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1.0 Introduction

Powder injection molding (PIM) is a technology that can be used to produce net-shape parts while

reducing material waste and manufacturing costs. In the aerospace industry, the application of PIM to

nickel-based superalloys has been restricted to non-structural engine components due to their limited high

temperature properties. State-of-the-art solid state sintering practices for PIM Ni-superalloys generally lead

to fine-grain microstructures, which have reduced creep resistance compared to coarser, cast,

microstructures. Additionally, due to the use of fine pre-alloyed powders in the PIM process, carbon and

oxygen can react with alloying elements such as Cr, Al, and Ti to form carbide and oxide phases which can

further restrict grain growth.

Supersolidus liquid phase sintering (SLPS) is proposed as an alternative to solid state sintering,

where the Ni-superalloy powder particles are partially melted in order to provide rapid densification and

microstructural coarsening. In this study, the behaviour of a PIM Ni-superalloy during SLPS was evaluated

using differential scanning calorimetry (DSC). Comparative DSC analysis techniques were developed to

quantify the amount of liquid phase present with time and temperature. The behavior of the alloy above its

solidus temperature was modeled and the relationships between grain growth, liquid fraction, and thermal

history were established in order to control grain growth during the sintering process. The upper SLPS

process limits can be determined from the presented work in order to obtain the desired microstructure

without losing the shape of PIM components.

3.0 SLPS Behaviour
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2.0 Materials & Methodology

Powder injection molded nickel-based

superalloy (PIM NiSA) samples were heated in Ar

gas at 4.5K/min to SLPS temperatures of 1335,

1340, 1345, and 1350°C in a Netzsch 404C DSC.

The furnace was evacuated to a minimum vacuum

level of 5x10-5mbar and backfilled with Ar gas prior

to each test. Samples were held at each SLPS

temperature for 0, 15, 30, 60, and 120mins.

Samples were then cooled at a rate of 20K/min to

room temperature. The PIM NiSA was heated to

1450°C in a separate test in order to obtain the

DSC trace for a full melting and solidification of

the alloy. Samples were mounted and polished

before being etched with waterless Kalling’s

reagent to expose the grain boundaries. The

average grain size of each sample was measured

via a line intercept technique with 50 lines per

sample.

6.0 Conclusions

• The liquid phase formed above the solidus temperature is transient during SLPS of this PIM NiSA.

• Holding for time at the SLPS temperature can substantially increase the grain size while maintaining part shape.

• The softening parameter of the PIM NiSA during SLPS was successfully modeled and can be used to predict the maximum time at temperature before shape loss occurs.

• Prolonged periods above the solidus temperature can lead to significant solute segregation which can ultimately cause γ/γ’ eutectic formation in the alloy.

• The progressive disruption of grain boundary carbides by the transient liquid phase may be the mechanism which activates grain growth in this alloy.
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4.0 Process Model and Grain Growth

5.0 Microstructures

The softening parameter, ζ, gives a measure of the material’s rigidity during the SLPS process.

Softening parameters for the onset of densification and distortion were modeled with time and represent

the SLPS process bounds. Since the liquid fraction is transient, the upper and lower softening parameters

are also transient. The experimental softening parameter at 1345°C increases rapidly though the SLPS

range, surpassing the onset of distortion after 40 minutes. Post DSC specimens support this result having

retained shape at 15 and 30mins, while slumping at 60 and 120mins.
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DSC traces from the PIM NiSA SLPS tests were compared to the full melt DSC trace in order to

determine the fractional enthalpy of melting and solidification. The fractional enthalpy upon melting and

freezing serves as an indication of the liquid fraction present at the given time and temperature.

Interrupted tests demonstrated that the apparent liquid fraction increased over time at temperature for the

PIM NiSA. The liquid fraction was found to increase rapidly before stabilizing after approximately 60mins.
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Heating and Cooling DSC Traces for NiSA Samples heated to 1345°C

The average grain size of the PIM NiSA has a power relationship with time at a given temperature. The

grain growth rate is highest during the initial stages of the SLPS process, decreasing rapidly past 5

minutes and stabilizing after 30-60 minutes at the SLPS temperature. The grain growth in the NiSA reflects

the same trend as the liquid fraction increase over time, suggesting that the grains are able to grow in

relation to the liquid fraction present. The SLPS process model and grain growth behavior of the PIM NiSA

can be used to design a sintering cycle which achieves the desired grain size while avoiding part distortion.
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The grain size of the PIM NiSA increased from 15µm to 47µm during SLPS at 1345°C over 120 minutes.At higher temperatures and hold times, γ/γ’ eutectic pools are observed in the alloy. These pools are

commonly observed in some varieties of cast Ni-superalloys as a result of solute segregation. SEM-EDS

analysis on the PIM NiSA revealed that the γ/γ’ eutectic pools are enriched with multiple refractory

elements which are strong carbide formers. The γ/γ’ eutectic regions contain a large number of carbides

which may have formed due to the solute enrichment of the liquid and disruption of original grain boundary

carbides. Progressive solute segregation is believed to cause the transient liquid fraction during SLPS and

leads to both enhanced grain growth and loss of material rigidity.
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