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Abstract 

Rene 65 is a nickel-based superalloy used in aerospace components such as turbine blades and disks. The 
microstructure in the as received condition of the superalloy consists of ~40% volume fraction of gamma 
prime precipitates, which gives such a high strength that thermomechanical processing is problematic. 
The goal of this study was to improve the processability of Rene 65 by developing a heat treatment to 
lower the strength through changes in the size distribution and volume fraction of those precipitates. 
Gamma prime in this alloy is observed in three sizes, ranging from a few μm to tens of nm. For the design 
of the heat treatments, Taguchi’s L8 matrix Design of Experiments (DOE) was used. The four factors that 
are examined are cooling rate, hold temperature, hold time and cooling method to room temperature. 
The levels of the factors were two (high and low) with replication. Microstructures were characterized by 
Scanning Electron Microscopy, and mechanical properties by Vickers microhardness testing. Regression 
analysis on the results revealed that the most significant factor for this design is hold temperature. The 
softest sample and the hardest sample have a significant difference microstructurally, with the latter 
having a trimodal distribution of precipitates which is believed to cause the strength. 

Keywords: Experimental Design, Taguchi, Heat Treatment, Superalloys, Thermomechanical Processing, 
Hardness 

Introduction 

Nickel based superalloys have been used in various aircraft engine components for many years due to 
their ability to operate at high temperature and high stress environments[1-4]. This comes usually from 
precipitation hardening, with the most common strengthening phase being the gamma prime (γ’) 
precipitate[5]. The usual precipitation heat treatment for achieving this strength is by solutionizing and 
quenching to form a bimodal gamma prime distribution and then aging to achieve peak strength via a 
trimodal gamma prime distribution[2, 5]. In Rene 65, γ’ is present in the cast and wrought condition in 
three sizes ranging from a few μm to tens of nm[6-12]. Primary γ’ (μm) is observed at the grain boundaries 
while secondary γ’ (hundreds of nm) and tertiary γ’ (tens of nm) are nucleating within the grains. The 
latter two size ranges are contributing to strength whereas primary γ’ serves as pinning mechanism for 
grain boundaries [13]. 
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For manufacturing purposes, the hardness that to which γ’ is contributing should be minimized without 
imparting the grain coarsening that could occur if primary γ’ is dissolved.  The aim of this work is to find a 
heat treatment to reduce the hardness of the alloy for manufacturing purposes, without changing the 
grain size for the final application. 

From previous work on heat treatments for manufacturing of parts made of Rene 65 [10], it was observed 
that the proposed heat treatment schedule was indeed reducing the hardness since all the heat-treated 
samples had lower hardness values compared to the as-received condition. The variables of that heat 
treatment were “hold time at 954oC” and “cooling method to room temperature (air or water)”, with the 
latter being evaluated by a separate set of experiments. In other words, that experimentation setup was 
following the one- factor-at-a-time (OFAT) approach, which is not able to consider interactions between 
factors [14, 15].  In this work with the help of Design of Experiments and more specifically a Taguchi 
design, an attempt to find an optimum heat treatment as well as understand which parameters affect the 
reduction in hardness has been made. In addition, more experimental data are produced for this kind of 
processing heat treatments that could eventually be fitted to a supervised learning algorithm for machine 
learning. 

Experimental methods 

Samples of worked Rene 65 parts were provided by GE Aviation, Bromont. The original cast ingot was 
produced by triple melt (VIM,VAR,ESR) as described in [8]. The nominal composition of this Ni based 
alloy in wt% is: Cr 16 %, Co 13%, Mo 4%, W 4%, Ti 3.7%, Al 2.1%, Fe 1%, Nb 0.7%, C 0.015%, Zr 0.05%, B 
0.016% [6]. Annealing and hold temperatures were based on ref [10]. The heat treatment design was 
based on Taguchi’s L8 matrix, which for four factors is allowing calculations of two-way interactions [16]. 
To determine which factors would be examined as well as their levels, results from previous work [10] 
were used. From [11], the level of annealing temperature (1095oC) was determined in order for it to be 
sub-solvus since no thermodunamic calculations were made in this work to find the solvus temperature. 
Annealling temperature was not considered as a factor in this design. From [10], microstructural γ’ 
precipitate evolution was shown to be influenced by holding at a temperature below the annealing 
temperature. Both air cooled and water quenched samples had a general trend of increasing hardness up 
to a hold period of 30 minutes at 954oC. Furthermore, 30 minutes is an industrially acceptable time, so 
this was the high level for factor “hold time”. For “cooling method to room temperature” it was decided 
that gas quenching would not be as severe as water quenching for the parts and therefore air cooling (AC) 
and gas quenching (GC) were the two levels of this categorical factor. Gas quenching was achieved by 
applying compressed air after the sample was out of the furnace. This was a faster cooling rate than air 
but slower than water. Furthermore, it would be interesting to see how hold temperature is affecting the 
hardness. From the literature [12, 17-20], cooling rate is also an important factor affecting γ’ morphology 
and therefore hardness, so it was also included in the design as a factor. The heating rate for all samples 
was 10oC/min and was not considered as a factor for this design. The final assignment of names of factors 
was based on heat treatment sequence and their levels can be summarized in Table 1: 

 

 



Table 1: Factors’ levels 

Factors Low level High level 

A: cooling rate from 1095oC 5 oC /min 25 oC /min 

B: hold temperature 800 oC 900 oC 

C: time at hold temperature 0 min  30 min 

D: cooling method to room temperature Air cool (AC) Gas quench (GC) 

 

Taguchi’s L8 matrix was chosen since it allows estimation of two-way interactions among the parameters 
on the corners of the linear graphs. In this experimental design, as can be graphically described in Fig.1 , 
only Factor D is assumed to have no interaction with the other three, since cooling to room temperature 
was the last step of the heat treatment and it was treated as separate set of experiments in the previous 
work. For the other three factors, interactions between cooling rate and hold temperature(A*B) and hold 
temperature and hold time (B*C) were considered logical for investigation.  

 

Figure 1: Interaction lines 

For the statistical analysis, Minitab software was used, and the steps are described in Figure 2. 



 

Figure 2: Flow chart of Taguchi design analysis using Minitab software 

For the heat treatments, a Sentro Tech box furnace with a Eurotherm 2408 process controller was used. 
The use of the process controller made varying furnace cooling rate (Factor A) possible.   

Vickers microhardness was measured as a response for the design. A Clark CM-100AT micro-hardness 
tester equipped with CLEMEX CMT indent measurement software was used for those measurements. This 
was a fast way to measure mechanical properties as the response of the experiments and it provides 
information for future experiments such as compression tests for more comprehensive mechanical 
property characterization. Indents were created with a force of 200g, 15 sec dwell time and measured at 
a magnification of 500X. 

A Hitachi SU3500 Variable-Pressure microscope at accelerating voltages of 20kV was used for low 
magnification (x1K) microstructural characterization of γ’ precipitates. Energy Dispersive Spectroscopy 
(EDS) was used to identify second phases. A Hitachi SU8000 at 3kV was used for higher resolution imaging 
(x20K magnification) and EDS at 10kV for qualitative analysis of γ’ and matrix. In both cases the objective 
lens aperture was set to 2 and the working distance was 13 mm.  To reveal the γ’ precipitation under SEM 
conditions, the γ matrix was selectively removed with electropolishing and electroetching at 15V and 5V 
respectively at room temperature with an etchant based on methanol and perchloric acid. Quantification 
of precipitate size was achieved using ImageJ image analysis software by measuring manually 
approximately 50 precipitates (where available) from 5 different regions. 

Results and Discussion  

Statistical Analysis  

Taguchi Design 



The combinations of factor levels as well as the average responses are recorded in Table 2. For the 
statistical analysis, only the average values were used, and the standard deviation is represented in Fig.3. 
The heat treatments were performed in random order. 

Table 2: Experimental design 

Standard order A B C D HV 1 HV 2 

1 5 800 0 AC 401±12 392±8 

2 5 800 30 GC 400±6 404±8 

3 5 900 0 GC 371±5 379±9 

4 5 900 30 AC 387±16 386±7 

5 25 800 0 GC 427±9 420±4 

6 25 800 30 AC 449±6 445±10 

7 25 900 0 AC 402±9 410±4 

8 25 900 30 GC 409±8 396±26 

 

 

Figure 3: Hardness variation between replicates 

To check the variability of the furnace, two samples were placed at the same time next to the furnace 
thermocouple and their hardness responses were compared. Those samples were treated as replicates 
for each set of the different factor level combinations. In all 8 conditions, hardness variations did not 
exceed 3% of difference, verifying that the furnace is reliable for reproducible results if the samples are 
close to the thermocouple. 

 

 



Taguchi design analysis 

When using Taguchi’s design, the ultimate goal is the identification of the factors that can be controlled, 
which can reduce the variability of a process by reducing the effects of uncontrollable factors, which are 
also called noise factors [21]. Having higher values of the signal-to-noise ratio (S/N) is desirable, as it 
determines which control factor settings can minimize the effects of the noise factors. The mean is the 
average response for each combination of control factor levels. For parts manufacturing, the goal is to 
determine which factor level combinations would minimize the mean. 

Minitab software provided an estimation of regression coefficients table for the signal-to-noise ratio (S/N) 
and the means. Using the p-values, the factors that were statistically significant were determined. The 
coefficients were used to determine relative importance of each factor in the model based on their 
absolute value. For S/N ratios and level of significance 0.10 factors A and B were statistically significant 
with p-values 0.056 and 0.067 respectively. Similarly, for the means, the same factors were statistically 
significant with p-values 0.069 for cooling rate and 0.082 for hold temperature. Generally, S/N ratios are 
preferably maximized in order to get more signal than noise, therefore as can be seen in Fig.4, the best 
conditions for minimizing the hardness would be the highest – low level of factor A and C and high level 
for factor B and D. 

 

Figure 4: Main effects plot for S/N ratios 

On the contrary, for the means, the interest would be to minimize the response and therefore the best 
conditions are the lowest in Fig.5 which are the same factor levels as the S/N ratios.  



 

Figure 5: Main Effects plot for Means 

As mentioned above, the factors with the largest coefficients have the largest impact on a given response 
characteristic. From both responses (S/N and means) the following order of factors impact the outcome 
from highest to lowest: cooling rate, hold temperature, hold time, cooling to room temperature, 
interaction of the level of cooling rate with the level of temperature and lastly interaction of level of hold 
temperature with level of hold time. 

From the positive or negative sign in front of the factor coefficients seen in Table 3, it can be concluded 
that cooling rate, hold time and interaction between cooling rate and hold temperature have a positive 
effect. Hold temperature, cooling method to room temperature and interaction between hold 
temperature and hold time have a negative effect. 

Table 3: Estimated Model Coefficients for S/N ratios 

Term Coefficient P-value 

Constant -52.1523 0.000 

A  0.3408 0.056 

B  -0.2871 0.067 

C  0.1164 0.161 

D  -0.0844 0.219 

A*B  0.0465 0.366 

B*C  -0.0128 0.745 

 

Similarly, for the means in Table 4, since the goal is to be minimized, the signs of the factors would indicate 
their effect; therefore cooling rate, hold time and interaction between cooling rate and hold temperature 
should be decreased (i.e. the slower the cooling rate, the lower the hardness).  Also, hold temperature, 



cooling method to room temperature and interaction between hold temperature and hold time should 
be increased to achieve the lowest means (i.e. the higher the temperature the lower the hardness). 

Table 4: Estimated model coefficients for means 

Term Coefficient P-value 

Constant 405.750 0.003 

A  -16.000 0.069 

B  13.500 0.082 

C  -5.500 0.196 

D  4.000 0.263 

A*B  -2.750 0.361 

B*C  0.250 0.910 

 

Regression analysis on Taguchi results 

A separate regression analysis on hardness results is presented on Table 5. With DF, degrees of freedom 
are annotated. The degrees of freedom show how much information a term of the equation uses. Adj 
SS is the adjusted sums of squares which are measures of variation for different components of the 
model[21]. Adj MS is the adjusted mean squares which measure how much variation a term or a model 
explains, assuming that all other terms are in the model, regardless of the order they were entered. The 
F-value is the test statistic used to determine whether the term is associated with the response[15].The 
p value is a probability and if it is less than the alpha level, the results are statistically significant. From 
Table 5, only factor B (hold temperature) is significant for level of significance 0.05 (more accurate than 
the S/N and means of the Taguchi analysis) with p-value 0.004. Interactions between factors are again 
not considered significant.   

Table 5: Regression analysis on Taguchi results 

Source DF Adj SS Adj MS F-Value P-Value 

Regression 6 1319083 219847 226.30 0.004 

A 1 3795 3795 3.91 0.187 

B 1 218584 218584 225.00 0.004 

C 1 601 601 0.62 0.514 



D 1 101 101 0.10 0.777 

A*B 1 3313 3313 3.41 0.206 

B*C 1 549 549 0.56 0.531 

Error 2 1943 971 
  

Total 8 1321026 
   

 

Two equations depending on the cooling method to room temperature can be derived based on the first 
replicate hardness data:  

AC: HV = 0.0 + 25.5 A + 0.4446 B + 8.6 C - 0.0280 A*B - 0.0097 B*C 

GC: HV = -7.1 + 25.5 A + 0.4446 B + 8.6 C - 0.0280 A*B - 0.0097 B*C 

Based on the absolute value of the coefficients, cooling rate seems to have relatively higher impact than 
the other two factors and the interactions for both equations. To verify the accuracy of those equations, 
two heat treatments were conducted, one for AC and one for GC. For the air cooled equation the heat 
treatment was annealing at 1095oC for 30 minutes, cool down to 1050 oC with 1oC/min cooling rate and 
air cool (A=1, B=1050, C=0). For the gas quenched equation, the heat treatment was annealing at 1095oC 
for 30 minutes, cool down to 700 oC with 1oC/min cooling rate and gas quench (A=1, B=700, C=0). The first 
heat treatment had a prediction of 463 HV and the actual value was 443±17 HV. For the GC sample, the 
prediction was 310 ±13 HV and the actual average value was 365HV. Since gas quenching requires a few 
seconds in the air after the sample is out of the furnace, it is logical the AC equation would be more 
accurate than the GC. Furthermore, some of the levels of the variables that were chosen for verification, 
were out of range of the original levels i.e. 1050oC and 700oC hold temperature in an attempt to see the 
predictability of the equations outside of the range of the levels tested. 

In summary, the experimental factor levels as well as the optimum conditions for hardness reduction are 
presented in the Table 6: 

Table 6: Summary of factor levels 

Factors Low level High level Optimum level 

A: cooling rate from 1095oC 5 oC/min 25 oC/min 5 oC/min 

B: hold temperature 800 oC 900 oC 900 oC 

C: time at hold temperature 0 min 30 min  0 min 

D: cooling method to room temperature Air cool Gas quench Gas quench 

 



Microstructural analysis 

As received condition 

The as-received (deformed) sample was microstructurally characterized and all hardness results after heat 
treatment were compared with the hardness of the as-received alloy, which is 490±18 HV. At low 
magnification in Fig.6, a high volume fraction of primary γ’ can be observed at the grain boundaries. The 
size range is 1-5μm. The white phases are (Mo,W) carbides and/or borides, which, in BSE contrast, appear 
brighter than the γ΄ precipitates and their average size is 1.4±0.5 μm X 1.6±0.6 μm. EDS analysis 
confirmed that the precipitates are rich in Ni,Co and Ti,Al with a ratio that matched the (Ni,Co)3(Al,Ti) 
whereas the matrix has less Ni and more Cr. The morphology of secondary γ’ in the as received condition 
is cuboidal and spheroidal, with average size of 439±49 nm X 396±39nm and 225±51 nm X 199±41 nm 
respectively as can be seen in Fig.7. No tertiary γ’ was observed at high magnifications. The high hardness 
of the as received material is a result mainly from primary and secondary γ’ precipitation as well as work 
hardening from the deformation process.   

 

Figure 6: As received sample at low magnification. Red arrows indicate example positions of primary γ’ 

 

Figure 7: As received sample at higher magnification, highlighting secondary γ’ in cuboidal and 
spheroidal morphologies  



The highest hardness (449HV) was achieved by 25oC/min cooling rate from 1095oC to 800oC, hold for 30 
minutes and then air cooling. A significantly smaller volume fraction of primary γ΄ can be observed at low 
magnification in Fig.8 as well as grain coarsening, which has a direct correlation since primary γ’ has a 
pinning effect. In Fig.9, intergranular secondary γ’ is observed in cuboidal/irregular morphology. The 
average size is 357±169 nm X 316± 139 nm. The high standard deviation is caused by the large range of 
precipitate sizes. Compared with the as received condition, secondary γ’ after this heat treatment is 
smaller than the cuboidal shape precipitates of the as-received but larger than the spheroidal 
morphology. Located around the primary γ’, as well as within the γ matrix, a significant volume fraction 
of tertiary γ’ is observed. This size was too small to accurately measure (tens of nm). Tertiary γ’ is 
contributing to the final hardness by impeding dislocation motion [13]. 

 

Figure 8: Hardest sample at low magnification. This was achieved by 25oC/min cooling rate from 1095oC 
to 800oC, hold for 30 minutes and then air cooling. Primary γ’ is highlighted at the grain boundaries.  

 

 

Figure 9: Hardest sample at high magnification. This was achieved by 25oC/min cooling rate from 1095oC 
to 800oC, hold for 30 minutes and then air cooling. Primary γ’(red arrow) is surrounded by tertiary γ’. 
Secondary(squares) and tertiary γ’(circles) are present intergranular.  



The lowest hardness (371HV) was achieved by 5oC/min cooling rate from 1095oC to 900oC, no hold and 
then gas quenching. Primary γ’ is present again along the grain boundaries as can be seen in Fig.10. In 
higher magnification (Fig.11), detailed morphology of secondary γ’ precipitates can be observed. In this 
sample, agglomerates of cuboidal secondary γ’ seem to form within the grains. No tertiary γ’ was observed 
at this sample within the grains. The average size of the agglomerate secondary γ’ precipitation is 793±307 
nm X 745±306 nm. The range of morphologies leads to a large standard deviation.   

 

Figure 10: Softest sample at low magnification. This was achieved by 5oC/min cooling rate from 1095oC 
to 900oC, no hold and then gas quenching. Primary γ’ is highlighted along the grain boundaries.  

 

Figure 11: Softest sample at high magnification. This was achieved by 5oC/min cooling rate from 1095oC 
to 900oC, no hold and then gas quenching. Secondary γ’ agglomerations are present intergranular. 
Tertiary γ’ was observed close to primary γ’ (red arrow) in a very small volume fraction.  

The difference in hardness between the softest and the hardest sample derives from the presence of 
tertiary γ΄ and the size of secondary γ΄. Initially, the deformed sample has a bimodal precipitate 
distribution as well as a work hardening effect. To achieve a high hardness, fast cooling rate from 
annealing temperature and air cooling to room temperature is applied. Since annealing is subsolvus, not 
all primary γ’ is dissolved; some of it remains to pin grain boundaries and the γ’ formers from the dissolved 
precipitates will reprecipitate as secondary and tertiary γ’ at lower temperatures. The fast cooling rate 
does not facilitate diffusion of secondary γ’ former elements and the 30- minute hold at 800oC is helping 



to grow the existing precipitates. Through air cooling, tertiary γ΄ is forming at lower temperatures and, 
since most of the precipitates are already formed, the driving force for growth (via further precipitation) 
is very small, therefore these are numerous but small (tens of nm) and spherical. Therefore, when tertiary 
γ’ is present, the hardness is increasing since the precipitates mechanism are more effective in hindering 
dislocation motion. 

On the contrary, for the softest sample, a slow cooling rate was applied and a gas quench. With slow 
cooling rate and no hold, more diffusion is possible and this is probably causing the agglomerates to form. 
The gas quench towards room temperature is supressing the further nucleation of tertiary γ’ that was 
observed at the air-cooled sample.  

For further confirmation of the significance of the effect of hold temperature, the other two heat 
treatment combinations, apart from the softest sample that had the high level of the hold temperature 
parameter (900oC), were microstructurally characterised. The eighth heat treatment combination had the 
largest variation between the two replicates and was intentionally omitted from further analysis. 

 In the first case (the fourth heat treatment combination) the differences with the softest sample was 30 
minutes hold instead of no hold and air cool instead of gas quench. The microstructure at high 
magnification revealed the agglomerates that were observed in the softest sample and no tertiary γ’ was 
observed (Fig.12). The size of the agglomerates was 526± 157 nm X 613±171 nm, which is finer than the 
softer sample. This could explain the slight difference in hardness between the softest sample and the 
fourth heat treatment combination (387 HV instead of 371HV). A small volume faction of tertiary γ΄was 
observed in the sample around primary γ’. 

 

Figure 12:Comparison with other samples that were held at 900oC. This was achieved by 5oC/min cooling 
rate from 1095oC to 900oC, 30-minute hold and then air cooling. Secondary γ’ agglomerations are 
present in this sample as well. 

In the second case (the seventh heat treatment combination) the differences with the softest sample 
condition were higher cooling rate and air cooling instead of gas quenching. With higher cooling rate, 
fewer agglomerates are present and secondary γ΄can also be observed as cuboidal particles (Fig.13). The 
average size of secondary γ’ is 242±66nm X 247±54 nm which is approximately 500nm smaller. 



Furthermore, tertiary γ’ was observed around primary γ’, which supports the hypothesis that tertiary γ’ is 
forming during air cooling at lower temperatures. With a combination of smaller secondary γ’ and the 
presence of tertiary γ’, the difference in hardness is +31 HV (from 371 HV in the softest sample the seventh 
heat treatment combination has a 402 HV hardness value). 

 

Figure 13: Comparison with other samples that were held at 900oC. This was achieved by 25oC/min cooling 
rate from 1095oC to 900oC, no hold and then air cooling. Smaller secondary γ’ as well as tertiary γ’(circles) 
around primary γ’ (red arrows) are present in this sample. 

According to the microstructural analysis of the four heat treatment combinations, the effect of secondary 
γ’ size as well as the volume fraction of tertiary γ΄ are the main variables that were affecting hardness. 
Compared to [12], where higher cooling rates resulted in smaller precipitate size, the trend of the results 
agree, although in [12] the heat treatment was continuously cooled from solution annealing 
temperature to room temperature, whereas in this work, furnace cooling is applied till a higher hold  
temperature. On the contrary, in this work tertiary γ’ was mainly observed at high cooling rates 
although the comparison is not again exact as the slowest cooling rate (0.1K/s) in [12] would contribute 
to longer time in the furnace than in this work (25oC/min until 800/900 oC ). The hold temperature of 
900oC that was determined from statistical analysis did not result in the formation of agglomerates in all 
cases. A combination of all four factors results in the final microstructure, although 900oC is proven to 
result in lower hardness in most cases. Further microstructural analysis on designs with higher range of 
factor level combinations will aid the understanding of the precipitation kinetics of the three sizes as well 
as further importance of other design factors (i.e. cooling rate). Ultimately, stress-strain curves will be 
obtained to fully describe understand the effect of heat treatment on mechanical properties. 

Conclusions 

Taguchi’s L8 matrix was successfully used to design a heat treatment plan for manufacturing of Rene 65 
parts. Regression analysis on the results revealed that the most significant factor for this design is hold 



temperature. The softest sample and the hardest sample have significant microstructural differences, 
with the latter having a trimodal distribution of precipitates, which is believed to increase the strength. 
Further investigation on microstructural characteristics will be conducted in the future along with 
mechanical testing to determine the mechanical properties. 

Acknowledgments 

Financial support from the Natural Science and Engineering Council of Canada, GE Aviation, Bromont, 
Quebec Canada, the Consortium de Recherche et D'innovation en Transformation Métallique and the 
McGill Engineering Doctoral Award (to C.M. Katsari) is gratefully acknowledged. The authors would like to 
thank Mr. Martin Therer from GE Aviation, Bromont for his valuable insights on this work. 

References 

1. Durand-Charre, M., The microstructure of superalloys. 1998: CRC press. 
2. Matthew J. Donachie and S.J. Donachie, Superalloys A Technical Guide. 2002. 
3. Sims, C.T., A history of superalloy metallurgy for superalloy metallurgists. Superalloys, 1984. 

1984: p. 399-419. 
4. Sims, C.T., N.S. Stoloff, and W.C. Hagel, superalloys II. 1987: Wiley New York. 
5. Reed, R.C., The superalloys: fundamentals and applications. 2008: Cambridge university press. 
6. A. Heaney, J., et al., Development of a New Cast and Wrought Alloy (René 65) for High 

Temperature Disk Applications. 2014. p. 67-77. 
7. Andrew, W., et al. Thermal Stability of Cast and Wrought Alloy Rene 65. in Superalloys 2016: 

Proceedings of the 13th Intenational Symposium of Superalloys. Wiley Online Library. 
8. Bond, B.J., et al. Rene 65 billet material for forged turbine components. in 8th International 

Symposium on Superalloy 718 and Derivatives 2014, September 28, 2014 - October 1, 2014. 
2014. Pittsburgh, PA, United states: John Wiley and Sons Inc. 

9. Katsari, C., et al., Precipitation Characteristics of Gamma Prime Precipitate in Rene 65. 2017. 
10. Katsari, C.M., et al., Microstructural Characterization and Mechanical Properties of Rene 65 

Precipitates, in Proceedings of the 9th International Symposium on Superalloy 718 & 
Derivatives: Energy, Aerospace, and Industrial Applications, E. Ott, et al., Editors. 2018, Springer 
International Publishing Ag: Cham. p. 629-641. 

11. Charpagne, M.A., et al. Heteroepitaxial Recrystallization Observed in René 65™ and Udimet 
720™: A New Recrystallization Mechanism Possibly Occurring in All Low Lattice Mismatch γ‐γ′ 
Superalloys in Superalloys 2016: Proceedings of the 13th Intenational Symposium of 
Superalloys. 2016. Wiley Online Library. 

12. Wojcik, T., M. Rath, and E. Kozeschnik, Characterisation of secondary phases in Ni-base 
superalloy Rene 65. Materials Science and Technology, 2018. 34(13): p. 1558-1564. 

13. Jackson, M.P. and R.C. Reed, Heat treatment of UDIMET 720Li: the effect of microstructure on 
properties. Materials Science and Engineering: A, 1999. 259(1): p. 85-97. 

14. Czitrom, V., One-Factor-at-a-Time versus Designed Experiments. The American Statistician, 
1999. 53(2): p. 126-131. 

15. Berger, P.D., R.E. Maurer, and G.B. Celli, Introduction to Experimental Design, in Experimental 
Design. 2018, Springer. p. 1-19. 

16. Taguchi, G., S. Konishi, and S. Konishi, Taguchi Methods: Orthogonal Arrays and Linear Graphs. 
Tools for Quality Engineering. 1987: American Supplier Institute Dearborn, MI. 



17. Singh, A., et al., Influence of cooling rate on the development of multiple generations of γ′ 
precipitates in a commercial nickel base superalloy. Materials characterization, 2011. 62(9): p. 
878-886. 

18. Mitchell, R., et al., The influence of cooling rate from temperatures above the γ′ solvus on 
morphology, mismatch and hardness in advanced polycrystalline nickel-base superalloys. 
Materials Science and Engineering: A, 2008. 473(1-2): p. 158-165. 

19. Laurence, A., et al. Impact of the solution cooling rate and of thermal aging on the creep 
properties of the new cast wrought Rene 65 Ni-based superalloy. in 8th International 
Symposium on Superalloy 718 and Derivatives 2014, September 28, 2014 - October 1, 2014. 
2014. Pittsburgh, PA, United states: John Wiley and Sons Inc. 

20. Singh, A.R.P., et al., Mechanisms related to different generations of γ′ precipitation during 
continuous cooling of a nickel base superalloy. Acta Materialia, 2013. 61(1): p. 280-293. 

21. Minitab 18 Support - Taguchi designs. 2019. 

 

 


