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Significant increases in efficiencies of natural gas powered reciprocating engine systems (ARES) 
will likely require increases in engine operating temperatures and pressures.  This in turn will place 
increased demands on the engine’s high temperature exhaust components such as valves, seats, 
exhaust manifold, and turbocharger housing.  Although an alloy’s response to service at time and 
temperature can be discerned through laboratory study, it is inherently difficult to determine actual 
temperatures sustained by moving engine components during service.  Consequently in these engine 
systems, service time is known, but the local operating temperature within components is uncertain.  
Pyrometry provides some measure of temperature, but is limited to measurements of only some 
surfaces of some components.  Computational modeling is used to predict operating temperatures, 
thermal gradients, and stresses, but it must still be validated from measurements. 
 
In this study, the temperature-dependent coarsening rate of γ’ precipitates was characterized in 
Pyromet 31V (Ni-22Cr-15Fe, with Ti and Al additions for γ’ dispersion strengthening).  This 
superalloy is presently used in the tulip region of some ARES exhaust valves.  Alloy samples were 
heat treated in argon-filled quartz ampoules for 100 h, 1000 h, and 3000 h at 700, 750, and 800oC.  
Prior to annealing, specimens were either solutionized (4 h at 1093°C, oil quench; designated “SA”) 
or solutionized and heat treated (4 h at 1093°C, oil quench; 4 h at 857°C, air cool; 4 h at 732°C, air 
cool; designated “SA+HT”).  The SA+HT specimens, having multiple heat treatments, represented 
the actual heat treatment schedule of valves prior to service, whereas the SA specimens were 
expected to yield a better precipitate size distribution. 
 
From the SA and SA+HT samples, TEM specimens were made using conventional grinding and 
electropolishing techniques.  Images of γ’ precipitates were acquired in either bright field (Fig. 1a) 
or centered dark field ({001}γ’) modes.  Precipitate boundaries, where the boundary could be noted 
with confidence, were manually masked in Photoshop (version 8) to produce corresponding binary 
images (Fig. 1b).  Diameters of γ’ precipitates were measured from the binary images using 
ImagePro Plus (version 4.5).  These values were used to determine the temperature-dependent rates 
of γ’-volume change (Fig2a).  These rates were used to calculate an activation energy for volume 
diffusion developed by Lifshitz and Slyozov and by Wagner (the LSW theory) [1,2].  With this 
activation energy and service time known, the local operating temperature for components made 
from Pyromet 31V can now be estimated from measurement of γ’ precipitate diameters. 
Additionally, Vickers Hardness measurements of SA and SA+HT samples were acquired, and 
provide useful insights into this alloy’s response to aging (Fig. 3). 
 
The applicability and limitations of applying LSW theory to this multicomponent system, which has 
a large volume fraction of precipitates and undergoes multiple heat treatments, will be discussed [3]. 
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FIG 1.  α.) γ’ precipitates in aged Pyromet31V; b.) binary image constructed from image in a.) 
FIG 2.  a.) Temperature-dependent growth rates of γ’ precipitates; b.) Activation energy for diffusion 
FIG 3.  Hardness behavior of aged Pyromet 31V in SA+HT condition:  a.) Temperature; and b.) time 
dependent hardness 
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