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Abstract: A new method to adjust the pore size in superalloy membranes is shown, 

utilizing controlled cooling from solution heat treatment of the solid superalloy. Hereby, 

the nucleation rate and, thus, the size of the γ'-precipitates can be varied to a large extent. 

This leads to a corresponding variation in the pore size once the membrane material is 

produced by directional coarsening of the γ'-phase to an interconnected network and 

subsequent selective extraction of the γ-phase. Furthermore, it was found that coherent and 

incoherent γ'-precipitates can be used alike to fabricate superalloy membranes, and yet, 

result in vastly different pore morphologies. The findings widen the application range of 

this novel material class. 
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1. Introduction 

Porous metals exhibiting open porosity are of interest for many functional applications, such as 

filtration or noise attenuation [1,2]. These materials are mainly produced by sintering of powders or 

fibers [3], coating of polymer sponges [4] or melt infiltration techniques [5]. Resulting pore sizes of 

these “conventional” porous metals are typically in a range between 10 μm and 100 μm. An alternative 

manufacturing process was introduced in 2003 [6]. In contrast to the previously mentioned processes, a 

solid material, namely a Ni-based superalloy is used. It typically contains 50%–70% γ'-precipitates 

with dimensions of some hundred nanometers in the solution and precipitation heat treated state. Their 
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shape is cubic with the cube faces oriented perpendicular to crystallographic <001> orientations. When 

the material is exposed to elevated temperatures, say 1000 °C, the precipitates grow preferentially in 

specific <001> directions due to external or internal stresses, often referred to as directional coarsening 

or rafting (see e.g., [7–9]). Eventually, the γ'-particles connect to a network embedded in the γ-matrix, 

which itself remains continuous. Thus, a microstructure results where the γ- and γ'-phases form two 

interpenetrating networks. When sheets of such material are produced and one phase is selectively 

extracted by an (electro-)chemical process, the other phase remains as a self-supporting structure so 

that a membrane material with open porosity results [6,10–12]. The obtained pore shape is highly 

elongated as a consequence of the directional coarsening process and the width of these channel-like 

pores is of the order of some hundred nanometers, i.e., more than an order of magnitude smaller than 

the pore size achievable in conventional porous metals. Considering this, it is apparent that superalloy 

membranes widen the range of achievable pore sizes to significantly smaller dimensions. However, it 

is also apparent that there is currently a gap between the pore size of superalloy membranes and the 

smallest pore size achievable in conventional porous metals. In order to close this gap, it would be 

highly beneficial if superalloy membranes, with larger pores well in the micrometer range, could be 

produced. One approach explored in [12] to achieve this objective is to increase temperature T and/or 

duration t of the heat treatment during which directional coarsening occurs. However, this approach 

has limitations: Firstly, coarsening of the very fine initial γ/γ'-microstructure by diffusion is a slow 

process in superalloys. Secondly, there are upper bounds for t, due to practical considerations,  

and T, because ultimately the γ'-volume fraction becomes too small for this phase to connect to a  

3-dimensional network. Therefore, an alternative concept is explored here, using the cooling rate from 

the solutioning temperature as key parameter to control the precipitation kinetics of the γ'-phase and, 

hence, its initial size. 

2. Experimental Details 

The material investigated here is the single crystalline Ni-based superalloy CMSX-4® [13]. As 

reference state we use a heat treatment procedure for the production of porous membranes essentially 

established in [12]. It encompasses solution heat treatment at 1550 K/2 h, 1561 K/3 h, 1569 K/3 h, 

1577 K/2 h, 1586 K/2 h, 1589 K/2 h, 1591 K/2 h, 1594 K/2 h followed by air cooling (AC), 

precipitation heat treatment at 1353 K/4 h/AC and directional coarsening of the microstructure at  

1353 K/1000 h. The microstructure in the solution and precipitation heat treated state is depicted in 

Figure 1a. After directional coarsening, the material was cut by spark erosion to sheets about 2 mm 

thick and ground to a final thickness of 280 μm to 370 μm to completely remove the surface layer 

affected by the erosion process. The γ-matrix was then electrochemically extracted using a potential of 

1.3 V and an aqueous electrolyte containing 1% ammonium sulfate and 1% citric acid [12,14]. As a 

result, a membrane material is obtained, consisting of the γ'-phase and pores at the location of the 

removed γ-phase (Figure 2a). Note that the dendritic microstructure of cast superalloys cannot be 

homogenized completely [9]. Thus, there are microstructural differences between dendritic and 

interdendritic regions. Throughout this paper we show images obtained in the secondary dendrite arms 

to ensure comparability. Furthermore, the normal of all microstructural images, i.e., the normal of the 
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sheets, is oriented in casting direction, which is essentially parallel to the [001] orientation of the  

single crystal. 

Figure 1. Microstructure in the solution and precipitation heat treated state, as a function  

of the cooling rate from solution heat treatment (a) air cooling (b) 4 K/min (c) 1 K/min  

(d) 0.2 K/min [14]. 

  
(a) (b) 

  
(c) (d) 

In further experiments, we keep all parameters constant, except for the cooling rate from solution 

heat treatment. Instead of air cooling, slower cooling at 4 K/min, 1 K/min and 0.2 K/min is selected. 

Furthermore, cooling from 1594 K is stopped at the precipitation heat treatment temperature of 1353 K 

followed by a 4 h hold time and air cooling, so that solution and precipitation heat treatment are 

combined in one cycle. The resulting microstructures after the entire heat treatment cycles are shown 

in Figure 1b–d. The γ'-particles are significantly larger compared to the reference state and a trend of 

increasing particle size with decreasing cooling rate is clearly visible. This finding can be understood 

as follows. It is known, that the precipitation kinetics of γ'-particles in superalloys is very fast [15], so 

that nuclei are already forming during cooling from the solutioning temperature for all practical 

purposes. The nucleation rate is strongly dependent on the supercooling below the solvus temperature 

of the γ'-phase. Fast cooling leads to strong supercooling and, thus, to a high nucleation rate. However, 

there is little time for particle growth. Consequently, a high density of very fine γ'-particles results. 

These particles grow during subsequent precipitation heat treatment and the particle density decreases 
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correspondingly. Yet, the particles are still quite small as illustrated in Figure 1a, which is a 

consequence of the very fine initial microstructure and the fact that particle ripening by diffusion is a 

slow process in Ni-based superalloys. When the cooling rate from the solutioning temperature is 

decreased, there is more time for nucleation to occur. Consequently, the amount of supercooling and, 

thus, the nucleation rate diminishes. Once a particle is formed, it starts to deplete the surround matrix 

in the γ'-forming elements (i.e., Al, Ti and Ta), thus hampering nucleation in its vicinity. Both effects 

lead to a lower particle density. At the same time, the particles become bigger because there is more 

time for growth during cooling and less competition with neighboring particles for the γ'-forming 

elements. Consequently, the particle size after solution heat treatment increases with decreasing 

cooling rate and so does the size after precipitation heat treatment (Figure 1). 

Figure 2. Microstructure of the superalloy membranes as a function of the cooling rate 

from solution heat treatment (a) air cooling (b) 4 K/min (c) 1 K/min (d) 0.2 K/min [14]. 

  
(a) (b) 

  
(c) (d) 

Besides the size, also the morphology of the γ'-particles is changing with the cooling rate. After air 

cooling, the particles are cube-shaped (Figure 1a) which minimizes the elastic strain energy associated 

with the coherent precipitates. When the particles become larger coherency is eventually lost. Then, it 

is no longer favorable to maintain a cubic shape and the particles become irregular. Such a change in 

morphology is evident in Figure 1a–d and we deduce from this observation that the particles shown in 
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Figure 1d are incoherent. In this context, it is important to note that coherency is a prerequisite for 

directional coarsening to occur. Only then is an interaction between coherency stresses and other stress 

fields possible, so that the cubic symmetry is lost and particle growth along certain <001>-orientations 

becomes more favorable. Prior to this study it was unclear whether incoherent particles would also 

connect to a network as coherent particles do during extended high temperature exposure. To answer 

this question, all materials were given the same elevated temperature exposure, i.e., 1355 K/1000 h, 

after solution and precipitation heat treatment. After extraction of the γ-phase, solid membranes were 

obtained in all cases. It demonstrates that the γ'-particles have connected to a network structure, even 

in case of incoherency. However, there is a vast difference in the microstructure of the porous 

membranes (see Figure 2). While directional growth along <001>-directions is evident in Figure 2a,b, 

the microstructure is entirely irregular in Figure 2d, which can be attributed to the incoherency of the 

γ'-particles. Although the mechanical behavior of these membranes will be discussed elsewhere, it is 

worth mentioning that all membranes reached an ultimate tensile strength of at least 10 MPa. This 

again demonstrates that not only coherent but also incoherent γ'-particles connect to a rigid network 

upon extended elevated temperature exposure.  

Qualitatively, it is apparent from Figure 2 that the pore size is significantly increasing as the cooling 

rate from the solutioning temperature is decreasing. This result is further quantified in Figure 3, using a 

line intersection method. Hereby, a set of parallel lines is superimposed on the microstructure image 

and rotated between 0° and 179° by steps of 1°. The arithmetic average of the lengths in the γ' 

ligaments and pores is then calculated for every angle and plotted on a polar coordinate system,  

see [11,12] for further details.  

Figure 3 clearly shows an increasing size of the pores and ligaments with decreasing cooling rate. 

For the pores, 790 ± 109 nm, 928 ± 12 nm, 1167 ± 11 nm and 1928 ± 43 nm are obtained as mean 

intersect lengths bpore and standard deviations in case of air cooling, and the cooling rates 4 K/min,  

1 K/min, 0.2 K/min, respectively. This parameter is defined as the arithmetic average of the intersect 

lengths obtained for each angle. Note, that there is also a distinct difference in the shape of the curves. 

In the air cooled reference state, an elliptical shape results. This is due to the preferred orientation of 

the channel like porosity parallel to a specific {001} plane (Figure 2a). Consequently, the intersect 

length is longest and shortest parallel and perpendicular to that plane. In contrast, an essentially 

circular shape is obtained in the other three cases. Even though a cooling rate of 4 K/min still leads to 

directional porosity, it appears that now all orientations along {001} planes occur about equally 

(Figure 2b), so that differences in pore length and thickness are not detected by the line intersection 

method. For the lowest cooling rates of 1 K/min and 0.2 K/min the circular shape simply reflects the 

irregular morphology of the pores. 

Note, that the slowest cooling rate investigated here just adds about 19 h of heat treatment time 

compared to air cooling. This is sufficient to increase the pore size substantially. In contrast, it is 

apparent from the data in [12] that a similar extension of the hold time at 1355 K would have no 

measurable effect on the pore size. This demonstrates the effectivity of the approach explored here and 

it stands to reason that controlled cooling from the solutioning temperature can be further exploited via 

even lower cooling rates.  
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Figure 3. Microstructure ellipses obtained on the superalloy membranes for ligaments and 

pores as a function of the cooling rate from solution heat treatment. 

 

3. Summary and Conclusions  

It has been demonstrated that the pore size in superalloy membranes can be effectively controlled 

via the cooling rate from solution heat treatment, providing a path for the development of superalloy 

membranes with significantly larger pores than presently possible. This not only allows closing the gap 

between the pore dimensions of conventional materials with open porosity and current superalloy 

membranes, it also broadens the application range of superalloy membranes. This in itself is attractive 

due to specific advantages of these novel materials, such as the ability to form structured sheets 

consisting of solid and porous domains [16]. Furthermore, it was found that both coherent and 

incoherent γ'-particles connect to a network upon extended elevated temperature exposure, yet, leading 

to substantially different morphologies. 
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