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Abstract

Waspaloy is a superalloy used to manufacture some aeronautical parts subjected to high
temperatures and stresses. During thermo-mechanical processing cracks are generated, causing
some parts to be rejected. In order to determine the causes of these cracks, this alloy was
characterized using techniques such as chemical analysis, optical microscopy, scanning electron
microscopy, and EDX analysis. Heterogeneous grain sizes in the microstructure cause a non-
uniform strain distribution in these parts, creating cracks in zones with different grain sizes.

Introduction

Nickel-base superalloys are important materials for high-temperature service applications. The
manufacture of components from these materials is typically based on solidification or powder-
metallurgy processes [1]. Solidification techniques comprise either the direct casting of parts or
the casting of ingots which subsequently undergo a series of thermo-mechanical-processing steps
to refine the microstructure. During solidification, microsegregation is usually unavoidable. The
primary solidification product is a disordered nickel solid solution with an fcc crystal structure
(y)- In many alloys, the material which solidifies last is a mixture of y and an ordered fcc phase
(y)- In prototypical nickel-base superalloys, the y"-phase is Niz(Al,Ti) [2-3].

Waspaloy is a superalloy that is used in demanding high-temperature environments in which
good creep and fatigue resistance are required. One of the most common applications of
Waspaloy is for turbine engine rings. To ensure the required mechanical properties, the rings are
usually forged and heat treated (Figure 1). Two distinct types of microstructures are usually
found to be attractive for such applications: a) A microstructure with a grain size of ASTM 10 to
14 for tensile strength, ductility, and resistance to crack nucleation in low-cycle fatigue; or b) A
microstructure with a grain size of ASTM 4 to 8 required for creep strength and resistance to
crack propagation [4]. Because it is impossible to refine the grain size through heat treatment, a
skillfully designed forging process is crucial for the control of the grain size and, hence the
properties of the forged ring [5-6].
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To obtain optimum properties, y -strengthened superalloys must be homogenized following
casting (or prior to hot working in ingot-metallurgy approaches) at temperatures between the y’-
solvus and the solidus. At these temperatures, the y"-phase dissolves relatively quickly in the y
matrix, but substantial time (usually many hours) is required to obtain a uniform distribution of
alloying elements via diffusion processes.

The objective of the present work is the metallurgical characterization of Waspaloy including its
chemical analysis, and its characterization by optical microscopy, scanning electron microscopy
and EDX analysis, in order to determine if the as cast ingot shows a heterogeneous
microstructure and variations in chemical composition (segregation), grain size and hardness,
from the external surface to the center of the Waspaloy ingot.

Figure 1. Waspaloy forged rings.
Experimental Procedures

Metallurgical characterization of the samples consisted of: chemical composition determination
by ICP analysis, microstructure determination by optical and scanning electron microscopy and
EDX, mean grain size measurement by image analysis, and Rockwell C hardness measurements.
The material used in the present work was a 304.8 mm diameter hot-rolled bar of Waspaloy. It
had a measured chemical composition showed in Table I.

Table I. Chemical composition of the Waspaloy ingot.

C Mn Si S P Cr Ni
Nominal  [0.03-0.10 |0.0-0.10 0.0-0.15 [0.0-0.015 [0.0-0.015 18-21 Bal.
Measured 0.036 0.02 0.03 0.003 0.004 19.61 Bal.

Co Fe Mo Ti Al B Zr
Nominal 12-15 0-2.0 3.5-5.0 2.75-3.25 1.2-1.6 .003-0.010 [0.02-0.08
Measured 13.24 0.9 4.19 3.06 1.36 0.007 0.06
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The microstructure of the as-received bar was examined in six representative locations, one at
the outer diameter, 4 in the mid-radius, and one at the center. Figure 2 shows the sites where the
samples were obtained from the Waspaloy ingot.

The samples were prepared for the purpose of obtaining optical micrographs to show the grain
size, grain morphology, grain distribution, and second phases of the matrix. Figure 3 shows the
micrographs obtained from the six samples, from the external diameter to the center.

The grain size was measured by optical microscopy and image analysis, in accordance with
ASTM Standard E-112. Table 11 and Figure 4 show the obtained results of grain size for samples
M1 to M6.

Rockwell “C” hardness was measured on the external surface of the 6 samples. Table Il and
Figure 5 shows the hardness profile obtained from the outer surface (M1), to the center of the
ingot (M6).

Figure 2. Location of the six samples obtained from the Waspaloy ingot.

Table Il. Average grain area and ASTM grain size values of samples

Average
grain area ASTM
Sample # 1 2 3 (um?) Grain size

M1 1030.97 1647.51 1754.76 1477.74667 6.5
M2 1642.5 1681.36 2373.29 1899.05 65.-6.0
M3 2862 2084.38 3097.69 2681.35 6.0-5.5
M4 3302.5 3354.12 3456.6 3371.07333 5.5-5.0
M5 5323.6 5757.84 5326.56 5469.33333 5.0-4.5
M6 7000 7024.8 7839.93 7288.24333 4.5-4.0
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Sample 1  ingot outer surface Sample 2

Sample 3 Sample 4

Sample 5 Sample 6 ingot center

Figure 3. Microstructures of the ingot, from the outer surface (Sample-1) to the ingot
center (Sample-6).
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Figure 4. Average grain area and ASTM mean grain size.

Table I1l. Average Rockwell C hardness on the Waspaloy ingot samples

Sample M1 M2 M3 M4 M5 M6
Rockwell “C” 37 30.7 30 275 28 23
hardness
36 32 29.8 26.5 26.2 24.5
36 31.8 29 26.5 25 25
35 32 29.4 255 25.8 25
35 32 28.8 27.0 25.0 24
35 315 28 25.3 25.0 25
35 31 27 26 26.0 25
34 31 27.3 255 24.8 25.5
34 29 26 26 28.0 25
Mean value 35.22 31.22 28.36 26.2 25.97 24.66
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Figure 5. Average Rockwell C hardness measured on the Waspaloy ingot samples.

The microstructure was determined by scanning electron microscopy and EDX, identifying the
phases that were present in the matrix, such as blocky carbides located inside the grains, and tiny
carbides located on the grain boundaries. Figure 6 shows the microstructures of the six samples,
from the outer surface to the center of the ingot.

EDX analyses were performed in order to identify the carbides that are present in the
microstructure of Waspaloy ingot. Grain boundary carbides contain carbon, molybdenum,
titanium and chromium. Coarse carbides contain carbon, titanium and molybdenum, as shown in
Table IV.
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Sample M1 Sample M2

Sample M3 Sample M4

Sample M5 Sample M6

Figure 6. Scanning electron micrographs of the six samples obtained from the Waspaloy ingot,
from outer surface (M1) to the ingot center (M6), showing coarse carbides of Mo and Ti, and
carbides located on the grain boundaries.
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Table 1V. Elements detected in coarse carbides, grain boundary carbides and matrix

Sample C Al Mo Ti Cr Fe Co Ni
M1 Coarse 13.46 | 227 | 6.21 | 3.35 | 18.25 | 1.15 | 11.10 | 44.21
carbides
M2 Coarse 23.50 - 21.04 | 51.17 | 1.62 - - 2.66
carbides
M3 Coarse 6.59 - - 93.41 - - -- --
carbides
M4 Coarse 19.17 -- 6.24 | 74.60 -- -- -- --
carbides
M5 Coarse 7.56 - - 92.44 - -- -- --
carbides
M6 Coarse 19.33 -- 9.94 | 60.79 | 2.62 - 201 | 531
carbides
M1 grain boundary | 14.82 | 1.03 | 460 | 255 | 19.91 | 1.23 | 11.94 | 43.91
carbides
M2 grain boundary | 24.85 -- 17.04 | 36.63 | 5.96 - 3.22 | 12.30
carbides
M3 grain boundary | 26.69 | 0.43 | 18.75 | 37.23 | 427 | 054 | 256 | 9.53
carbides
M4 grain boundary | 23.82 -- 18.90 | 45.26 | 3.20 -- 219 | 6.64
carbides
M5 grain boundary | 17.63 | 0.66 | 14.24 | 24.52 | 10.58 | 1.17 | 6.59 | 24.61
carbides
M6 grain boundary | 22.26 | 0.57 | 16.96 | 35.78 | 562 | 1.15 | 3.93 | 13.72
carbides
M1 matrix 332 | 127 | 440 | 3.01 | 18.17 | 1.35 | 13.54 | 54.96
M2 matrix 334 | 104 | 450 | 2.72 | 1861 | 1.39 | 13.53 | 54.89
M3 matrix 385 | 1.30 | 440 | 3.05 | 1832 | 1.27 | 1354 | 54.28
M4 matrix 393 | 121 | 454 | 259 | 1835 | 1.28 | 13.76 | 54.35
M5 matrix 3.05 | 1.34 | 442 | 276 | 19.18 | 1.46 | 13.29 | 54.50
M6 matrix 952 | 128 | 358 | 2.65 | 17.14 | 1.23 | 12.99 | 51.61

Results and Discussion

Chemical Composition

The chemical composition of the Waspaloy ingot meets the ranges specified in nominal
composition, and it is within the range specified in Table . There are no significant variations in
the chemical composition among the six analyzed samples, as shown in Table IV.
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Microstructure

The grain size on the external surface of the Waspaloy ingot is smaller than the grain size at the
center of the ingot, as shown in Table Il and Figures 3 and 4. This variation in grain size is due to
different cooling rates on the external surface and the center of the Waspaloy ingot. The center of
the ingot has a lower cooling rate than that of the external surface.

The microstructure of Waspaloy constitutes of a nickel matrix (y), a y’ phase as fine precipitates,
and a minor amount of carbide grains which occur at the grain boundaries and in the nickel
matrix [2]. Figure 6 shows the different carbide grains located on the grain boundaries and
inside the nickel matrix; these carbide grains were analyzed by scanning electron microscopy
and EDX to determine their compositions. Table 4 shows the detected elements in each type of
carbide; the blocky carbides are composed principally of titanium (92-93 wt.%) and in some
cases molybdenum (6-21 wt.%), titanium (51-74 wt.%) and chromium (1-18 wt.%). Carbides
located at the grain boundaries contain titanium (24-45 wt.%), molybdenum (4-18 wt.%) and
chromium (3-19 wt.%).

Hardness

The Rockwell “C” hardness of the sample located on the external surface (35 HRC) of the ingot
is higher than the hardness of sample located at the center (24 HRC), as shown in Table 11l and
Figure 5.

Variations of microstructure, such as grain size and the phases present, may cause a non-uniform
strain distribution on forged rings, causing cracks in zones of different grain size, specially when
the geometry of the ring is complicated with zones of different thicknesses.

Conclusions

e There is no significant variation in the chemical composition among the six samples of
Waspaloy ingot analyzed.

e The microstructure shows variations in grain size from the external surface to the center
of the ingot; the mean grain size on the external surface is smaller than that of the ingot
center. The grain size distribution is not homogeneous within the same sample analyzed.

e Rockwell “C” hardness is lower in the center of the ingot than that of the external
surface.

Acknowledgments
This work was conducted as part of the project # 20162, entitled: “Development of new high

temperature resistant components for aircraft engines of reaction with superalloys”, carried out
by CIMAYV, S.C. and FRISA Aerospace, supported by CONACYT.

649



References
[1] M.J. Donachie Jr., editor. Superalloys Source Book, ASM International, (1984).

[2] S.L. Semiatin, R.C. Kramb, R.E. Turner, F. Zhang and M.M. Anthony, “Analysis of the
homogenization of a nickel-base superalloy”, Scripta Materiala, 51, (2004), 491-495.

[3] R.C. Kramb, M.M. Antony, and S.L. Semiatin, “Homogenization of a nickel-base superalloy
ingot material”, Scripta Materiala, 54, (2006), 1645-1649.

[4] W.H. Couts, Jr. and T.E. Howson: in Superalloys Il, C.T. Sims, N.S. Stoloff and W.C.
Hagel, eds., Wiley, New York, NY, (1987), 441-58.

[5] G. Shen, S.L. Semiatin, and R. Shivpuri, “Modeling microstructural development during the
forging of Waspaloy”, Metallurgical and Materials Transactions A, 26A, (1995), 1795-1803.

[6] S. L. Semiatin, D.S. Weaver, P.N. Fagin, M.G. Glavicic, R.L. Goetz, N.D. Frey, R.C. Kramb
and M.M. Antony, “Deformation and recrystalization behavior during hot working of a coarse-
grain, nickel-base superalloy ingot material”, Metallurgical and Materials Transactions A, 35A,
(2004), 679-693.

650



	Welcome
	TMS Proceedings 2012
	Book Listing
	Symposia Listing
	Links to Symposia Published Elsewhere
	About TMS
	Final Program and Exhibit Directory
	Help
	Print
	Search
	Exit
	T.T. Chen Honorary Symposium on Hydrometallurgy, Electrometallurgy and Materials Characterization
	Title Page
	ISBN/Copyright Information
	Preface
	In Honor of Dr. Tzong T. Chen
	Editors
	Table of Contents
	T.T. Chen Honorary Symposium on Hydrometallurgy, Electrometallurgy and Materials Characterization
	Plenary Session
	Session Chair
	A Review of the Behavior and Deportment of Lead, Bismuth, Antimony and Arsenic in Copper Electrorefining
	Technological Overview of Zinc Industry - Now and Future
	The Development of China™s Molybdenum Metallurgical Technologies
	Some Applications of Molecular Recognition Technology (MRT) to the Mining Industry

	Copper Electrorefining
	Session Chair
	METTOP-BRX-Technology - Industrial Application
	Implementing Wireless Electrolytic Cell Monitoring System at Kennecott Utah Copper for Improved Operational Efficiency
	Autoclave Pressure Oxygen Leaching of Anodic Copper Slimes
	Mechanism and Thermodynamics of Floating Slimes Formation
	Detellurization Process of Copper Anodic Slimes Leach Liquor by Cementation of Tellurium Using Elemental Copper
	New Process of Precipitation of Sb and Bi from Copper Electrolytes with PbO2
	Study of Electrolyte Impurity Precipitates at the Kennecott Refinery
	Copper Refining Electrolyte Purification by the Use of Molecular Recognition Technology (MRT) for Bismuth Removal
	Optimizing a Cascading Liberator
	Copper Electrorefining Impurity Evaluation

	Base Metal Processing
	Session Chair
	The Development of China™s Copper Primary Smelting Technology
	New Process for Treating SCF Flue Dust at Atlantic Copper
	Direct Leaching Alternatives for Zinc Concentrates
	The Effect of Polytetrafluoroethylene on Pressure Oxidation of Chalcopyrite
	The Effect of Complexing Agents and the Anode Material on the Kinetics of Electro-Assisted Reduction of Chalcopyrite
	Nickel Smelter Slag Microstructure and Its Effect on Slag Leachability
	Characterization of Aluminum Cathode Sheets Used for Zinc Electrowinning
	Mechanical Pretreatment of Lead Based Alloy Anode for Zinc Electrowinning
	Duplex Stainless Steel Corrosion in a Zinc Plant Purification Filter Application

	Transition Metal Processing
	Session Chair
	FeTi Alloy Production by Electrolytic Reduction of (Fe, Ti) Oxide Electrode in Molten Calcium Chloride
	A New Method for Production of Titanium Dioxide Pigment - Eliminating CO2 Emissions
	Extraction of Titanium and Vanadium by Chloride Leach Processes
	Anion-Exchange Separation of Zr from Hf using Multi-Column Method
	Recovery of Metals from Molybdenite Concentrate by Hydrometallurgical Technologies
	Extraction Impurities such as Fe, Ca and Mg from a Titanium Material in Chloride Acid System with Microwave Eenergy Leaching
	Study on Sodium Roasting and Chromium Extracting of Fe-Cr Spinels

	Precious Metals, Recycling and the Environment
	Session Chair
	Simulating the Blanking of Preg Robbers in Gold Ores by Treating Activated Carbon with Hard Paraffin Wax
	Dissolution of Platinum, Palladium and Rhodium in 250g/l NaCl Solution
	Silver Recovery from Complex Concentrates - A Mineralogical Approach
	Acid Separation for Impurity Control and Acid Recycle using Short Bed Ion Exchange
	Various Arsenic Treatments in Non-Ferrous Metallurgy and Other Potential Applications
	Scorodite Solubility and Storage Management Systems for Arsenic-Bearing Compounds

	Processing and Properties I
	Session Chair
	Selecting the Right Filter Media for the Application
	Thermodynamic Study for Removal of Phosphorus from Molten Silicon
	Fatigue and Fracture Mechanics Characterization of Advanced Automotive Steels
	Kinetic and Thermochemical Analysis of Rubidium Jarosite Decomposition in Alkaline Media
	Phase Equilibrium and Characterization Studies of Binary Organic Thermal Energy Storage Materials
	Laboratory Test Works and Plant Trials for Milling and Flotation of Slow Cooled Copper Slag
	An Experimental Study of Chemical Oxygen Demand Removal from the Coking Wastewater Using Three-Dimensional Electrode Reactor
	Behavior of Various Impurities during the Precipitation of Hematite from Ferric Sulphate Solutions at 225°C
	New Process for Granulation of Red Mud and Its Physical Property Assessment

	Characterization
	Session Chair
	Characterization of Nanocrystalline SnO2:F Thin Films Prepared by the Spray Pyrolysis Technique
	Complex Impedance Plots of CdS: In Thin Films Prepared by the Spray Pyrolysis Technique
	Characterization of Mexico Magnetic Concentrate Samples for Trace Elements Ni, Cu, Zn, S and P
	Preparation and Characterization of High-Magnetization Microspheres of Fe3O4 Encapsulated with SiO2 and TiO2 Layers
	Characterization of Amorphous Vacuum-Evaporated SnO2 Thin Films
	Preparation of ß-Diketone Modified Silica Gel and its Application to the Removal of Heavy Metal Ions from Industrial Wastewater
	Elastic Modulus and Density Dependence on the Diameter of Piassava Fibers

	Processing and Properties II
	Session Chair
	Leaching of Lithium Cobalt Dioxide Using Citric-Thiosulfate Solutions
	Hydrometallurgical Purification from Leach Liquor of Printed Circuit Board with Cyanex 272
	Leaching of Chalcopyrite Concentrate with Organic Ligand Compounds
	The Electrochemical Behavior of Electro-Deoxidation Process of Ilmenite Concentrate in Molten Salt
	Vanadium Extraction from High Calcium-Content Vanadium Slag by Calcification Roasting
	The Kinetic Investigation of the Dissolution Of Powellite in Oxalic Acid Solutions
	Metallurgical Characterization of Waspaloy Presenting Variations on Chemical Composition, Grain Size, and Hardness
	Recent Trends in the Processing of Complex Sulphide Ores
	Biosorption Characteristics of Pb(II) from Aqueous Solution onto Poplar Cotton

	Poster Session
	Session Chair
	Removal of Pb(II) by Modified Watermelon Peel Adsorbent
	Surfaces Improvement by Mecano-Chemicals Processes
	Sulphuric Acid Leaching Germanium from Germanium Dust and Fume: Process Optimization Using Response Surface Methodology
	Effect of Different Parameters on Synergistic Separation of Nickel and Cadmium from Sulphate Solutions using D2EHPA and Cyanex 302
	A Kinetics Study on the Hydrometallurgical Recovery of Vanadium from LD Converter Slag in Alkaline Media
	Interdiffusion Studies between Ti-5Ta-2Nb Alloy and 304L Austenitic Stainless Steel Joined by Explosive Cladding Process
	Preparation and Characterization of PBT/Clay Nanocomposite
	The Effect of Temperature on Complex Permittivity and Microwave Absorption Properties of an Ilmenite Concentrate at 2450MHz
	Leaching S from Pressure Acid Leaching Residue of Zinc Concentrate: Paraments Optimization Using Response Surface Methodology
	Mixture Design Applied to the Electrochemical Reduction of CaWO4 to W
	Dephosphorization of Yunnan Refractory High- Phosphorus Low-Manganese Ore by Shaking Table and Hydrometallurgical Processing
	Dissolution Behavior of Impurities in Scheelite Mineral in Oxalic Acid Solutions
	Thermal Decomposition Kinetics of the Thermal Decomposition Products of Ammonium Heptamolybdate Tetrahydrate in Air and Inert Gas Atmospheres



	Author Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K
	L
	M
	N
	O
	P
	R
	S
	T
	U
	V
	W
	X
	Y
	Z

	Subject Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	K
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	U
	V
	W
	X
	Z

	METALLURGICAL CHARACTERIZATION OF WASPALOY PRESENTING VARIATIONS IN CHEMICAL COMPOSITION,
	GRAIN SIZE AND HARDNESS
	Abstract
	Introduction
	Experimental Procedures
	Results and Discussion
	Conclusions
	Acknowledgments
	References


 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.000 x 9.000 inches / 152.4 x 228.6 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20120123161441
       648.0000
       ECS
       Blank
       432.0000
          

     Tall
     1
     0
     No
     69
     292
    
     None
     Left
     2.1600
     0.0000
            
                
         Both
         AllDoc
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.0g
     Quite Imposing Plus 2
     1
      

        
     0
     10
     9
     10
      

   1
  

 HistoryList_V1
 qi2base





