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ABSTRACT 

GAS AR porous metals are produced by melting under a partial pressure of 

hydrogen and then casting into a mold that ensures directional solidification. Hydrogen 

is driven out of solution and grows as cylindrical pores normal to the solidification 

front. Experiments have been performed to produce GASARs from pure Ni and Inconel 

718, a nickel-base superalloy. The processing variables studied in these experiments 

included the pressure of HiCg), total pressure, superheat, and solidification rate. An 

analysis that considers heterogeneous bubble nucleation was developed that identifies 

processing conditions in which HaCg) bubbles are stable in the liquid before 

solidification. It is hypothesized that these conditions lead to low porosity because the 

bubbles float out of the melt and are not incorporated into the final porosity. 

Experimental data are shown to support this hypothesis. 
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Chapter 1 

INTRODUCTION 

A common cause of porosity in many cast metals is the decreased solubility of 

hydrogen in the solid phase of the metal as compared to the liquid phase. As the metal 

solidifies hydrogen is driven out of the solid and into the liquid, and at some point the 

liquid becomes supersaturated and H2(g) bubbles form. These bubbles are then trapped 

in the advancing solidification front and become pores. While this is undesirable in 

most casting operations, the GASAR process encompasses this phenomenon as a 

method to produce porous metals. 

In the GASAR process, the base metal is melted in a furnace capable of high 

pressures. The hydrogen concentration in the GASAR samples is controlled by the 

furnace atmosphere, usually a mixture of H2(g) and an inert gas. By changing the partial 

pressure of HaCg), different concentrations of dissolved hydrogen are obtained. After the 

correct hydrogen concentration has been obtained, the melt is transferred to the mold, 

and heat is extracted from one end to promote directional solidification. The hydrogen 

rejected from the solid grows as cylindrical pores with the solidification front. The 

result is an anisotropic material with many cylindrical pores oriented in the 

solidification direction, as shown in Fig. 1. This process has been proven successful 

with metals which do not form hydrides, such as Cu, Ni, bronze, Mg, Al, and steel [1]. 

The GASAR process was originally developed over 20 years ago at the 

Dnepropetrovsk Metallurgical Institute (D.M.I.) in the Ukraine. Since that time, 

GASAR materials have been employed in a wide variety of applications, and novel 
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applications for the use of GASAR materials continue to be found. When processed to 

produce a permeable structure, GASARs have been used as filters, catalysts, heat 

exchangers, fluid flow regulators, and self-Iubricating bearings [2, 3]. The alignment of 

the cylindrical pores is often the key structural aspect, which makes GASARs ideal for 

these applications. An additional use of a permeable GASAR structure is the filler 

material for laminated composite panels, as demonstrated by the use of GAS AR-Mg 

panels in the space program of the former U.S.S.R. [3]. 

GASAR metals are normally impermeable with a pore free skin on the exterior, 

usually greater than 1 mm in thickness. Applications of impermeable GASARs include 

lightweight structures capable of absorbing noise, vibrations, and shocks [3]. In addition 

to this, Wolla and Provenzano [4] verified claims by D.M.I, workers that GASAR 

metals with small uniform pores exhibit enhanced yield and tensile strength compared 

to the base metals. 

The main goal of this research is to contribute to the understanding of the 

GASAR process. Ideally, one would like to control both the volume fraction of porosity 

and the size of the pores in GASAR materials without resorting to extensive empirical 

experimentation. It is obvious that for GASAR applications, such as filters and fluid 

flow regulators, obtaining uniformly distributed pores of a uniform size is critical. 

Additionally, Wolla and Provenzano [4] found that a uniform distribution of small pores 

was necessary to observe yield and tensile strength enhancement. 
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Chapter 2 

BACKGROUND INFORMATION 

2.1 Metal-Gas Equilibrium Phase Diagrams 

Much work has been invested in the development of metal-gas phase diagrams 

for the purpose of studying the GASAR process as well as other processes involving gas 

solubility in a metal. The primary phases of interest are the liquid metal with dissolved 

gas, the solid metal with dissolved gas, and a gas mixture of the active and the metal 

vapor. For smdying the GASAR process, one is primarily interested in the low 

temperature metal rich portion of the diagram, where one can neglect the metal vapor 

component of the gas mixture. 

It should be noted that in metal-gas systems, the equilibrium concentration of 

dissolved gas in the liquid and solid is a function of the partial pressure of the active 

gas. Therefore, in addition to the standard thermodynamic variables temperature, 

composition, and pressure, one must include the pressure of the active gas when 

constructing metal-gas equilibrium phase diagrams. What is usually done, however, is 

to assume equilibrium between the gas and the metal, so isobaric equilibrium phase 

diagrams can be constructed and interpreted similar to isobaric binary phase diagrams. 

Zheng constructed metal-hydrogen isobaric phase diagrams of Cu and Mg [5]. 

The metal rich, low temperature portion of the Cu-H diagram is given in Fig. 2; the gas 

pressure is set at 1 atm. of H2(g). The main interest of these diagrams concerning the 

GASAR process are Lines I and 2, which represent the temperature dependence of the 

hydrogen solubility in the solid and liquid metal respectively. During the GASAR 
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process, the hydrogen concentration in the liquid metal prior to solidiHcation is given by 

a point on Line 2. Since Line 2 has a steep positive slope, as the liquid is cooled it 

enters the two phase region of liquid + gas. As the liquid continues to cool under 

equilibrium conditions, the liquid composition follows Line 2 until the so-called gas-

metal eutectic* point is reached. Here, the solid begins to form with a concentration of 

dissolved gas on Line 1; the difference between the amount of hydrogen dissolved in 

the liquid and the solid becomes the porosity as HaCg) if the gas does not escape. 

It should be noted that the addition of hydrogen to the metal lowers its melting 

point by only 1 K [5, 6] or less at the pressures of interest. Due to the steep slopes of 

Lines 1 and 2, one would determine very nearly the same solubility difference between 

the liquid and solid whether one calculated them at the melting point of the hydrogen-

free metal or at the "eutectic" temperature. 

2.2 Pore Formation 

2.2.1 Types of Pores 

Pattnaik et al. [7] observed three types of pores in GASAR-Cu ingots supplied 

by D.M.I. Large pores were approximately 300 |im in diameter and up to a few cm 

long; intermediate pores were approximately 25 njn in diameter and a few hundred |im 

long; and small pores were spherical with a diameter of approximately one jim. They 

concluded that the large pores were proeutectic in origin and formed in the liquid + gas 

region of the phase diagram. The intermediate pores were assumed to be the product of 

A strict definition of a eutectic reaction is that a liquid forms two solids on cooling. The 
terminology is loosely used in GASAR processing where the liquid forms a solid plus gas upon 
cooling. 
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the metal-gas eutectic reaction, and the small pores were thought to be hydrogen 

bubbles that nucleated in ±e newly formed solid. 

Fredriksson and Svensson [8] observed these same three types of pores when 

studying microporosity in stainless steel alloys almost two decades earlier. They stated 

that the relatively small number of the proeutectic pores was due to many of them 

floating and escaping from the melt. They compared the elongated shape of the large 

and intermediate pores to the pores in welds with high hydrogen content, and to the 

pores in the rim of an unkilled steel ingot caused by CO(g) evolution. 

2.2.2 Homogeneous Bubble Nucleation 

The change in free energy to form a spherical bubble of radius r in a liquid is: 

^G = Anr-(J-^Er\p^-P)  (1)  

where a is the liquid-gas interfacial energy, pb is the pressure inside the bubble, and P is 

the pressure in the liquid in the vicinity of the bubble. The first term on the right-side 

represents a positive contribution to the free energy change due to the increase in the 

interfacial energy of the system when the bubble is formed. The second term represents 

the difference between a positive contribution to the free energy due to the work 

expended against the pressure in the liquid to form the bubble, and a negative 

contribution to the free energy due to allowing the bubble to fill with gas at a pressure 

Pb. The critical radius for homogenous bubble formation is determined by evaluating the 

maximum in AG with respect to r. 
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The corresponding free energy to form a critical radius is therefore: 

3(p, -P)' 

The nucleation rate can be expressed as [9]: 

h \_ kT j 

where J is the number of nuclei formed per second per mole of liquid, AGd is the free 

energy of activation for diffusion in the liquid, T is the temperature in K, and N, k, hare 

Avagadro's number, Boltzmann's constant, and Planck's constant, respectively. 

Arbitrarily setting J equal to I s ' mol"', the critical pressure difference to nucleate a 

critical sized bubble is: 

For a typical metal-gas system in which CT- 1 J m'~ and T> 1000 K, the critical 

pressure difference is greater than 37,000 atm. It is generally agreed that these pressure 

differences are not experienced in normal casting operations [10-12] or in GASAR 

processing [7, 13]. 

2.2.3 Heterogeneous Bubble Nucleation 

There is ample experimental evidence that shows bubble nucleation occurs 

heterogeneously on partially-wetted inclusions. Fredrikkson and Svensson [8] failed to 

observe the elongated pores in stainless steel unless they added small amounts of 

aluminum oxide powder to the melt. They observed that, at the starting point of every 
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large pore, one or more aluminum oxide inclusions were present. Patmaik et al. [7] 

identified many aluminum oxide particles along the length of cylindrical GASAR-Cu 

pores using SEM-EDS. Tiwari and Beech [14] likewise associated aluminum oxide 

inclusions with subsurface porosity; using optical and scanning electron microscopy on 

polished Al alloy samples, they observed a uniform distribution of aluminum oxide 

particles 1 to 300 pm in size containing pores and cracks on the order of 5 to 40 |im. In 

addition to this, experiments by Iwahori et al. [15], Brondyke and Hess [16], and Laslaz 

and Laty [17] show a correlation between the number of oxide inclusions in the melt 

and the resultant porosity. For example, Brondyke and Hess varied the concentration of 

oxide inclusions in Al alloys by filtering and found that the resultant porosity was much 

greater in the unfiltered samples than in the filtered samples with the same hydrogen 

concentration. 

Theoretically, partially-wetted inclusions could act to decrease the free energy 

of bubble nucleation. For the case of the nucleation of a spherical cap bubble on a 

planar surface of a partially-wetted inclusion (Fig. 3), the free energy to form a critical 

sized cap is: 

(6) is the same as equation (3) with the addition of the (p{dc) term, which takes account 

of the geometry of the spherical cap of gas in Fig. 3. By examining equation (6), it is 

16;rq-V(0J 
(6) 

where 0 (0^) = 
2 + 3cos0^ -cos^ 

- and dc is the solid-liquid contact angle. Equation 
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obvious that the free energy of bubble nucleation decreases as Be approaches 180°. 

However, measurements of contact angles of liquid metals on various refractory solids 

indicate that a contact angle of 160° may be the maximum possible value for any liquid-

solid combination [11]. In this case, the free energy for bubble nucleation is reduced to 

1900 atm. and while this is more favorable than homogeneous nucleation, it is still not 

feasible. 

Many investigators have attempted to explain the discrepancy between these 

high calculated pressures and the relative ease of observed bubble nucleation. Mohanty 

etal.iW] proposed that bubbles nucleate on particles that are pushed by the advancing 

solidification front. Since a pushed particle acts as a barrier to both fluid flow as well as 

diffusion, this gives rise to segregation of dissolved hydrogen and a pressure drop 

accompanying solidification shrinkage in the gap between the particle and the 

solidification front, which provides the necessary conditions for bubble nucleation. 

As one of the first investigators of bubble nucleation. Fisher [18] recognized that 

if a conical cavity with a sharp tip exists in a solid substrate (Fig. 4), then no finite 

pressure can force the liquid to the bottom of the cavity. Therefore, there is no problem 

nucleating the gas phase when the pressure in the overlying liquid is reduced or should 

the amount of gas in the pore increase. Bums and Beech [19] called this a non-

nucleation mechanism (since a pore is always present in the cavity) and described it as a 

means to permit blowhole formation in steel to occur at pressures of only a few 

atmospheres. 
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2.3 Models Concerning Pore Formation in Metals 

2.3.1 Models of Microporosity during Solidification 

These ideas concerning bubble nucleation need to be considered in conjunction 

with the solidification and segregation models which have been developed for the 

purpose of predicting melt compositions and/or solidification processing conditions 

necessary for pore formation. In most of these models, no nucleation barrier for the 

formation of pores is assumed. 

The backbone of most of these models is the calculation of solute partitioning 

that occurs in a solidifying metal. Partitioning of interstitial solutes such as hydrogen or 

carbon in steel is often calculated with the assumption of uniform solute concentration 

within the solid and liquid at any given time (Fig. 5a). The concentration of solute in the 

liquid as a function of fraction solidified is shown in Fig. 5b. In Figs. 5a and 5b, Co is 

the concentration of solute in the melt before solidification and k is the equilibrium 

partition ratio. 

Segregation of substitutional alloying elements such as Ni or Cr in steel is often 

calculated using the Scheil equation which assumes no solute diffusion in the solid and 

uniform solute concentration in the liquid (Fig. 6a); e.g., see Poirier et. al. [20]. The 

resultant segregation of these solutes in the liquid is shown in Fig. 6b. Note that the 

Scheil equation predicts that the solute concentration will approach infinity as the 

fraction solidified approaches unity. The actual segregation profile, however, will level 

off at some value which preserves conservation of mass. In other words, the amount of 
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solute in the solid and liquid cannot at any time exceed the original amount of solute in 

the system. 

The microporosity models, therefore, follow the segregation of the solute 

attributed to microporosity, most usually hydrogen. When the concentration of 

hydrogen in the liquid (Fig. 5b for example) rises to a sufficient value such that it is in 

equilibrium with H2(g), whose pressure exceeds the local pressure in the liquid, then 

microporosity develops. 

Examples of models of microporosity formation are those by Poirier et al. [20] 

and Kubo and Pehlke [21 ] which concern formation of microporosity in alloys, hi both 

works the local pressure in the liquid was calculated by assuming microporosity 

developed when hydrogen (in the case of Al-Cu alloys) had segregated to the 

interdendritic liquid sufficiently to generate an equilibrium pressure of H2(g) greater 

than the local pressure in the interdendritic liquid plus the added pressure of capillarity. 

2.3.2 Models of Porosity in Rinmiing Steels 

One of the first models of fonnation of porosity in metals was concerning 

rinuning steels by Turkdogan [22]. Rimming steels are unkilled (not deoxidized) so the 

oxygen in the steel is free to react with carbon which produces a rapid evolution of 

CO(g) bubbles. The evolution of gas causes the steel to "boil" in the mold until the 

action is stopped by placing a cap on top of the ingot. The final result is an ingot with 

elongated blowholes (identical to GAS AR pores) just inside a continuous skin on the 

exterior of the ingot (Fig. 7), called the "rim." The blowholes extend into the ingot until 

such time when the ingot is capped and the boiling action ceases. The existence of the 
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continuous solid skin, which is also seen in GASARs, is attributed to the fact that solute 

segregation and bubble nucleation are time dependent phenomena, and the exterior of 

the ingot (called the chill zone) solidifies very rapidly [23]. 

Turkdogan developed a model to determine the conditions to fully deoxidize 

(kill) a steel so the boiling action is eliminated and no blowholes form. He used an 

interdendritic segregation model, in which he assumed porosity developed in the 

interdendritic liquid remained trapped within the mushy zone. In this case, CO(g) was 

the major contributor to porosity formation, so he calculated the partitioning of carbon 

and oxygen to the interdendritic liquid and assumed porosity formed when the 

concentration of carbon and oxygen developed an equilibrium pressure of CO(g) that 

exceeded one atm. Turkdogan's model showed good agreement with empirical results 

on a wide range of steel compositions, indicating that capillary pressure and 

overcoming a nucleation barrier were not important. See, for example, experiments by 

Bums and Beech [19], Turkdogan and Grange [24], and Harkness et al. [25]. 
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Chapter 3 

THEORY 

3.1 Bubble Formation During Liquid Cooling in GASAR Metals 

The pores formed in the GASAR process are believed to be primarily due to the 

hydrogen segregation in the liquid during solid formation. However, it has already been 

mentioned that Pattnaik et al. [7] concluded that the large pores were formed in the 

liquid 4- gas region of the phase diagram (Fig. 2) in which solid is not yet present. In this 

case, hydrogen does not segregate in the liquid, but rather the liquid becomes 

supersaturated due to the temperature dependence of the hydrogen solubility. As the 

liquid cools, it is no longer in thermodynamic equilibrium with the same hydrogen 

concentration and therefore becomes supersaturated. 

Whether the hydrogen in the supersaturated liquid is evolved as bubbles or 

simply diffuses out of the liquid is not known by simply studying the equilibrium metal-

gas phase diagram. One must consider the environment in which the bubbles form in 

order to quantify conditions necessary for bubble formation. During a GASAR 

experiment, when the liquid metal is saturated at the given processing conditions of 

HiCg) partial pressure, Ar(g) partial pressure, and superheat, then the concentration of 

hydrogen dissolved in the liquid metal is given by Sievert's Law: 

InX =^+B+i |n / '„ ,  (7)  

where X is the atom fraction of atomic hydrogen dissolved in Ni(l), T is the temperature 

of Ni(l) in K, Pm is the partial pressure of hydrogen at the Ni(l)/H2(g) interface, and A 

and B are constants where A = 3081 and B = -5.14 [29]. Figure 8 is a plot of X as a 



19 

function of T at two values for Ph2- The lower curve is the concentration of dissolved 

hydrogen in equilibrium with Phz" maintained over the melt. The upper curve represents 

the concentration necessary to generate a large bubble with enough pressure to 

overcome the total pressure in the chamber. Such a bubble can form assuming that the 

added pressure of the metallostatic head and the capillary pressure can be neglected. 

When the melt is transferred to the mold, heat is extracted by a water cooled 

copper chill plate in order to promote directional solidification. As the liquid cools, the 

solubility of hydrogen decreases, and hydrogen attempts to come out of solution at a 

pressure Phi"- However, hydrogen can only come out of solution at Phi" at the top of 

the melt, which is solidifying from the bottom up. It is therefore assumed that the liquid 

becomes supersaturated with hydrogen and continues to cool until at the critical 

temperature (Fig. 8), the hydrogen can come out of solution at a pressure of P. 

Therefore the critical temperature is the temperature at which the HaCg) partial pressure 

is equal to the external pressure and can drive back the atmosphere to form a bubble. 

This aspect of the analysis is the same as that used by the microporosity and rimming 

steel porosity models mentioned earlier. That is, once hydrogen is present in the liquid 

to the extent that it is in thermodynamic equilibrium with a pressure of H2(g) equal to or 

in excess of the local pressure in the liquid, then bubbles form assuming ample 

nucleation sites exist in the melt. 

3.2 Growth of Bubbles in Pits and Cracks of Partiallv-Wetted Inclusions 
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Consider Figure 9 which is a schematic diagram of a conical pit in an Al203(s) 

inclusion in the melt under vacuum. If the pit is sharp enough, then the melt cannot fill 

the pit. The pressure drop across the curved meniscus is given by Laplace's Equation: 

AP = P^-Pa=— (8)  
r 

where Pt is the pressure on the concave side of the meniscus (in this case it is equal to 

the pressure of the melt above the meniscus), Pc is the pressure on the convex side of 

the meniscus {i.e., in the gas), r is the radius of curvamre, and cris the surface tension of 

Ni(l) which is 1.81 J m"^ [26]. 

For this geometry, one can write the following equation relating the radius of 

curvature, r, to the radius of the conical pit at the level of the meniscus, 

r = (9) 
cos(e, -0p) 

where dc is the contact angle of Ni(l) on AliOsCs) which is 140° [26], and dp is equal to 

one half the cone angle of the pit. One can now relate the pressure drop across the 

meniscus to the size of the conical pit: 

-2crcos(0. -0.) 
AP = Pc-PG= ^  (10)  

This equation calculates the extent at which a conical pit under the conditions shown in 

Fig. 9 is filled by the Ni(l). Table 1 lists values of AP, dp, and rp which satisfy equation 

(10). As an example, if an Al203(s) inclusion with Qp = 10° exists in the Ni(l) at a depth 

giving a metallostatic pressure of 0.1 atm, then the melt fills the pit until the radius of its 

meniscus is 230 pm. Considering the experimental evidence in Section 2.2.3, it appears 



that most pits and cracks in partially-wetted inclusions are smaller than 230 |im and are 

not filled under these conditions. 

The bottoms of these pits which are not wet by the liquid, can be thought of as 

"pockets" of gas in the liquid. When H2(g) and Ar(g) are added to the fiimace, atomic 

hydrogen dissolves in the liquid, diffuses to these "pockets" and forms HiCg) again. The 

"pocket" is now a H^Cg) bubble nucleus*. The pressure of HaCg) in this nucleus is given 

by Sievert's Law (Eq. 7) and becomes equal to the HiCg) partial pressure in the fiimace. 

Argon does not diffuse to these "pockets" because Ar has limited solubility in Ni(l). 

The prominent feature of these nuclei is their concave liquid/gas interface with 

respect to the liquid phase. This allows the nucleus to exist with a gas pressure less than 

that of the surrounding liquid (Eq. 8). Homogeneous and heterogeneous bubble 

nucleation theory, however, assumes a convex liquid/gas interface with respect to the 

liquid phase, and according to Laplace's Equation (Eq. 8), the pressure in the bubble 

must be much greater than the local pressure in the liquid in order to nucleate a critical 

sized bubble, which has a very small radius. 

In order to form a bubble, the nucleus in the conical pit must somehow change 

concavity. As the liquid adjacent to the nucleus becomes supersaturated with hydrogen, 

hydrogen comes out of solution to exist as H2(g) in the nucleus. This increases the 

pressure in the nucleus and causes it to grow until the meniscus reaches the top of the 

conical pit (Fig. 10). Note that it is possible to maintain local thermodynamic 

Nucleus is defined as the center of growth or development; even though this is considered a 
non-nucleating event, the term nucleus is used to describe a bubble trapped within the inclusion 
pit. 



equilibrium during this process as given by Sievert's Law (Eq. 7). When the liquid 

becomes supersaturated, it is because it is cooling(r decreasing in Eq. 7), or because 

hydrogen is being rejected from the newly formed soiid(X is increasing in Eq. 7). In 

both cases, local equilibrium can be maintained by decreasing X and increasing Phi, 

which is exactly what occurs when hydrogen comes out of solution to exist as HiCg) in 

the nuclei. The increasing gas pressure in the nucleus corresponds to a larger radius of 

curvature (Eq. 8) which is accomplished by the meniscus approaching the top of the 

conical pit. 

From here it is useful to follow Pugachev's [27] discussion of a bubble 

detaching from a capillary during the Maximum Pressure Method to measure surface 

tension (Figure 11). If one assumes the opening of a conical pit (or the tip of a capillary) 

has rounded edges, then a further increase in pressure in the nucleus is utilized to 

straighten the meniscus. It should be noted that the contact angle is independent of the 

surface geometry, and is the same on a curved surface as on a flat surface[28]. When the 

pressure in the nucleus equals the pressure in the liquid, the interface becomes planar 

(Figure 12a). On further increase in pressure, the contact point of the three phases 

moves over the rounded part of the opening. This corresponds to the maximum pressure 

in ±e nucleus because the interface is convex with respect to the liquid phase, and the 

radius of curvature is at a minimum (Figure 12b). This is the geometry that 

homogeneous and heterogeneous nucleation theory assumes occurs due to random 

fluctuations in the system. From here, any further increase in the volume of the bubble 

due to hydrogen diffusing from the supersaturated liquid results in an increase in the 



23 

radius of curvature (Figure 12c). This leads to a subsequent decrease in the equilibrium 

pressure in the nucleus as given by Laplace's Equation (Eq. 8), and bubble growth 

occurs rapidly and either detaches or engulfs the inclusion. If one assumes that the 

critical point of bubble formation to be when the meniscus is flat and the pressure in the 

nucleus is equal to the pressure in the liquid, then the analysis in the previous section is 

correct. 

3.3 Hydrogen Solubilitv in the Solid Metal 

The hydrogen solubility in Ni(s) is given by Sievert's Law but with different 

constants: 

(11) 

where Xj is the atom fraction of hydrogen in Ni(s), T is the temperature in K, Ph2 is the 

partial pressure of hydrogen at the H2(g)/Ni(s) interface, and A"= 1967 and -6.77 

[29]. 

One must examine hydrogen solubility in the Ni(s) at the solid/liquid interface, 

since this is where porosity develops. Imagine a pore full of HaCg) growing with the 

solidification front. The pressure drop across the curved, liquid/gas interface at the head 

of the pore can be ignored because the radius of curvature is large. There must be a 

mechanical equilibrium between the pressure in the pore and the pressure in the liquid. 

If one neglects metallostatic pressure, the pressure in the pore must be equal to the total 

pressure (HiCg) + Ar(g)) in the furnace chamber. The hydrogen solubility in the solid at 

the solid/liquid interface is therefore given by: 
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X j  =VPexp +  B '  (12) 

where r„ is the melting point of nickel. 

3.4 Solubility Diagrams 

Consider Figure 13, which is identical to Figure 8 except the hydrogen solubility 

in the solid at the solidification front is plotted. This is the representative solubility 

diagram for a GASAR experiment carried out with a large percentage of H2(g) in the 

fiimace chamber and a large superheat. In this case, as explained earlier, the critical 

point is reached at a temperature in excess of the melting point. Therefore, bubbles form 

in the liquid well ahead of the solidification front, and it is hypothesized that most of 

these bubbles float out of the melt and are not trapped as porosity in the solid. These 

processing conditions are termed "bubble forming" conditions. 

Figure 14 is a representative diagram for a sample processed with a very low 

percentage of H2(g) in the fiimace chamber and a low superheat. In this case, the liquid 

reaches the melting point before the critical temperature, and the hydrogen 

concentration in the liquid does not exceed the hydrogen solubility in the solid. 

Therefore, as the solidification front advances, hydrogen goes from liquid solution to 

solid solution and no porosity develops. These conditions are termed "pore-free" 

processing conditions. 

Figure 15 is representative of GAS AR processing conditions with a moderate 

percentage of HiCg) in the furnace atmosphere and a moderate to low superheat. In this 

case, the liquid reaches the melting point before the critical temperature, but the 
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hydrogen content in the liquid exceeds the hydrogen solubility in the solid. Therefore, 

hydrogen is rejected by the advancing solid and supersaturates the liquid ahead of the 

solidification front. Bubbles form in the supersaturated liquid and are subsequently 

caught by the advancing solidification front to become elongated pores. These 

processing conditions are termed "pore forming" conditions. 



26 

Chapter 4 

EXPERIMENTAL PROCEDURE 

4.1 Experimental Equipment 

The research experiments were carried out in the Liquid Metal Processing 

Laboratory at Sandia National Laboratories in Albuquerque, New Mexico. The GAS AR 

samples studied in this investigation were prepared in an induction melting furnace 

(Fig. 16) enclosed in a pressure vessel certified for 54 atm. and full vacuum at a 

maximum internal temperature of 450 °F (230 °C). The 10 in. (4 cm) diameter by 12 in. 

(4.8 cm) tall induction coils were manufactured by Inductotherm™ and were powered 

by an Inductotherm™ 175 kilowatt vacuum induction power supply. Located at the 

center of the induction coil was a Blasch™ alumina bottom pour crucible capable of 

holding the liquid volume equivalent of 50 lbs. (23 kg) of steel. A Blasch™ alumina 

stopper rod was used to seal the pour spout of the crucible. A stainless steel gripper and 

shaft assembly was attached to the top of the alumina stopper rod and passed through a 

flange with double O-rings to a screw jack mounted outside the pressure vessel. 

The mold system consisted of an alumina/calcium aluminate ceramic ring which 

was attached to a water-cooled copper plate with a granular alumina/colloidal silica 

investment casting face-coat used as an adhesive. This face-coat was also used to coat 

the copper plate so that no metal-to-metal contact occurred upon tapping the crucible. 

For the experiments performed with pure Ni, the mold ring was 28 cm O.D. by 25.5 cm 

I.D. by 7.5 cm tall, and an alumina/calcium aluminate tundish was used to slow the 

stream of molten metal and prevent splashing (Fig. 17). For the experiments performed 
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with Inconel 718, the mold ring was 16.5 cm O.D. by 15 cm LD. by 7.5 cm tall. No 

tundish was used, but an alumina/calcium aluminate lid was Hxed to the top of the mold 

and colloidal silica was packed between the mold ring and the outer containment ring. 

These modifications were performed in order to thermally insulate the mold and to add 

some additional mechanical support to the mold ring. 

Two cameras were utilized to remotely observe the process: one was located 

outside the pressure vessel aimed at the crucible through a viewing port, and the other 

was located inside the pressure vessel and aimed at the mold. Temperature of the 

molten metal in the crucible was measured with an optical pyrometer through another 

viewing port. For the Inconel 718 experiments, a type C thermocouple housed in an 

alumina sheath was immersed into the melt, and the optical pyrometer was used as a 

back-up. 

A recirculating chill water system was utilized to supply chill water to the mold, 

as well as to the water jackets of the pressure vessel and camera systems. Vacuum 

within the vessel was achieved by a mechanical vane pump and a diffusion pump 

capable of high vacuum. The pressure system consisted of three individually regulated 

gas manifolds to control H2(g), Ar(g), and N^Cg) pressures in the vessel. N2(g) was only 

used to purge the vessel after an experiment. Explosion-proof valves, flash arresters, 

excess flow valves, and pressure relief valves were used to mitigate relevant hazards. 

The furnace was housed in a blast room separate from the gas system, induction 

power supply, and fiimace controls. The remotely located control room allowed the 

operator control of the induction power supply, the stopper rod screw-jack, and the 
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vessel pressure. Vessel pressure was controlled by operation of the vacuum isolation 

valve, gas system isolation valve, and the individual gas solenoid valves (Fig. 18). 

4.2 Melting Technique 

The following procedures were carried out for all experiments. The copper chill 

plate was coated with a thin layer of the investment casting face-coat, and the mold ring 

was attached to the chill plate. For the experiments performed with pure Ni, the tundish 

was attached to the top of the mold ring; the tundish was off-set in order to expose the 

interior of the mold to the camera (Fig. 17). For the experiments performed with Inconel 

718, the lid was fixed to the top of the mold ring, and colloidal silica was packed around 

the mold ring. In these experiments, the interior of the mold was not visible to the 

camera. 

The charge material was placed in the crucible, and the stopper rod was set in 

place over the pour spout. The vessel was closed by raising the bottom flange and 

setting the top flange in place, and the vessel was vacuum evacuated. For experiments 

with pure Ni, the mechanical vane pump and diffusion pump were used to achieve a 

vessel vacuum of 20 mTorr. For experiments with Inconel 718, a larger mechanical 

vane pump was utilized without the diffusion pump to achieve a vacuum of 50 mTorr. 

Once the desired vacuum in the vessel was obtained, the gas manifolds were purged and 

evacuated using a small gas-driven venturi pump. The chill water system was then 

activated, and the individual system cooling loops set to specified flow rates. 

The experiment commenced by energizing the induction coils and melting the 

charge under vacuum. Once the correct superheat was obtained, the mixture of gases 
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was added to the vessel in the amount given by the experimental conditions. A short 

saturation period was observed in order for the molten metal and added gases to reach 

equilibrium. Only a short time was required because the induction heating coils 

vigorously stirred the melt and continually broke-up any surface oxides, which might 

have slowed gas absorption into the melt. After the saturation period, the metal was cast 

into the mold where the chill plate promoted directional solidification. The ingot was 

allowed to cool, and then the vessel was vented and evacuated before the ingot was 

removed. 

4.3 Design of Experiments 

Two sets of experiments were performed utilizing the previously described 

equipment and melting technique. A set of ten factorial designed experiments were 

performed with GASAR-Ni and a set of twelve designed experiments were performed 

with GASAR-Inconel 718. 

4.3.1 GAS AR-Ni Experiments 

GASARs were made with 99.99% pure electrolytic Ni. A three variable factorial 

designed experiment was performed, in which HaCg) partial pressure was 2 and 10 atm., 

melt superheat was 50 K and 150 K above the melting point of Ni, and Ar(g) partial 

pressure was 0 and 10 atm. Since Ar(g) has no appreciable solubility in Ni, it was used 

as an experimental variable in order to vary the total pressure in the fumace atmosphere. 

Total pressure was the sum of the HaCg) partial pressure and the Ar(g) partial pressure. 

One observation per treatment was observed for a total of eight experiments. In 

addition to this, two observations at the processing conditions of 6 atm. HiCg) partial 
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pressure, 5 atm Ar(g) partial pressure, and 100 K superheat were studied to give some 

measure of process variability. The measured response was volume percentage of 

porosity. 

The following variables were held constant in the GAS AR-Ni experiments: the 

chill water flow rate through the copper chill plate was 5 galVmin. (20 L/min.), the 

saturation period in which the molten Ni was allowed to approach equilibrium with the 

added gases was 5 min., and the charge weight was 18 kg. The thickness of the 

investment casting face-coat which was applied to the copper chill plate was not 

rigorously controlled in these experiments. However, the same procedure was followed 

each time in which two coats were applied with a paint brush. 

4.3.2 GASAR-Inconel 718 Experiments 

The nominal composition of Inconel 718 is given in Table 2 [30]. Inconel 718 is 

a nickel based superalloy prized for its mechanical strength and corrosion resistance at 

elevated temperatures. Typical applications include gas turbine components and uses in 

chemical process industries. 

A set of twelve experiments was performed in which the variables were the 

partial pressure of HiCg), the partial pressure of Ar(g), superheat, and cooling rate. 

These experiments were not designed as traditional factorial experiments in which the 

conditions for each experiment are set, and the results are statistically interpreted. 

Rather, the conditions for each of these experiments were dependent on the results of 

the previous experiments. 
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The first variable studied was solidification rate, which was varied by applying a 

different thickness of face-coat to the copper chill plate. This was done by calculating 

the volume of face-coat required to obtain a given thickness and then verifying the 

thickness after the experiment by measuring with a micrometer. The three chosen 

thicknesses were 0.5 nmi, 2 nun, and 5 mm, and the reference values of the other 

variables were set at 10.2 atm. of HiCg), 10.2 atm. of Ar(g), and 159 K superheat. The 

actual solidification rates corresponding to the different face-coat thicknesses were not 

measured because only the qualitative effect of solidification rate on GASAR-Inconel 

718 structure was desired. The solidification rate which produced the GASAR sample 

with the most promising stracture was then chosen as a constant while the other 

variables were studied (Table 3). 

The second variable optimized was superheat, which was 9, 59, and 109 K, as 

well as the reference value of 159 K. The third variable optimized was HiCg) partial 

pressure studied at I, 3.4, and 20.4 atm. The pressure of H2(g) was studied with Ar(g) at 

0 atm., instead of the reference value of 10.2 atm. This was done because the total 

pressure in the furnace atmosphere is the sum of the H2(g) pressure and the Ar(g) 

pressure and it was believed that 10.2 atm. of Ar(g) would suppress formation of 

porosity at the lower HaCg) pressures of 1 and 3.4 atm. The fourth variable optimized 

was the pressure of Ar(g), which was 3.4, 10.2, and 20.4 atm., as well as the pressure of 

Ar(g) in the previous experiments of 0 atm. 

The following variables were held constant in the GASAR-Inconel 718 

experiments: the chill water flow rate through the copper chill plate was 4 gal./min. (16 
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L/min.), the saturation period in which the molten Inconel 718 was allowed to come to 

equilibrium with the added gases was 3 min., and the charge weight was 5.6 kg. 

The measured responses in these experiments were the amount of porosity, the 

length of the pores, and the diameter of the pores. These responses were chosen to 

reflect the strucmre of the GASAR samples. This is in contrast to the Ni experiments 

which investigated only one aspect of GASAR structure, namely amount of porosity. 

Desirable structure for the GASAR-Inconel 718 samples was defined as maximum 

porosity, maximum pore length, and minimum pore diameter listed in order of 

decreasing priority. Obviously, maximum porosity and minimum pore diameter are 

inversely related, therefore pore diameter was often ignored when deciding the most 

promising GASAR stmcture. 

4.4 Analvsis of Samples 

4.4.1 Analysis of GASAR-Ni Samples 

The ingots were 25 cm in diameter and 10 to 15 cm in length depending on the 

porosity formation. The ingots were halved, and a 5 cm by 5 cm by 1 cm section was 

taken from the location near the center of the ingot and 0.5 cm from the surface 

contacting the chill plate (Fig. 19). The density of the whole ingot, halved ingot, and 

sectioned sample were measured by weighing them in air and in water and applying 

Archimedes principle. Any surface-connected pores were sealed with clear adhesive 

tape prior to underwater weighing. 

4.4.2 Analysis of GASAR-Inconel 718 Samples 
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The ingots were 15 cm in diameter and 5 to 8 cm in length depending on the 

porosity formation. The ingots were halved, and a hemispherical section was taken from 

the surface of the ingot contacting the chill plate (Fig. 20). Density measurements were 

taken on the whole ingot and the sectioned sample. 

Columnar pores did not exist throughout the lengths of the ingots. Instead, the 

pores extended from ±e bottom of the ingots (surface contacting the chill plate) 

upwards for only 5 to 25 mm depending on processing conditions. This region where 

columnar pores existed was called the "columnar zone". Beyond this columnar zone, 

the porosity was in the form of random small gas pockets scattered throughout the 

remainder of the ingot (Fig. 21). Metallography of the samples revealed that this 

columnar zone corresponded to columnar solidification with elongated grains oriented 

in the same direction as the pores. The random small gas pockets were associated with 

equiaxed solidification with randomly oriented grains. 

The thickness of the hemispherical section shown in Fig. 20 was chosen so that 

it included the entire columnar zone. Therefore the thicknesses of these hemisperical 

sections differed from one experiment to the next. 

Pore diameter was measured by defining a 1 cm^ area at the center of the 

sectioned sample and measuring under magnification. It was felt that the accuracy of 

this method was sufficient considering the qualitative nature of this investigation. 
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Chapter 5 

RESULTS AND DISCUSSION 

5.1 Results from GASAR-Ni Experiments 

The volume percentage of porosity of the uncut ingots, halved ingots, and the 

sectioned samples are given in Table 4. Experiments 1, 2, 5,6, and 10 produced ingots 

with a thick skin at the top surface (opposite the surface contacting the chill plate). 

Large gas pockets developed beneath this skin which were responsible for the 

discrepancy between the measured porosity in the uncut ingots and halved ingots. The 

halved ingots exposed these large gas pockets and so the measured porosity of the 

halved ingots was less than that of the uncut ingots. 

Ingots 3 and 7 were almost fully dense with smooth flat tops. A thick skin 

developed on these ingots as well, but no gas pockets were associated with the skin. As 

a result, the porosity remained constant throughout the length of these ingots. 

Ingots 4, 8, and 9 had mottled surfaces due to many gas pockets trapped at the 

surface of the ingots. These gas pockets were much smaller than those seen in the 

previous samples, and so the discrepancy between the measured porosity in the uncut 

ingots and halved ingots was small. The skin on these ingots was only a few millimeters 

thick. 

The nature of the skin at the surface of these ingots was responsible for the 

discrepancy in porosity between the sectioned samples and halved ingots. The skin was 

the result of a secondary solidification front, from the top of the ingot down. It is 

believed that once this skin forms, it prevents equilibrium of pressure between the liquid 
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and the gas outside of the ingot. As a result after the skin forms, the total pressure is no 

longer a controlled variable, and the amount of porosity will vary throughout the 

remaining length of the ingot. For this reason, the sectioned sample location was chosen 

close to the ingot surface contacting the chill plate. At this location, the ingot would 

already have solidified before the skin formed, and a sample from this location would 

be exposed to the desired processing conditions. 

Figures 22 through 31 are the solubility diagrams for the ten GASAR-Ni 

experiments, and Table 5 sununarizes the processing conditions for each experiment 

and the volume percentage of porosity in the sectioned sample. It is believed that the 

volume percentage of porosity in the whole and halved ingot did not represent the 

intended processing conditions, as previously stated. 

No experiments were performed with pore-free processing conditions. However, 

the two experiments closest to pore-free conditions were experiments 3 and 7. The 

sectioned samples from these two experiments contained very low porosity, as 

expected. 

Table 5 reveals that the samples processed under bubble forming conditions 

were characterized by low porosity. As stated in Section 3.4, it is believed that bubbles 

formed in these samples float out of the melt and are not captured as porosity. During 

these experiments, the mold camera recorded the solidifying melt bubbling and spitting, 

which was not observed in the other experiments. 

Samples from experiments 1, 3, 5, 6, 7, 9, and possibly 8 were created under 

pore-forming processing conditions. As stated in Section 3.4, it is believed that all the 
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bubbles formed in the solidifying metal in these experiments are caught by the 

solidification front and become pores. If so, then a simplistic model based on the ideal 

gas law can be used to calculate the volume percentage of porosity in the sectioned 

sample: 

Volume % Porosity = (13) 
(x-x j /e r„+(P)(M/pj  

where X  and are the hydrogen concentrations in the liquid and solid at the 

s o lidification front (given in Figs. 22-31), Tm is the melting point of Ni, P is the total 

pressure in the furnace chamber, and M and Ps are the molar mass and density of Ni(s), 

respectively. By examining Table 5, it is apparent that this simple model does a 

reasonable job of predicting volume percentage of porosity in the pore forming samples. 

It should be noted that experiment 8 was a borderline case between bubble forming and 

pore-forming conditions, in which the critical temperature was very close to the melting 

point. Due to the large porosity in this sample, it is believed to be pore-forming. 

5.2 Results from GASAR-Inconel 718 Experiments 

Table 6 shows the processing conditions for each experiment and the measured 

responses. The GASAR-Inconel 718 ingots also had skins at the top surface with either 

a large gas pocket under the skin or a mottled surface due to many gas pockets trapped 

under the skin. As with the GASAR-Ni experiments, these gas pockets and the skin are 

responsible for the discrepancy between the amount of porosity in the uncut ingots and 

in the sectioned samples. 
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The diameter of the pores exhibited a bimodal distribution in most of the ingots. 

The mean-diameters of the smaller pores ranged from 0.2 to 1.0 mm depending on 

processing conditions and the mean-diameters of the larger pores ranged from 1.0 to 5.0 

mm. The standard deviation of the pore diameters about their means was surprisingly 

small; therefore classifying a pore as small or large was obvious. 

Figures 32 though 35 show the variation of the measured responses with respect 

to the experimental conditions. Figure 32 shows the measured responses vs. 

solidification rate. As the solidification rate decreased, the sectioned sample porosity 

and columnar zone thickness of the pores decreased. Pore diameters remained 

unchanged; however, no large pores were present at the low solidification rate. The high 

solidification rate was chosen as the optimal condition because the amount of porosity 

and the columnar zone thickness were maximized. 

Figure 33 shows the measured responses vs. the amount of superheat. As 

superheat increased, the sectioned sample porosity and columnar zone thickness 

increased. These increases seem to level off at 109 K superheat; therefore 109 K was 

chosen as the optimized superheat. 

Figure 34 shows the measured responses vs. H2(g) pressure with no Ar(g) in the 

over-gas. As H2(g) pressure increased, sectioned sample porosity and columnar zone 

thickness increased. Therefore, 20.4 atm. HiCg) was chosen as the optimal value. It 

should be noted that no measured pores existed at the 1 atm. HaCg) processing 

condition, and only small pores existed at the 3.4 atm. H2(g) processing condition. Also, 

the diameter of the small pores decreased from the experiment with 3.4 atm. H2(g) to 
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the experiment with 20.4 atm. HaCg). It is believed that this effect can be explained by 

the inverse relationship between pressure and volume for gasses. 

Figure 35 shows the measured responses vs. Ar(g) partial pressure with the 

pressure of HzCg) fixed at 20.4 atm. As the Ar(g) over pressure increased, sectioned 

sample porosity and columnar zone thickness decreased. Therefore, an Ar(g) pressure 

of 0 atm. was chosen as the optimized condition. Again, it is believed that the decrease 

in the small and large pore radii was due to the inverse relationship between pressure 

and volume. 

The optimal processing conditions to produce a GASAR-Inconel 718 ingot with 

maximum porosity and maximum columnar zone thickness was, therefore, chosen to be 

0.5 mm face-coat thickness on the chill plate, 109 K superheat, 20.4 atm. of HaCg) 

pressure, and 0 atm. of Ar(g) pressure. 

The solubility diagrams of the twelve GASAR-Inconel 718 experiments are 

given in Figs. 36 through 47. The equilibrium concentration of hydrogen in melts of 

Inconel 718 as a function of temperature was calculated using Eq. (7) with A = 7404 

and B = -2.22 [32]. The equilibrium concentration of hydrogen in the solid Inconel 718 

as a function of temperature was calculated using Eq. (11) with A" = 6710 and 5" = -

3.19 [32]. Since Inconel 718 is an alloy, the solubility diagram must include the mushy 

zone. 

As seen in the solubility diagrams. Samples 1-3 and 7-11 were processed under 

bubble forming conditions. Bubbles were formed in the cooling liquid ahead of the 

mushy zone, and it is believed that many of these bubbles were not incorporated into the 
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final porosity. However, it is useful to study Experiments 1-3, in which solidification 

rate was optimized. Experiment I, which utilized the fastest solidification rate, 

exhibited the greatest porosity, while Experiment 3, which utilized the slowest 

solidification rate, exhibited the smallest amount of porosity and did not contain the 

large pores. This suggests that if the solidification rate is fast enough, then some of the 

bubbles which form ahead of the mushy zone can be incorporated into the solid. 

The volume percentage of porosity was calculated using the model outlined in 

Section 5.1 with some modifications: 

Volume % Porosity = ^^^ 
i X - X , ) R T , + ( P ) i M / p , )  

where Tb is the temperature of the mushy zone corresponding to the location at which 

the bubbles are incorporated into ±e solid as pores, and X and X, are the hydrogen 

concentrations in the liquid and solid at Tb- These calculations were performed for 

values of Tb between the solidus and liquidus temperatures for each experiment and in 

every case the model over-predicted the amount of porosity. This can be explained for 

Samples 1-3 and 7-11 because they were processed under bubble forming conditions, in 

which bubbles must have escaped from the melt. For Samples 4-6, and 12, however, 

one must appreciate the assumptions involved with the GASAR-Inconel 718 solubility 

diagrams. 

The horizontal lines labeled "initial concentration" in Figs. 36 through 47 

represent the hydrogen concentration in the supersaturated liquid as it cools. It was 

assumed that the hydrogen concentration in the cooling liquid remained constant and 
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equal to the initial hydrogen concentration. It is known, however, ±at hydrogen 

partitions to the interdendritic liquid upon cooling into the mushy zone of an alloy. 

Figure 48 was taken from Poirier and Yeum's [33] investigation of raicroporosity 

formation in the Ni-base alloy 454. The L curve in Fig. 48 is the concentration of 

dissolved hydrogen in the interdendritic liquid as a function of fraction solid. The S 

curve is the average concentration of dissolved hydrogen in the dendritic solid as a 

function of fraction solid. This data was generated with a computer model that utilized a 

form of the local solute redistribution equation first derived by Flemings and Nereo 

[34], 

Figure 48 shows that hydrogen concentration in the cooling liquid increases 

upon cooling into the mushy zone. Therefore, the cooling liquid in Experiments 4-6, 

and 12 most likely encountered bubble forming conditions soon after entering the 

mushy zone. It is hypothesized that many of these bubbles left the melt and are not 

incorporated into the final porosity. This would explain why Eq. (14) over-predicts the 

amount of porosity in these samples. 
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Chapter 6 

CONCLUSIONS 

In this research the effect of processing conditions on the structure of GASAR 

porous metals was investigated. A theory relating bubble formation to processing 

conditions was developed. Experiments were performed with pure nickel and Inconel 

718, and a theory was applied to explain the experimental results. The following 

conclusions can be drawn: 

• Experiments with GASAR-Ni support the theory that processing conditions which 

include a large percentage of HiCg) in the furnace atmosphere and/or a large 

superheat create conditions in which H2(g) bubbles form in the cooling melt well 

ahead of the advancing solidification front. This is undesirable for producing a 

GASAR material because these bubbles float out of the melt and are not 

incorporated into the final porosity. 

• The results of the GASAR-Ni experiments also support the theory that processing 

conditions with a moderate percentage of H2(g) in the fiimace atmosphere and a 

moderate superheat creates conditions in which bubbles are not expected to float out 

of the melt. Under these processing conditions, the volume percentage of porosity in 

the GASAR-Ni samples was modeled with a simple equation based on the ideal gas 

law. 

• Processing conditions with a very small percentage of hydrogen in the fiimace 

atmosphere and a low superheat produce pore-free GASAR-Ni castings. 
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• The HiCg) bubbles in the liquid metal are most likely nucleated on pits and cracks of 

partially-wetted inclusions in the melt. When the pressures in the nuclei are equal to 

the pressure in the surrounding liquid, bubble formation occurs. 

• When applying this theory to alloy systems (e.g., Inconei 718), one must consider 

the partitioning of hydrogen to the interdendritic liquid upon cooling into the mushy 

zone. It is hypothesized that many bubbles formed in the mushy zone leave the melt 

and are not incorporated into the final porosity. 

• The optimal processing conditions to produce a GASAR-Inconel 718 ingot with 

maximum porosity and maximum pore length was determined to be 0.5 mm face-

coat thickness on the chill plate (fastest solidification rate), 109 K superheat, 20.4 

atm. of H2(g) pressure, and 0 atm. of Ar(g) pressure. 
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Table I: Values of AP, dp, and that satisfy Eq. 10 and are representative of the extent 
at which Ni(l) will wet a conical pit under the conditions shown in Fig. 9. 

AP [atm.] Op [degrees] fg [urn] 
0.1 10 230 
1 10 23 

0.1 20 180 

Table 2: Nominal composition of Inconel 718. 

Element Composition [wt.%] 
Ni 52.5 
Cr 19.0 
Fe 18.5 
Nb 5.1 
Mo 3.0 
Ti 0.9 
Al 0.5 

Mn 0.2 
Si 0.2 
C 0.04 
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Table 3: Processing conditions for GASAR-Inconel 718 experiments. 

Face coat thickness H2(g) pressure Ar(g) pressure 
Experiment on chill plate [mm] Superheat [K] [atm.] [atm.] 

1 0.5 159 10.2 10.2 
2 2 159 10.2 10.2 
3 5 159 10.2 10.2 
4 optimized 9 10.2 10.2 
5 optimized 59 10.2 10.2 
6 optimized 109 10.2 10.2 
7 optimized optimized 1.0 0 
8 optimized optimized 3.4 0 
9 optimized optimized 20.4 0 
10 optimized optimized optimized 3.4 
11 optimized optimized optimized 10.2 
12 optimized optimized optimized 20.4 

Table 4: Volume percentage of porosity of GASAR-Ni samples. 

Experiment Uncut Ingot Halved Ingot Sectioned Sample 
1 46 39 52.9 
2 17 15 9.2 
3 3 4 6.4 
4 11 9 14.1 
5 30 21 42.0 
6 36 34 54.7 
7 14 13 16.9 
8 37 31 63.0 
9 40 36 54.6 
10 21 15 13.5 
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Table 5: Experimental results of GASAR-Ni experiments. 

HjCg) partial Ar(g) partial Superheat Processing Porosity Predicted 
Experiment pressure [atm.] pressure [atm.] [K] Conditions [vol. %1 Porosity [vol. %] 

1 6 5 100 Pore fomiing 52.9 58.4 
2 10 0 50 Bubble forming 9.2 
3 2 10 150 Pore forming 6.4 22.9 
4 2 0 150 Bubble forming 14.1 
5 10 10 150 Pore forming 42.0 51.0 
6 6 5 100 Pore forming 54.7 58.4 
7 2 10 50 Pore forming 16.9 14.5 
8 2 0 50 Borderline 63.0 83.5 
9 10 10 50 Pore forming 54.6 46.6 
10 10 0 150 Bubble forming 13.5 

Table 6: Experimental results of GASAR-Inconel 718 experiments. 

Uncut ingot Sectioned Columnar 
Ingot Sample Zone Small Large Face-Coat H2(g) Ar(9) 

Porosity Porosity Thickness Pore Pore Thickness Superheat pressure pressure 
Experiment [vol. %1 rvol.%1 [mml DIa. rmml DIa. rmml [mml rici ratm.1 ratm.1 

1 34.3 36.9 18 0.4 2.0 0.38 159 10.2 10.2 
2 30.0 20.5 12 0.4 2.0 1.52 159 10.2 10.2 
3 29.0 11.9 5 0.4 none 3.94 159 10.2 10.2 
4 17.4 10.8 13 0.3 2.0 0.26 9 10.2 10.2 
5 32.7 24.7 14 0.3 2.5 0.30 59 10.2 10.2 
6 33.5 36.5 19 0.3 3.0 0.36 109 10.2 10.2 
7 20.6 -0 none none none 0.50 109 1 0 
8 23.2 10.4 18 1.0 none 0.70 109 3.4 0 
9 31.1 39.2 23 0.2 3.0 0.50 109 20.4 0 
10 34.3 37.5 25 0.7 5.0 0.45 109 20.4 3.4 
11 33.1 33.2 15 0.7 3.5 0.45 109 20.4 10.2 
12 37.7 14.3 14 0.3 1.0 0.40 109 20.4 20.4 



Fig. 1: Schematic of a GASAR sample. 
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Fig. 2: Metal rich portion of the Cu-H phase diagram at 1 atm. HiCg). 
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Fig. 3: A spherical cap bubble on a planar surface of an inclusion. 
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Fig. 4: A conical cavity in a solid substrate immersed in a liquid. 



48 

C o 
'rj <D 

2^ 
c o 

o c o o 
o 

SOLID LIQUID 

distance 

(a) 

o cr 

0.6 0.8 1.0 0 0.2 0.4 

fraction solidified 

(b) 

Fig. 5: Solute segregation calculated assuming uniform concentrations in both phases: 
a) concentrations in the solid and liquid; b) concentration of solute in the liquid as a 
function of fraction solidified. 
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Fig. 6: Solute segregation calculated with the Scheil equation: a) no solute diffusion in 
the solid and uniform solute concentration in the liquid; b) concentration of the solute in 
the liquid as a function of fraction solidified. 
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Fig. 7; Cross-section of a rimming steel ingot; the ingot solidified from the exterior 
inward. 
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Fig. 9: Conical pit. 
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Fig. 10: The meniscus of the HaCg) bubble nucleus has reached the top of the conical pit. 
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-gas 

\ -capillary 

LIQUID 

Fig. 11: Maximum Pressure Metliod to measure surface tension of a liquid; the 
maximum gas pressure occurs when the meniscus is in position 3; this pressure can be 
experimentally recorded and the corresponding radius of curvature of the meniscus 
calculated from the radius of the capillary. Surface tension is now calculated using 
Laplace's Equation. 
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Fig. 12: A HaCg) bubble emerging from a conical pit: a) interface is planar and pressure 
in the nucleus equals the local pressure in the liquid; b) interface is convex with respect 
to the liquid phase and radius of curvature is at a minimum while in the convex 
configuration, therefore pressure in the nucleus is at a maximum according to Laplace's 
Equation; c) radius of curvature has increased and pressure in the nucleus has 
decreased. 
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Fig. 13: Solubility diagram for the processing conditions: 10 atm HiCg), 2 atm Ar(g), 
150 K superheat. 
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Fig. 16: Furnace schematic; reprinted from Gutsch [31]. 
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Fig. 17: Mold system for GASAR-Ni experiments. 
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Fig. 18: Furnace pressure control schematic. 
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Fig. 19: Sectioned sample location forGASAR-Ni experiments; reprinted from Gutsch 
[31]. 

Fig. 20: Sectioned sample location for GASAR-Inconel 718 experiments. 
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Fig. 21: Cross-section of a GASAR-Inconel 718 ingot. 
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Fig. 22: Solubility diagram for GAS AR-Ni Experiment 1. 
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Fig. 23: Solubility diagram for GASAR-Ni Experiment 2. 
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Fig. 24: Solubility diagram for GASAR-Ni Experiment 3. 
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Fig. 25: Solubility diagram for GASAR-Ni Experiment 4. 

0.005 

o 
J 0.004 
o 
E 

50.003 
e 
X 

g 0.002 
o 
a 

0.001 

1726 1776 1826 1876 1926 1976 
Temperature [K] 

entration 
p ® 
^H2 

initial conc entration 
p ® 
^H2 

• Conc. H in f li(s) 

Fig. 26: Solubility diagram for GASAR-Ni Experiment 5. 
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Fig. 27: Solubility diagram for GASAR-Ni Experiment 6. 
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Fig. 28: Solubility diagram for GASAR-Ni Experiment 7. 
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Fig. 29: Solubility diagram for GASAR-Ni Experiment 8. 
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Fig. 30: Solubility diagram for GASAR-Ni Experiment 9. 
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Fig. 31: Solubility diagram for GASAR-Ni Experiment 10. 
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Fig. 32: Measured responses vs. solidification rate (GASAR-Inconel 718 Experiments 
1-3). 
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Fig. 33: Measured responses vs. superheat (GASAR-Inconel 718 Experiments 1 and 4-
6). 
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Fig. 34: Measured responses vs. HaCg) pressure (GASAR-Inconel 718 Experiments 7-
9). 
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Fig. 35: Measured responses vs. Ar(g) pressure (GASAR-Inconel 718 Experiments 9-
12). 
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Fig. 36: Solubility diagram for GASAR-Inconel 718 Experiment 1. 



0.0065 
mushy zone 

HZ 
g 0.0055 

00 

0.0045 

0.0035 

C 0.0025 
in Solid Cone. H 

0.0015 
1678 1778 1478 1528 1578 1628 1728 

Temperature [K] 

Fig. 37: Solubility diagram for GASAR-Inconel 718 Experiment 2. 
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Fig. 38: Solubility diagram for GASAR-Inconel 718 Experiment 3. 
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Fig. 39: Solubility diagram for GASAR-Inconel 718 Experiment 4. 
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Fig. 40: Solubility diagram for GASAR-Inconel 718 Experiment 5. 



ST 0.0065 
0 
1 o 
g 0.0055 

00 

m 0.0045 o c o u 
— 0.0035 e 

g 0.0025 
o 
o 

0.0015 

P 
mushy zone 

Phz" ̂  Phz" ̂  

initial concentration 

•*— Cone. H in Solid 

1478 1528 1578 1628 1678 1728 1778 

Temperature [K] 

Fig. 41: Solubility diagram for GASAR-Inconel 718 Experiment 6. 
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Fig. 42: Solubility diagram for GASAR-Inconel 718 Experiment 7. 
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Fig. 43: Solubility diagram for GASAR-Inconel 718 Experiment 8. 
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Fig. 44: Solubility diagram for GASAR-Inconel 718 Experiment 9. 
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Fig. 45: Solubility diagram for GASAR-Inconel 718 Experiment 10. 
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Fig. 47: Solubility diagram for GASAR-Inconel 718 Experiment 12. 
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Fig. 48: Solute redistribution of hydrogen during solidification of Alloy 454 with 7 ppm 
of hydrogen, reprinted from Poirier and Yeum [33]. 
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