

zones, Fig. 4. The major part of the casting was occupied by a region of fairly coarse, 
dendrite-shaped pores. Practically no honeycomb zone was found. The overall void fraction 
turned out to be slightly greater than that obtained by directional solidification. Although 
somewhat surprising, this finding lends itself to an explanation. First, the surface energy of 
nickel is much greater than that of aluminum, so the hydrogen bubbles are much more apt to 
coalesce in Inconel 71 8 than they are in aluminum. It should be remembered that the velocity 
of bubble flotation increases with the bubble size. Second, the buoyancy force acting on a 
hydrogen bubble of a given size in the nickel alloy is three times that of the buo\xicy force in 
the aluminum base alloy. The bubbles therefore tend to rise much more rapidly and the 



hydrogen escapes the melt and/or the mushy zone more quickly before solidification is 
completed in the nickel alloy. 

It should be noted that the gas-solid structure formation in bulk solidification is not 
completely understood. More in-depth studies are needed to determine the effects of such 
factors as the temperature at which reducing the pressure is started, the rate of pressure 
reduction, and the rate of temperature reduction down to the liquidus temperature. These 
issues, however, have fallen outside the scope of the present study. 

Conclusions 

Gasars from A1 A356 may be produced by both directional and bulk solidification. In  
both cases. however, attempts to obtain a honeycomb structure have not met with success. 

With no special additives, aluminum alloy Gasars can only be made by solidification 
under pressures below 1 atm. Additives reducing the energy at the hydrogen-solid metal 
interface facilitate nucleation and individual growth of gas bubbles. This enhances the void 
fraction, makes the results more consistent, and enables Gasar synthesis via solidification at 
and above 1 atm pressure. 

Gasars from Inconel 7 18 produced by directional solidification contain a honeycomb type 
structure with void fractions up to 65 YO in layers up to 25 nim thick. No honeycomb 
morphology is observed in bulk solidification which results in a peculiar dendrite-like pore 
shapes. 
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