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ABSTRACT

Microstructural evolution in Alloy 617 during hot rolling and the response of the 

microstructure to post-deformation annealing were evaluated via hot-compression samples 

tested on a Gleeble 1500 thermo-mechanical testing system. This research was divided into 

two major sections: 1) an ingot-breakdown deformation study and 2) a final-rolling-pass 

deformation study. Test specimens were machined from an as-cast Alloy 617 ingot for the 

ingot-breakdown study, and from a hot rolled 50 mm thick plate from the same ingot for the 

final rolling pass study. The ingot-breakdown study employed a full factorial test matrix with 

variations in deformation temperatures from 1149°C to 1232°C, imposed total strains of 0.25 

and 0.75, strain rates of 0.4s'1 and 1.2s'1, and hold times of 0, 1, and 15 minutes immediately 

following deformation. The final-rolling-pass study employed a test matrix with deformation 

temperatures from 871°C to 1204°C, strain rates of 1.0s*1 and 10s*1, and total imposed strain 

was held constant at 1.0 true compressive strain. Final-rolling-pass study compression tests 

were conducted both uninterrupted and with 6 iterative reductions with simulated interpass 

hold times of 10 or 60 seconds. Test specimen microstructures were evaluated in both the as- 

quenched condition following deformation and after a post-deformation annealing treatment.
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The extent of static and/or dynamic recrystallization was evaluated with standard quantitative 

metallographic analysis techniques and flow stress analysis.

The processing parameters that most significantly affected microstructural evolution 

during simulated ingot-breakdown of as-cast Alloy 617 were deformation temperature and 

total imposed strain. Specimens deformed to low total strain (0.25) often resulted in 

incompletely recrystallized microstructures following annealing. Specimens were susceptible to 

surface cracking when deformed at low hot rolling temperatures (1149°C). Based on an 

analysis of recrystallization and surface cracking, a processing map in temperature-strain space 

was developed and showed that ingot-breakdown should be conducted at intermediate 

temperatures (1160°C - 1210°C) to high strains (min 0.4) to ensure minimal edge cracking and 

complete recrystallization of the annealed alloy.

The post-deformation annealed microstructures of the final-rolling-pass study 

specimens were nearly independent of the thermo-mechanical processing conditions imposed 

by the test matrix. The spacing of carbide bands from solidification segregation is most likely 

responsible for the nearly constant final grain size in tested and annealed specimens. The large 

volume fraction of carbides act as nucléation sites for recrystallization and inhibit grain 

boundary motion in Alloy 617 during post-deformation annealing.

iv



T - 4768

TABLE OF CONTENTS

1.0 Introduction........................................................................................................................ 1

1.1 Background of Alloy 617................................................................................................. 1

1.1.1 General Alloy Description........................................................................................ 1

1.1.2 Mechanical Properties.............................................................................................. 4

1.1.3 Corrosion Resistance.................................................................................................7

1.2 Fabrication of Alloy 6 1 7 ..................................................................................................9

1.3 Microstructure of Alloy 617.......................................................................................... 14

1.4 Microstructural Evolution During Hot Working......................................................... 17

2.0 Purpose o f Study............................................................................................................. 20

3.0 Experimental Procedure................................................................................................. 23

3.1 As-Received Materials Characterization.....................................................................23

3.2 Experimental Test Matrix Design................................................................................25

3.3 Ingot-Breakdown Study................................................................................................26

3.4 Final-Rolling-Pass Study.............................................................................................. 28

3.5 Gleeble 1500 Test Apparatus.......................................................................................31

3.6 Flow Stress Analysis..................................................................................................... 38

3.7 Quantitative Metallography..........................................................................................41

v



T - 4768

4.0 Results............................................................................................................................... 43

4.1 Initial Material Characterization................................................................................... 43

4.1.1 Chemical Analysis...................................................................................................43

4.1.2 Metallographic Inspection..................................................................................... 44

4.1.3 Analysis of Precipitated Phases..............................................................................46

4.2 Flow Stress Analysis for Ingot-Breakdown Study......................................................51

4.3 Microstructural Characterization for Ingot-Breakdown Study..................................59

4.4 Flow Stress Analysis for Final-Rolling-Pass Study.................................................... 68

4.5 Microstructural Characterization for Final-Rolling-Pass Study..................................82

4.5.1 Light Optical Microscopy.......................................................................................82

4.5.2 Scanning Electron Microscopy............................................................................ 100

5.0 Discussion..............................................................................................   107

5.1 Effect of Processing Parameters on Ingot Breakdown............................................107

5.1.1 Effect of Carbide Banding................................................................................. 108

5.1.2 Effect of Deformation Temperature................................................................... 110

5.1.3 Effect of Total Strain...........................................................................................I l l

5.1.4 Effect of Strain Rate.............................................................................................112

5.1.5 Effect of Hold Time After Deformation.............................................................112

5.1.6 Recommended Processing M ap........................................................................ 113

5.2 Effect of Processing Parameters on Final Rolling...................................................116

vi



T -4768

5.2.1 Effect of Carbide Banding....................................................................................117

5.2.2 Effect of Temperature......................................................................................... 120

5.2.3 Effect of Strain Rate.............................................................................................123

5.2.4 Effect of Interpass Hold Time............................................................................ 124

5.3 Recommendations....................................................................................................... 125

6.0 Conclusions.................................................................................................................... 127

References...............................................................................................................................130

APPENDIX A - Finite Element Modeling of Compression Sample Deformation 134

APPENDIX B - Alternative Methods for Lubrication for Compression Tests in

Gleeble Systems........................................................................................ 142

APPENDIX C - Adiabatic Shear Banding........................................................................... 153

vii



T -4768

LIST OF FIGURES

Figure 1 - Photograph of hot-gas casing for a land-based gas turbine fabricated of
Alloy 617 plate (4).................................................................................................. 3

Figure 2 - Stress-rupture strength of solution-treated Alloy 617 (1).................................. 5

Figure 3 - Room temperature tensile strengths after high temperature exposure (1).......6

Figure 4 - Room temperature impact strength after high temperature exposure (1)........6

Figure 5 - Cyclic oxidation tests conducted at 1095°C (2000°F) (1).................................7

Figure 6 - Effect of cold-work on recrystallization temperature for Alloy 617 (5)........ 10

Figure 7 - Schematic drawing of an ESR furnace............................................................... 12

Figure 8 - Time-temperature processing schematic diagram for the production
of Alloy 617 plate.................................................................................................13

Figure 9 - Time-temperature-precipitation diagram for Alloy 617 (7)..............................15

Figure 10 - Schematic diagram showing Alloy 617 ingot and rolled slab from
which samples were machined for both the ingot-breakdown study 
and the final-rolling-pass study. Sample orientation is also shown................24

Figure 11 - Schematic diagram of sample region from which microstructural
information was obtained....................................................................................28

Figure 12 - (A) Photograph and (B) schematic diagram of Gleeble 1500
testing chamber. (20)..........................................................................................32

Figure 13 - Example Gleeble programming language code for an ingot-breakdown
test. Each line of code gives a set of conditions (temperature and 
mechanical stroke position) for the Gleeble to reach within the time 
specified in the time column................................................................................34

viii



T -4768

Figure 14 - Example Gleeble programming language code for a final-rolling-pass 
study test. Each line of code gives a set of conditions (temperature 
and mechanical stroke position) for the Gleeble to reach within the time 
specified in the time column................................................................................35

Figure 15 - Typical cooling curves for compression test samples following
deformation simulation........................................................................................37

Figure 16 - Compliance calibration curve used to calculate true stress-true strain
curves for ingot breakdown samples tested on the Gleeble 1500................... 39

Figure 17 - Three-dimensional montage showing the starting microstructure for
samples used in the ingot-breakdown study. Phosphoric etch....................... 45

Figure 18 - Photograph of macroetched ESR-cast ingot slab showing coarse
grain structure and slab areas samples were taken from.................................. 47

Figure 19 - Three-dimensional montage showing the starting micro structure for
samples used in the final-rolling-pass study. Phosphoric etch........................48

Figure 20 - Light photomicrographs showing post-heat treatment microstructures of
ESR cast Alloy 617. Phosphoric etch............................................................... 50

Figure 21 - Photographs showing non-uniform deformation of compressed
as-cast samples..................................................................................................... 52

Figure 22 - Flow stress curves for as-cast Alloy 617 samples compressed at a
true strain rate of 1.2s*1 to high strains.............................................................. 55

Figure 23 - Flow stress curves for as-cast Alloy 617 samples compressed at a
true strain rate of 0.4s'1 to low strains............................................................... 56

Figure 24 - Flow stress curves for as-cast Alloy 617 samples compressed at a
true strain rate of 0.4s"1 to high strains.............................................................. 57

Figure 25 - Light photomicrograph of Alloy 617 sample deformed at 1232°C
(2250°F) at 0.4s"1 to a true strain of 0.78. Shown is a curved annealing 
twin that is the result of dynamic recrystallization. Phosphoric etch..............58

ix



T - 4768

Figure 26 - Light photomicrograph of a sample deformed at 1149°C at a strain rate 
of 1.2s"1 to a strain of 0.75. The edge cracking shown in this sample 
was seen to occur in some samples deformed at low temperatures to 
high strains. Phosphoric etch.............................................................................. 60

Figure 27 - (A) Light photomicrograph of a sample that was compressed to a strain 
of 0.76 at a strain rate of 1.2s"1 at 1177°C (2150°F) and immediately 
quenched. (B) Same sample after a one-hour anneal at 1166°C 

(2130°F). Phosphoric etch................................................................................... 61

Figure 28 - (A) Light photomicrograph of a sample that was compressed to a strain 
of 0.25 at a strain rate of 0.4s"1 at 1232°C (2250°F) and immediately 
quenched. (B) Same sample after a one-hour anneal at 1166°C 
(2130°F). Phosphoric etch.................................................................................. 62

Figure 29 - (A) Light photomicrograph of a sample that was compressed to a strain 
of 0.75 at a strain rate of 0.4s"1 at 1204°C (2200°F) and immediately 
quenched. (B) Same sample after a one-hour anneal at 1166°C 

(2130°F). Phosphoric etch................................................................................... 64

Figure 30 - Light photomicrograph showing effect of carbide banding in a fully 
recrystallized structure. Small grains exist between narrow carbide 
bands, while larger grains have developed in wider banded areas.
Phosphoric etch....................................................................................................67

Figure 31 - Flow stress curves for final-rolling-pass study conducted at 871°C
(1600°F) at a strain rate of 1.0s"1 with various interpass hold times................71

Figure 32 - Flow stress curves for final-rolling-pass study conducted at 954°C
(1750°F) at a strain rate of 1.0s"1 with various interpass hold times................72

Figure 33 - Flow stress curves for final-rolling-pass study conducted at 1038°C
(1900°F) at a strain rate of 1.0s"1 with various interpass hold times................74

Figure 34 - Flow stress curves for final-rolling-pass study conducted at 1121°C
(2050°F) at a strain rate of 1.0s"1 with various interpass hold times................75

x



T -4768

Figure 35 - Flow stress curves for final-rolling-pass study conducted at 1204°C
(2200°F) at a strain rate of 1.0s*1 with various interpass hold times................76

Figure 36 - Flow stress curves for Alloy 617 single-hit tests conducted at a strain
rate of 1.0s*1..........................................................................................................78

Figure 37 - Flow stress curves for Alloy 617 single-hit tests conducted at a strain
rate of 10s"1...........................................................................................................79

Figure 38 - Plot of softening parameter S versus temperature for interpass hold
times of 10 and 60 seconds................................................................................. 81

Figure 39 - Light photomicrograph of final-rolling-pass study sample after 4 hour
soaking treatment at 1177°C (2150°F), prior to Gleeble testing.....................83

Figure 40 - Light photomicrograph of sample after 4°C/s heat rate to 1038°C 
(1900°F) and quench. This heat treatment results in the sample 

microstructure immediately prior to compression. Phophoric etch................ 84

Figure 41 - Light photomicrographs of Alloy 617 compression specimen sections 
deformed at 1038°C (1900°F) to a true strain of 1.0 at a strain rate 
of 1.0s'1 then quenched and annealed at 1166°C (2130°F) for (a) no 
exposure, (b) 1 minute, (c) 3 minutes, (d) 10 minutes. Phosphoric etch 86

Figure 42 - Light photomicrographs of Alloy 617 compression specimen sections 
deformed at 1038°C (1900°F) to a true strain of 1.0 at a strain rate 
of 1.0s*1 then quenched and annealed at 1166°C (2130°F) for (a) 15 
minutes, (b) 30 minutes, (c) 60 minutes, (d) 100 minutes.
Phosphoric etch ...................................................................................................87

Figure 43 - Grain growth curve for Alloy 617 at 1166°C (2130°F) for a
compression test conducted at 1038°C (1900°F) to a strain of
1.0 and a strain rate of 1.0s'1............................................................................ 88

Figure 44 - Light photomicrographs of a final-rolling-pass study sample deformed at 
871°C (1600°F) to a strain of 1.0, with a strain rate of 1.0s*1, and an 
interpass hold time of 10s. (a) as-deformed (b) after annealing.
Phosphoric etch....................................................................................................89

xi



T -4768

Figure 45 - Light photomicrographs of a final-rolling-pass study sample deformed at 
954°C (1750°F) to a strain of 1.0, with a strain rate of 1.0s"1, and an 
interpass hold time of 10s. (a) as-deformed (b) after annealing.
Phosphoric etch....................................................................................................91

Figure 46 - Light photomicrographs of a final-rolling-pass study sample deformed at 
1038°C (1900°F) to a strain of 1.0, with a strain rate of 1.0s"1, and an 
interpass hold time of 10s. (a) as-deformed (b) after annealing.
Phosphoric etch....................................................................................................92

Figure 47 - Light photomicrographs of a final-rolling-pass study sample deformed at 
1121°C (2050°F) to a strain of 1.0, with a strain rate of 1.0s'1, and an 
interpass hold time of 10s. (a) as-deformed (b) after annealing.
Phosphoric etch....................................................................................................94

Figure 48 - Light photomicrographs of a final-rolling-pass study sample deformed at 
1204°C (2200°F) to a strain of 1.0, with a strain rate of 1.0s"1, and an 
interpass hold time of 10s. (a) as-deformed (b) after annealing.
Phosphoric etch....................................................................................................95

Figure 49 - Light photomicrographs of as-quenched step-wise series of samples 
compressed at 1038°C (1900°F) at a step strain rate of 1.0s"1.
(a) Stour 0.17, (b) etoUi= 0.33, (c) Stoui = 0.50, (d) s^ui = 0.67,
(e) Stoui = 0.83, (f) s^ui = 1.0............................................................................... 97

Figure 50 - Light photomicrographs of annealed step-wise series of samples 
compressed at 1038°C (1900°F) at a step strain rate of 1.0s"1.
(a) 6toui= 0.17, (b) Suui = 0.33, (c) Stoui = 0.50, (d) Stoui = 0.67,
(e) Suui = 0.83, (f) Suui = 1.0.............................................................................. 98

Figure 51 - (a) SEI micrograph of an undeformed final-rolling-pass study sample 
and (b) banded region of same sample at higher magnification 
showing effect of carbide banding on grain-size-control.
Phosphoric etch................................................................................................... 101

Figure 52 - BEI micrograph of same sample shown in Figure 50 showing two
types of carbides. Phosphoric etch................................................................... 102

xii



T - 4768

Figure 53 - EDS results for “darker” precipitates shown in Figure 51 identified as
chromium-rich M23C6 carbides. Phosphoric etch............................................ 103

Figure 54 - EDS results for “brighter” precipitates shown in Figure 51 identified as
molybdenum-rich MeC carbides........................................................................105

Figure 55 - SEI micrograph of small carbides that precipitate out on grain
boundaries during intermediate temperature exposure (~1050°C).
Phosphoric etch.................................................................................................. 106

Figure 56 - Processing map showing recommended processing windows and 
possible “problem areas” for temperature and strain during ingot 
breakdown processing for a strain rate of 1.2s"1............................................. 115

Figure 57 - Undeformed FEM grid of sample and platens for the simulation
of a compression test......................................................................................... 136

Figure 58 - Compressed FEM grid of sample and platens for the simulation
of a compression test......................................................................................... 137

Figure 59 - Effective plastic strain distribution of FEM simulation of a compressed 
Gleeble sample. The level of strain is indicated by the shading 
of the region........................................................................................................138

Figure 60 - Mapping of FEM grid elements. The element labeled 2019 is
used to demonstrate the quantification of strain rate......................................140

Figure 61 - Plot of plastic strain versus time for element 2019 in FEM
analysis of Gleeble compression sample. The slope of this plot 
is the local strain rate of that region. This FEM example imposed 
a constant bulk strain rate of 1.00s"1.................................................................141

Figure 62 - Alloy phase diagrams for alloys used for low-melting point alloy 
lubrication study. Shaded region indicates target phase region of 
solid + liquid, (a) is the Ag-Cu system used for mid-temperature 
tests, (b) is the Ag-Ti, used for higher temperature tests............................... 145

Figure 63 - Schematic diagram of modified Rastegaev type compression sample,
designed for its lubricant trapping ability.........................................................147

xiii



T -4768

Figure 64 - Compressed sample lubricated with 70/30 brass foil. The flat cylindrical
surface and sharp edges are indicative of very low friction........................... 148

Figure 65 - Alloy 617 compressed sample lubricated with 60/40 Cu-Ag that
cracked due to liquid metal embrittlement.......................................................150

Figure 66 - (a) Photograph showing an 8620 steel sample compressed using a 
90/10 glass/metal mixture as a lubricant, (b) Photograph showing 
an 8620 steel sample compressed using a 96/4 glass/metal mixture 
as a lubricant....................................................................................................... 152

Figure 67 - Schematic drawing of the local strain that can arise in a compression 
test with the presence of friction. This local concentration of strain 
can lead to adiabatic shear banding in high strain rate tests...........................156

Figure 68 - Photographs of (a) uncompressed specimen of Alloy 617, (b)
compressed specimen that deformed by adiabatic shear banding
(side view), and (c) top view of same specimen in (b)................................... 157

Figure 69 - Light photomicrographs showing a shear banded region in an Alloy 617 
compression at (a) low magnification and (b) same area at higher 
magnification. Phosphoric etch........................................................................158

xiv



T -4768

LIST OF TABLES

Table 1 - Nominal Chemical Composition of Alloy 617 by Weight Percent (2)..................2

Table 2 - Room-Temperature Mechanical Properties for Various Solution
Annealed Alloy 617 Products (1)...............................................................................4

Table 3 - Results of Gas-Carburizing Tests (25 Hours at 1095°C).......................................8

Table 4 - Results of two Gas-Carburization Tests (100 Hours at 980°C)............................8

Table 5 - Room-T emperature Tensile Properties of Weld Metal........................................ 10

Table 6 - Test Matrix for Hot-Compression Tests to Simulate the Hot rolling
Process for the Ingot-Breakdown Study of Alloy 617......................................... 27

Table 7 - Test Matrix for Hot-Compression Tests to Simulate the Hot Rolling
Process During Final Gauge Thickness Rolling of Alloy 6 1 7 ............................. 29

Table 8 - Chemical analysis for Alloy 617 Conducted by Colorado Metallurgical
Services (CMS) and Inco Alloys International Inc. (INCO)................................ 44

Table 9 - Interpretation of Results Obtained from DTA (19)............................................. 49

Table 10 - Mechanical Deformation Schedules for Flow Stress Analysis for
Ingot-Breakdown Study......................................................................................... 53

Table 11 - Percent Recrystallization for Partially Recrystallized Samples or 
Grain Size for Fully Recrystallized Samples Deformed to a 
Strain of 0.25 at a Strain Rate of 0.4s*1.................................................................65

Table 12 - Percent Recrystallization for Partially Recrystallized Samples or 
Grain Size for Fully Recrystallized Samples Deformed to a Strain 
of 0.25 at a Strain Rate of 1.2s*1............................................................................65

Table 13 - Percent Recrystallization for Partially Recrystallized Samples or 
Grain Size for Fully Recrystallized Samples Deformed to a 
Strain of 0.75 at a Strain Rate of 0.4s*1.................................................................66

XV



T -4768

Table 14 - Percent Recrystallization for Partially Recrystallized Samples or 
Grain Size for Fully Recrystallized Samples Deformed to a 
Strain of 0.75 at a Strain Rate of 1.2s'1................................................................ 66

Table 15 - Average Softening Parameter Values for Interpass Hold Final-Rolling-
Pass Study Flow Stress Analysis...........................................................................81

Table 16 - Grain Size Measurements for Final-Rolling-Pass Study Annealed Samples .... 99

xvi



T -4768

ACKNOWLEDGMENTS

I would like to thank the Advanced Steel Processing and Products Research 

Center (ASPPRC) for supporting this research. I would like to thank my advisor, 

Professor Chester Van Tyne for his welcomed guidance throughout this project. Dr. Van 

Tyne is an outstanding advisor, mentor, and friend who is always willing to put in the time 

to care about his students on both professional and personal levels. I am grateful to have 

had the opportunity to work with him. I would also like to thank Professors Steven 

Thompson, Martin Mataya and David Matlock for their outstanding insight and attention 

to detail. Professor George Krauss was also an inspiration for performing zealous 

research.

I would like to thank Mr. Francis Suarez and Mr. Hugh Ruble of Inco Alloys 

International Inc. for their material supply, project guidance, and technical support. It was 

a pleasure to work with true superalloy metallurgists.

The graduate students at the CSM Department of Metallurgy are always willing to 

help each other. I am proud to be a member of such a group of individuals, who are too 

many to name. Thank you all.

Most of all, I would like to thank my wife Danielle for her unwavering support and 

unconditional love.

xvii



T-4768 1

1.0 Introduction

1.1 Background o f Alloy 617

1.1.1 General Alloy Description

Alloy 617 is an austenitic, single-phase nickel-based superalloy based on the Ni-Cr 

system. Additions of molybdenum and cobalt are used for solid solution strengthening, 

which give the alloy good high-temperature strength, particularly creep rupture strength at 

temperatures above 870°C (1600°F). Alloy 617 also has excellent resistance to high 

temperature oxidation and carburization imparted by additions of chromium and aluminum 

(1,2). The alloy was developed by Huntington Alloys, Inc. as an advanced sheet material 

for jet engine burner cans. The first commercial melt was cast in 1970. The nominal 

chemical composition is listed in Table 1.

The composition of this alloy provides several useful properties that make it 

suitable for a variety of applications. For an alloy of its strength. Alloy 617 exhibits 

excellent metallurgical stability at high service temperatures, in that no embrittling phases 

such as delta (5) or sigma (a), form during service (2,3). The high temperature strength
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and ductility coupled with the ability to form a very tenacious surface layer of oxide has 

made Alloy 617 a popular alloy for hot-gas casings in land-based gas turbines. Figure 1 

shows a photograph of a large fabricated structure of Alloy 617 plate. Alloy 617 was 

chosen for this application because of its high temperature strength and metallurgical 

stability, in addition to its cyclic oxidation resistance (4).

Other uses of Alloy 617 include jet-engine burner cans, intermediate He/He heat 

exchangers in high-temperature gas cooled reactors, heat-treating baskets, catalyst grid 

supports in the production of nitric acid, and reduction boats in the refining of 

molybdenum (1). The alloy is furnished in a wide range of standard mill forms including 

plate, sheet, strip, tube, rod, and bar to accommodate its many applications.

Table 1 - Nominal Chemical Composition of Alloy 617 by Weight Percent (2).

Element Weight %
Nickel 52.0
Chromium 22.0
Cobalt 12.5
Molybdenum 9.0
Aluminum 1.2
Carbon 0.07
Iron 1.5
Manganese 0.5
Silicon 0.5
Sulfur O.OOSmax
Titanium 0.3
Copper 0.2



T-4768

Figure 1 - Photograph of hot-gas casing for a land-based gas turbine fabricated
of Alloy 617 plate (4).
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1.1.2 Mechanical Properties

Alloy 617 has good mechanical properties over a broad range of temperatures. 

The main reason for the usefulness of the alloy is its exceptional strength and corrosion 

resistance at elevated temperatures.

The mechanical properties, especially creep-rupture strength and room- 

temperature ductility, are affected by the grain size of this alloy. A larger grain size, as 

expected, provides a higher creep-rupture strength (1). However, if the grain size 

becomes too coarse (ASTM No. 2 or coarser), the fatigue resistance of the alloy 

diminishes. Hence, a grain size of ASTM No. 3 to 6 is specified for optimal high 

temperature properties in the solution-annealed condition. Nominal room-temperature 

mechanical properties (1) are shown in Table 2 for various products in the solution- 

annealed condition.

Table 2 - Room-T emperature Mechanical Properties for Various Solution 
Annealed Alloy 617 Products (1).

How Yield Tensile % Hardness
Product Produced Strength Strength Elongation BHN

Plate Hot rolled 361 MPa 734 MPa 61.5 172
Bar Hot rolled 355 MPa 769 MPa 56.5 181

Tube Cold drawn 383 MPa 758 MPa 56.5 193
Sheet Cold rolled 351 MPa 755 MPa 57.5 173



T-4768 5

The creep-rupture strength of Alloy 617 is one of its better attributes.

Figure 2 shows the results of an extensive creep-rupture study on a logarithmic plot of 

rupture time versus stress for solution-treated Alloy 617 at various test temperatures. As 

would be expected, the rupture life decreases with increasing temperature or increasing 

stress.

Many of the applications that utilize Alloy 617, such as power generating 

equipment, require a long service life. Because of this requirement, the effects of long 

time exposure at high temperatures on the alloy, must be understood. Figure 3 shows the 

change in tensile strength after constant exposure time at various temperatures. The 

samples exposed to high temperatures show an increase in strength. With this increased 

strength, the samples experienced a loss in ductility and toughness. Figure 4 presents the 

Charpy V-notch impact strength results for samples exposed to the same conditions as 

identified in Figure 3.

250
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Figure 2 - Stress-rupture strength o f solution-treated Alloy 617 (1).
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1.1.3 Corrosion Resistance

Resistance to various oxidizing environments is provided by the presence of 

chromium in Alloy 617. The presence of nickel and molybdenum provide resistance to 

reducing conditions. At elevated temperatures, the presence of chromium and aluminum 

provide resistance to oxidation and carburization. Figure 5 compares Alloy 617 with 

other high-temperature alloys in their resistance to cyclic oxidation at 1095°C (2000°F). 

In this comparison. Alloy 617 is surpassed only by Alloy 601, which is a lower strength 

material. Alloy 617 also out-performs other alloys in gas-carburization tests for 25 and 

100 hour durations at temperatures of 1095°C (2000°F) and 980°C. The results of these 

tests are shown in Table 3 and Table 4.

INCONE L sHoyMI 
INCONEL •noySV  
Alloy X

WEIGHT 
CHANGE -

m e /c m 2 - 2 0 ] -

Typc 330

INCOLOY alloy 800

0 200 400 600 800 1000

Figure 5 - Cyclic oxidation tests conducted at 1095°C (2000°F) (1).
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Table 3 - Results o f Gas-Carburizing Tests (25 Hours at 1095°C) 
in Hydrogen Plus 2% Methane (1)

Alloy
Weight Gain 

(mg/cm2)
Alloy 617 0.98
Alloy 600 2.78
Alloy 625 3.74
Alloy 800 5.33

Table 4 - Results o f two Gas-Carburization Tests (100 Hours at 980°C) 
in Hydrogen plus 2 %  Methane (1)

Alloy
Weight Gain 

(mg/cm2)
Alloy 617 3.52, 3.45
Alloy 263 9.54, 6.70

Alloy HS-188 7.47, 9.72
Alloy L-605 12.4, 15.3

These results are indicative of Alloy 617’s ability to form and retain a protective 

surface oxide under extreme conditions. At elevated temperatures, the presence of 

chromium and aluminum cause the formation of a thin, subsurface zone of oxide particles. 

The zone forms rapidly upon exposure to high temperatures until it reaches a thickness of 

0.025 to 0.05 mm (0.001 to 0.002 in.). The oxide zone provides the diffusion conditions 

necessary for the formation of a protective chromium oxide layer on the surface of the 

material (2).
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1.2 Fabrication of Alloy 617

Alloy 617 combines a high level of service performance with good formability and 

weldability. Hot forming is usually carried out at temperatures close to 1175°C, but not 

lower than 1010°C. Below 1010°C the alloy becomes hard to work, and attempts to forge 

may cause cracks in colder areas. Preheating of all tools and dies is recommended to 

avoid chilling the metal during forming (5).

Standard cold-forming procedures for nickel alloys or stainless steels can be used 

with good results for Alloy 617. The initial work-hardening rate is similar to that of 

austenitic stainless steel type 304. However, above 20% reduction. Alloy 617 work- 

hardens at a higher rate to a higher stress level. Intermediate annealing may be needed for 

parts requiring extensive cold-forming (5). The specific annealing procedure is dependent 

on the thermo-mechanical history of the piece. Figure 6 shows recrystallization 

temperatures for various amounts of cold work. In this figure, the time held at each 

temperature was 30 minutes. Heating to temperatures above the upper curve will cause 

grain growth. The normal temperature range for annealing Alloy 617 is 1150°C to 

1200°C, and the time is dependent on the thickness of the specimen. The time and 

temperature are adjusted to achieve the specified grain size for the alloy that balances 

creep-rupture strength with fatigue resistance.
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Figure 6 - Effect of cold-work on recrystallization temperature for Alloy 617 (5).

Alloy 617 is readily welded by conventional processes. A matching-composition 

weld metal that is equal in tensile strength to the base metal is available for use. Table 5 

shows room-temperature tensile properties for the weld metal in the as-welded condition 

compared to the base metal in the solution-treated condition.

Table 5 - Room-Temperature Tensile Properties o f Weld Metal 
and Base Metal Alloy 617 (1)

Specimen
Yield Strength 

(MPA)
Tensile Strength 

(MPa)
%

Elongation
%  Reduction 

in Area
Weld Metal 

GMAW
510 761 43.3 42.0

Weld Metal 
GTAW

542 823 37.3 38.3

Base Metal 325 758 64.3 57.1
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The normal fabrication of Alloy 617 plate begins with vacuum-induction melting 

followed by electro-slag remelting (ESR) and casting of an ingot. A schematic drawing of 

an ESR furnace is shown in Figure 7. In Alloy 617, bands of metal carbides form in the 

solute-rich interdendritic channels. The presence of these carbide bands becomes 

important in the microstructural evolution of Alloy 617. The effect of carbide banding on 

microstructural development is determined in this study by testing samples from both 

moderately banded and more severely banded regions of the ingot.

The ingots are cast to 305 x 1350 x 1370 mm (12 x 53 x 54 in) and the top 150 

mm (6 in) from the head end is removed and scrapped. The ingot is “broken down” by 

hot rolling to 200 x 1350 x 1830 mm (8 x 53 x 72 in). The rolled slab is then ground to 

remove unwanted surfaces. After squaring the head of the 200 mm (8 in) thick slab, it is 

further hot-rolled to 50 mm (2 in) thick. The 50 mm thick slab is cut into sections so that 

different final gage thicknesses can be produced from the same ingot. Final hot rolling is 

conducted to gage thicknesses between 6.4 mm and 8.5 mm (0.25 in and 0.33 in) for 

Alloy 617 plate. The plates are then annealed to final specified grain size, leveled, pickled, 

cut, and then shipped to customers. A time-temperature processing schematic diagram is 

presented in Figure 8.

Surface cracking of the material during hot rolling is often a problem in the 

production of superalloys. Surface cracking can be minimized by deforming with the 

proper processing parameters. The development of alloy microstructure is highly
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dependent on processing conditions. The specified grain size of Alloy 617 is critical for 

optimal mechanical properties. Using the proper hot-rolling conditions results in the 

development of the specified grain size while minimizing material losses due to edge 

cracking.

electrode

cooling water

slag pool

metal pool

solidified 
ingot

base plate

t
Figure 7 - Schematic drawing of an ESR furnace.

power
supply
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1.3 Microstructure o f Alloy 617

Alloy 617 is primarily a solid-solution strengthened metal that is used in the 

annealed condition. As seen in the mechanical properties section, the alloy exhibits a 

strengthening response during exposure to intermediate temperatures. This strengthening 

response is due to the formation of precipitates in both grain boundary and intragranular 

areas. The strengthening precipitates have been identified by Mankins e t a l. (4) as M23C6, 

and further identified by Takahashi e t a l. (6) as C^iMozC*. In one study (4), a small 

amount (0.63%) of gamma prime (fee Ni3Al) was found after aging, but was determined 

to be an insignificant strengthener in this system. Another type of carbide (MeC) was also 

found by Takahashi e t a l. and was identified as Mo3Cr2(Ni,Co)C. Titanium carbonitrides 

are also present in the microstructure of Alloy 617. A time-temperature-precipitation 

diagram (7) is shown in Figure 9.

Annealing twins are also seen in the microstructure of Alloy 617. There are 

several models which describe the formation of annealing twins. One model asserts that 

under favorable conditions of migration, some high-angle grain boundaries split into two 

boundaries, one of which is coherent and lies in one of the {111} planes (8). This splitting 

lowers the grain boundary energy, and is thus the driving force for the formation of the 

annealing twin. Another model suggests that the formation of twins is attributed to the 

collisions of two growing grains which are in a twinning orientation relative to each other 

(8).
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In either case, the presence of annealing twins, which are typically straight-sided, 

can be helpful in the determination of whether or not a particular grain has been deformed. 

If a grain which has annealing twins has been deformed, the twins appear curved. If the 

grain has not been deformed, the twins remain straight. This fact is helpful in a partially 

recrystallized structure where unrecrystallized grains can be distinguished from 

recrystallized grains by the curvature of their annealing twins.

1200

1100

1000
Ti(C,N) + M,c + M„c, + M „C

900
P
£
2  800

I Ti(C.N) + M,C + M „C , + V-NijAlo.
E .
* 700 ’ \,

600
Ti(C.N) ♦ + MjjC ,

+ -y'-NÿAI + Laves Phase?Ti(C.N) + + M nC,500

Ti(C.N) + M«C
400 -

100 1000 10000 100 000101
Aging Time, h

Figure 9 - Time-temperature-precipitation diagram for Alloy 617 (7).
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It has been observed (9) in many alloy systems that creep rate suddenly increases 

when recrystallization takes place during testing. It is also observed (10) that an applied 

stress can lower the temperature at which recrystallization and grain boundary migration 

can occur. For example, Nimonic 108 has been seen to recrystallize at temperatures as 

low as 800°C when stress is applied. Nimonic 108 has a recrystallization temperature 

close to 1000°C in the unstressed condition (11).

Grain boundary migration and recrystallization caused by creep deformation result 

in microstructural changes that are fairly distinct from those that occur during unstressed 

heating. During unstressed heating, the precipitation of carbides in Alloy 617 is seen at 

both the original grain boundaries and new grain boundaries. These carbides are also seen 

throughout the area which the grain boundary has migrated (11). In the case of 

recrystallization caused by creep stress, there are few carbides observed at the new grain 

boundary, and none in the area through which the grain boundary has passed. This results 

in the formation of carbide-free zones which can lower the creep strength.

The percentage of grain boundary motion due to creep in Alloy 617 at practical 

strains (6-7%) is low enough not to effect significantly the creep strength at 1000°C.

Grain boundary movement is inhibited by the presence of carbides (11).
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1.4 Microstructural Evolution During Hot Working

Alloy 617 is expected to follow the microstructural evolution trends seen in other 

superalloys. During production, the microstructure of a metal changes as a function of the 

processing conditions. A metal may recrystallize during and/or after the forming 

processes, and the size and distribution of the recrystallized grains vary with forming 

conditions. In order to be able to control the micro structure, it is important to understand 

the micro structural evolution phenomena that take place during the hot-deformation 

process. Microstructural evolution is controlled by alloy content, as well as the processing 

conditions to which the alloy is subjected. By understanding how individual processing 

parameters affect microstructural evolution throughout the forming process, each 

parameter can be controlled during manufacturing so that the final desired microstructure 

is obtained (12).

In solid-solution strengthened nickel alloys such as Alloy 617, final grain size is the 

most important feature in defining mechanical properties. Therefore, the process of 

recrystallization during and after deformation must be understood in order to control alloy 

properties.

Recrystallization is a structural change in which the worked structure is replaced 

with new grains having lower energy by the passage of a high-angle grain boundary (13). 

Static recrystallization is defined as recrystallization taking place following deformation or
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during subsequent annealing. The driving force for static recrystallization is stored strain 

energy from previous deformation. Static recrystallization nucleates at points of high 

strain energy such as incoherent second phase particles, grain boundaries, and twin 

boundaries (14).

When recrystallization takes place during the deformation process, the 

phenomenon is known as dynamic recrystallization. Dynamic recrystallization has been 

seen to occur in materials that do not easily undergo dynamic recovery. More specifically, 

materials that have low stacking-fauit energies such as nickel-base superalloys and 

stainless steels do not have the ability to significantly cross-slip during deformation (15). 

The absence of thermally activated dynamic recovery mechanisms such as cross-slip 

allows more strain energy to accumulate during deformation. This increased stored strain 

energy during deformation allows dynamic recrystallization to occur during high- 

temperature deformation.

During the deformation of a metal at high temperatures, there are two competing 

processes taking place: 1) strain hardening and 2) strain softening. Strain hardening is 

due to an increase in dislocation density and dislocation interactions with increasing 

deformation or strain (16). The process of strain softening is essentially a decrease in 

dislocation density or redistribution of dislocations into more stable configurations. Strain 

softening can take place by dynamic recovery, in which the softening is mainly due to 

cross-slip of screw dislocations and climb of edge dislocations, or the softening can occur
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because of dynamic recrystallization. Because both dynamic recovery and dynamic 

recrystallization are softening mechanisms, they are said to be “competing”. However, the 

degree of softening and the mechanism of softening are highly dependent on deformation 

conditions.

The final grain size of an alloy is highly dependent on both N, the rate of 

recrystallized grain nucléation and G, the rate of recrystallized grain growth following 

processing (17). The ratio of N to G defines the final recrystallized grain size. For 

example, if the ratio is high, many nuclei will form before the recrystallization process is 

completed, and a fine grain size will result. In contrast, if the ratio is low a coarse grain 

structure will result. The processing parameters in metal processing such as temperature, 

strain, strain rate, and processing time control the ratio of N to G during recrystallization.

In order to control final grain size, it is important to understand the processing 

conditions that will affect the recrystallization kinetics during and after deformation. By 

controlling the temperature and amount of stored strain energy in the alloy during 

deformation and annealing, recrystallization in a given alloy system can be controlled.
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2.0 Purpose of Study

The successful manufacture of wrought nickel-based superalloys requires reliable 

information regarding the hot working characteristics of the alloy. The microstructure of 

a finished superalloy product is dependent on all of the production steps that are used 

during fabrication. In order to produce a wrought product with a minimum of surface 

cracking (which must subsequently by removed by grinding), the correct deformation 

scheme must be used. Also, a homogeneous structure with the specified grain size can be 

consistently obtained only if the correct processing parameters are known. Maximum and 

minimum values for hot-working parameters such as temperature, strain, strain rate, and 

processing time must be specified in individual alloy production procedures in order to 

ensure consistent manufacture of a high quality product.

The current processing of Alloy 617 plate has often resulted in variations of the 

finished microstructure (18). The goal of this thesis is to determine processing windows 

for Alloy 617 during hot rolling. The parameters that are examined include temperature, 

strain, strain rate, and processing time. The term “processing windows” refers to
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allowable processing ranges for individual parameters that will result in the specified 

product microstructure, with minimal material losses.

In order to develop processing specifications for the hot rolling of Alloy 617, it is 

important to understand the microstructural evolution phenomena that take place during 

deformation. By determining how microstructural evolution phenomena relate to hot 

rolling process parameters, processing windows can be developed that specify ranges of 

deformation conditions that can be used to achieve consistent desired results in the 

finished product.

The experimental design philosophy is to simulate hot rolling deformation on Alloy 

617 compression samples, and then determine microstructural development trends as a 

function of process conditions. The development of processing windows in the laboratory 

is a cost-effective method of improving rolling mill production methods that give more 

consistent results.

In order to more fully characterize microstructural development during hot rolling, 

this study has examined microstructural features in the two most important processing 

steps; ingot breakdown and final gage thickness rolling. The first part ( i.e . ingot- 

breakdown study), examines how hot rolling process parameters affect the transformation 

of the coarse as-cast structure to a more uniform wrought microstructure. The main focus 

of this study is to determine processing windows that will ensure complete 

recrystallization of the as-cast material, while minimizing surface cracking. The second
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part { i.e . final-rolling-pass study) concentrates on final microstructural development 

during finish rolling passes. The main focus of this study is to determine processing 

windows for mill production which will consistently produce a fully recrystallized 

microstructure of a given grain size in the final product.
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3.0 Experimental Procedure

3.1 As-Received Materials Characterization

The characterization of as-received materials is important in developing an 

understanding of microstructural changes during subsequent processing. Test specimens 

for both the ingot-breakdown study and the final-rolling-pass study were taken from the 

same Alloy 617 ingot. The Alloy 617 ingot from which samples were machined was 

produced by the method outlined in Section 1.2. Ingot-breakdown specimens were 

machined from an as-cast slab from the head end of the ingot, and final-rolling-pass study 

samples were machined from a hot rolled, 50 mm (2 in) thick slab. Figure 10 presents a 

schematic diagram showing the Alloy 617 ingot and rolled slab from which samples were 

machined for both the ingot-breakdown study and the final-rolling-pass study. Sample 

orientation was chosen so that all compression axes were perpendicular to the rolling 

plane, shown as the z-axis in Figure 10.

Chemical analyses of the initial material were obtained from two independent 

sources and the results are given in Section 4.1.1. Metallographic inspection was done on 

both material used for the ingot-breakdown study and material used for the final-rolling- 

pass study. The results of the metallographic inspections are presented in Section 4.1.2.
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To determine the dissolution temperatures of the precipitated phases in Alloy 617, 

a digital thermal analysis (DTA) was conducted at Inco Alloys International Inc. using a 

sample size of 234.0 mg and a cooling rate of 40°C/s (104°F/sec). An interpretation of 

the data is presented in Section 4.1.3 (19).

A series of annealing treatments were given to as-cast specimens to examine the 

dissolution of precipitated carbides at various temperatures. The temperatures that were 

used for the annealing treatments spanned 1100°C to 1310°C (2012°F- 2390°F) in air. 

Photomicrographs for specimens held for 1.0 hour at various temperatures are presented 

in Section 4.1.3.

3.2 Experimental Test Matrix Design

In order to determine the effect of each processing parameter in both the ingot- 

breakdown study as well as the final-rolling-pass study, a compression test matrix was 

designed for each study that spanned normal rolling mill conditions for Alloy 617. Full 

factorial-type test matrices were designed to isolate each parameter and determine its 

specific effect on microstructural development for both studies. The major variables that 

were part of the ingot-breakdown study include: temperature, deformation strain, 

deformation strain rate, and hold times following deformation. For the final-rolling pass 

study, the variables studied were temperature, strain rate, and interpass hold time. In both
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studies, the influence of carbide banding on microstructural development was examined. 

The test matrices for each study are presented in the next two sections.

The range of temperatures evaluated was determined from actual Alloy 617 

production in the hot rolling mill. These temperature ranges were incorporated directly 

into the test matrix. When the Alloy 617 ingot and slabs were rolled, the rolling mill data 

were recorded. These mill data were used to determine sets of strains and strain rates for 

the test matrices.

For the ingot-breakdown study, hold times following deformation were 

incorporated into the test matrix to determine static effects on microstructure immediately 

following deformation. For the final-rolling-pass study, rolling interpass holds were used 

to simulate more closely the thermal-mechanical deformation path to which the material is 

subjected.

3.3 Ingot-Breakdown Study

In order to simulate the hot rolling of Alloy 617 ingots, hot-compression tests 

were conducted. The test matrix that was used to characterize microstructural evolution 

during ingot breakdown in shown in Table 6.
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Table 6 - Test Matrix for Hot-Compression Tests to Simulate the Hot rolling Process 
for the Ingot-Breakdown Study o f Alloy 617

Process Parameter Test Conditions
Temperature 1149, 1177, 1204, 1232°C 

(2100, 2150, 2200, 2250°F)
True strain 0.25 and 0.75

True strain rate 0.4s"1 and 1.2s"1
Post deformation 

hold time 0, 1 min., and 15 min.
Carbide banding Banded and unbanded samples

The hot-compression tests were conducted on a Gleeble 1500 servo-hydraulic 

closed loop thermo-mechanical tester which is described in more detail in Section 3 .5. 

Compression tests were chosen for deformation simulation because of the large amounts 

of strain that occur in hot rolling. Prior to deformation testing, the test material was given 

a soaking heat treatment for 12 hours at 1177°C (2150°F) to simulate heating of the ingot 

prior to rolling.

After each specimen was tested according to its specific set of test parameters, it 

was cut in half along the center compression axis. One half of each sample was mounted 

and polished for metallographic analysis in the as-quenched condition, and the other half 

was annealed for one hour at 1166°C (2130°F) before analysis.
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The specimens that were deformed as part of the ingot-breakdown study had an 

inhomogeneous strain distribution because of their coarse microstructure and compression 

test friction. In order to make microstructural analysis as systematically consistent as 

possible, a constant sample region was chosen for microstructural examination by light 

microscopy. The area chosen for analysis was the center region of each specimen half. 

Figure 11 shows a schematic diagram of the cut sample orientation and sample region 

from which microstructural information was extracted. The results of the ingot- 

breakdown study are given in Sections 4.2 and 4.3.

Figure 11 - Schematic diagram o f sample region from which microstructural

z = comp 
/

x = rolling direction

Area of 
interest

information was obtained.

3.4 Final-Rolling-Pass Study

For the final-rolling-pass study, hot rolling was also simulated using hot- 

compression tests conducted on the Gleeble 1500. To simulate more closely the
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deformation path that a slab of Alloy 617 is subjected, interpass hold times were added to 

the test matrix. The compression tests were “interrupted” at specified intervals of strain 

and held for a specified time to simulate normal multi-pass rolling conditions applied in 

production. Because deformation strain was constant for all samples, each of the 

specimens was subjected to series of 6 reductions, each of which imposed 0.17 true strain 

to produce a total imposed true strain of 1.0. Following each successive reduction, the 

specimen was held at its test temperature for the specified interpass hold time at zero load. 

The test matrix that was used for the final-rolling-pass study is given in Table 7. All 

specimens were given a 4 hour soaking treatment at 1177°C (2150°F) to simulate slab 

heating prior to rolling. One half of each sample was mounted and polished for 

metallographic analysis in the as-quenched condition, and the other half was annealed for 

45 minutes at 1166°C (mill procedure) before analysis.

Table 7 - Test Matrix for Hot-Compression Tests to Simulate the Hot Rolling Process 
During Final Gauge Thickness Rolling o f Alloy 617

Process Parameter Test Conditions
Temperatures 871, 954, 1038, 1121, 1204°C 

(1600, 1750, 1900, 2050, 2200°F)
Interpass hold time 0, 10s, and 60s

True strain rate 1.0s"1 and 10s"1
True strain Constant at 1.0

In addition to the tests outlined in Table 7, a brief study on recrystallization and 

grain growth kinetics for one deformation sequence was conducted. Two identical tests
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were conducted at 1038°C (1900°F), to a total true strain of 1.0 at a true strain rate of 

1.0s*1. Each of the two samples were cut into four sections. These eight sections were 

subjected to annealing treatments at 1166°C (2130°F) for times varying from 1 to 100 

minutes. The samples were rapidly heated to the annealing temperature by placing the 

small specimens into a hole in a large, preheated steel block.

To determine the microstructural development of a sample during each step of the 

testing process, five additional tests were conducted. One test matrix condition was 

selected from the test matrix, and was divided into the six individual reductions applied 

during testing. The test conditions chosen for these step-wise tests were a temperature of 

1038°C (1900°F), strain rate of 1.0s*1, and an interpass hold time of 10 s. The first sample 

was deformed to only to the first level of strain (0.17), and was quenched. Each of the 

additional samples were compressed to increasing levels of strain in increments of 0.17 

before quenching. The resulting microstructures were examined by light microscopy in 

the as-quenched condition and after a 45 minute anneal at 1166°C (2130°F). By 

conducting this series of step-wise deformations, microstructural evolution can be traced 

throughout each step of the multi-pass rolling simulation. The results of the bulk matrix 

tests, recrystallization study, and interrupted step-wise tests are given in Sections 4.4 and 

4.5.
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3.5 Gleeble 1500 Test Apparatus

The Gleeble 1500 is a high-strain-rate, high temperature testing machine which can 

be used to study material behavior under simulated hot-working conditions. A 

photograph and schematic diagram of the Gleeble 1500 testing chamber is shown in 

Figure 12. The Gleeble is capable of compression testing with uniform temperature 

control via direct electrical resistance heating. Temperature is regulated by a closed-loop 

thermal feedback control provided by a K-type (chromel / alumel) thermocouple spot- 

welded to the test sample. The temperature of the sample is balanced by heat input of the 

sample by electrical resistance and heat out of the sample by conduction of the sample 

ends with the water-cooled jaws and radiation. For low strain rates (<1.0 s"1), adiabatic 

heating during deformation is readily dissipated, allowing near-isothermal test conditions. 

The closed-loop thermal control also provides the capability of controlled cooling of test 

samples. A closed loop mechanical stroke control provides the capability of constant 

strain-rate deformation in compression. The Gleeble is capable of 8160 kg (18,000 lbs) 

o f force during testing.

The compression specimen was loaded mechanically by the movable jaw, which is 

operated by an integrated, pneumatic-hydraulic system. Temperature and stroke were 

controlled by a computer program written in Gleeble programming language (GPL).
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Figure 12 - (A) Photograph and (B) schematic diagram o f Gleeble 1500 testing 
chamber. (20)
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Temperature, load, stroke, and other specified parameters versus time for a given test 

were collected via a high-speed analog-to-digital board and an IBM-PC compatible 

computer. An example of a GPL control program with an explanation of each program 

line for the ingot-breakdown study is shown in Figure 13. An example of a Gleeble 

program for the final-rolling-pass study with interpass holds is shown in Figure 14. In 

addition to the test control, the GPL program allows for data collection during each 

specified interval. These computer-acquired data can be used in conjunction with proper 

calibration to construct true stress-true strain curves which are vital to understanding the 

hot-working behavior of an alloy.

The compression tests for this thesis were conducted in a controlled argon 

atmosphere, or under vacuum. Because of the corrosion-resistant properties of Alloy 617, 

the test atmosphere did not affect test results. Tungsten carbide platens were used as 

compression anvils because of their high-temperature strength and electrical conductivity. 

A layer of tantalum foil was used to protect the compression anvils from chemical reaction 

with the specimens. Graphite foil was used as a lubricant to minimize the effects of 

friction. An attempt to improve frictional conditions was made by using two innovative 

techniques. A description of these trial lubrication methods as well as some initial results 

are given in Appendix B. However, the results of these trials were not consistent enough 

to use as a standard lubrication method.
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PROGRAM 53 Strain rate = 0.4s"1 Strain = -0.25 Hold time = 1 minute

PT. | TIME | TEM P | MECH | M ODE| | FR EQU ENC Y | CO NTROL |  COM M ENT

G001 00:01.0000 +0000 +00.000 SK | — — I 00000.000 2 System heat on
G002 00:10.0000 +0000 +00.000 SK | — — I 00000.000 0,2,3,4,5 System mechanical on
G003 04:54.0000 + 1177 +00.000 SK | — — I 00000.000 0,1,2,3.4,5 Heat sample to 1 177°C
G 004 00:00.0625 + 1177 -00.030 SK | — — I 00400.641 0,1,2,3,4,5 Deform sample to strain of -0.025
G005 00:00.0625 + 1177 -00.059 SK | — — | 00400.641 0.1.2,3.4,5 Deform sample to strain of -0.05
G006 00:00.0625 + 1177 -00.087 SK | — — | 00400.641 0,1,2,3,4,5 Deform sample to strain of -0.075
G007 00:00.0625 +1177 -00.115 SK | — — | 00400.641 0,1,2,3,4,5 Deform sample to strain of -0.10
G008 00:00.0625 + 1177 -00.142 SK | — — I 00400.641 0,1,2,3,4,5 Deform sample to strain of -0.125
G009 00:00.0625 + 1177 -00.168 SK | — — | 00400.641 0.1.2.3,4,5 Deform sample to strain of -0.15
G010 00:00.0625 + 1177 -00.194 SK | — — | 00400.641 0.1.2,3,4,5 Deform sample to strain of -0.175
G011 00:00.0625 + 1177 -00.219 SK | — — | 00400.641 0,1.2,3,4,5 Deform sample to strain of -0.20
G012 00:00.0625 + 1177 -00.243 SK | — — | 00400.641 0,1,2,3,4,5 Deform sample to strain of -0.225
G013 00:00.0625 + 1177 -00.267 SK | — — | 00400.641 0.1.2,3,4.5 Deform sample to strain of -0.25
G014 01:00.0000 + 1177 -00.267 SK | — — | 00004.970 0,1,2,3,4,5 Hold at 1177°C for 1 minute
G015 00:01 0000 +0000 -00.267 SK | — — | 00004.970 0,1,2,3,4,5,9 Quench in helium to room temperature
G016 01:00.0000 +0000 -00.267 SK | — — | 00004.970 0,1,2,3,4,5.9 Quench in helium to room temperature
G017 00:05.0000 +0000 +04.000 SK | — — | 00004.970 0.1.2,3,4,5.9 Back off ram, machine cooling

Figure 13 - Example Gleeble programming language code for an ingot-breakdown 
test. Each line o f code gives a set of conditions (temperature and 
mechanical stroke position) for the Gleeble to reach within the time 
specified in the time column.
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Program 201 Strain rate = 1 s '1 Strain = -1 .0  Tem perature = 1093°C  Interpass hold = 10s

PT. | TIME | TEM P MECH |M ODE| |FREQU ENCY| CONTROL COM MENT |

G001 00:01.0000 +0000 +00.000 SK I — | 00000.000 2 System heat on
G002 00:10.0000 +0000 +00.000 SK | — | 00000.000 0.2.3,4.5 System mechanical on
G003 04:33.0000 +1093 +00.000 SK | — | 00000.126 0,1,2.3,4,5 Heat sample to 1093°C
G004 00:01.0000 +1093 +00.200 SK | — j 00000.126 0.1.2,3.4,5 Back off ram
G005 00:01.0000 +1093 +00.200 SK | — | 00000.126 0,1,2,3,4,5 Hold ram
G006 00:00.4690 +1093 -00.111 SK | — | 00299.043 0.1,2,3,4,5 Deform sample to strain of -0.167
G007 00:01.0000 +1093 +00.089 SK I — | 00001.125 0.1.2,3,4,5 Back off ram
G008 00:10.0000 +1093 +00.089 SK | — | 00001.125 0,1,2,3,4,5 Interpass hold for 10 seconds
G009 00:00.5260 +1093 -00.204 SK | — | 00299.043 0,1,2,3,4,5 Deform sample to strain of -0.333
G010 00:01.0000 +1093 -00.004 SK | — | 00001.125 0,1.2,3,4,5 Back off ram
G011 00:10.0000 + 1093 -00.004 SK | — | 00001.125 0,1,2,3,4,5 Interpass hold for 10 seconds
G012 00:00.5900 + 1093 -00.283 SK | — | 00299.043 0,1,2,3,4,5 Deform sample to strain of -0.5
G013 00:01.0000 +1093 -00.083 SK | — | 00001.125 0,1.2,3,4,5 Back off ram
G014 00:10.0000 + 1093 -00.083 SK | — | 00001.125 0,1,2,3,4,5 Interpass hold for 10 seconds
G015 00:00.6666 +1093 -00.350 SK | — | 00299.043 0,1,2,3,4,5 Deform sample to strain of -0.666
G016 00:01.0000 +1093 -00.150 SK | — | 00001.125 0,1,2,3,4,5 Back off ram
G017 00:10.0000 + 1093 -00.150 SK | — | 00001.125 0,1,2,3,4,5 Interpass hold for 10 seconds
G018 00:00.7540 +1093 -00.407 SK | — | 00299.043 0,1,2,3,4.5 Deform sample to strain of -0.833
G019 00:01.0000 +1093 -00.207 SK | — | 00001.125 0.1,2,3,4,5 Back off ram
G020 00:10.0000 +1093 -00.207 SK | — | 00001.125 0,1,2,3,4,5 Interpass hold for 10 seconds
G021 00:00.8640 + 1093 -00.455 SK | — | 00299.043 0,1,2,3,4,5 Deform sample to strain of -1.0
G022 00:01.0000 + 1093 -00.255 SK | — | 00001.125 0,1,2,3,4,5 Back off ram
G 023 00:10.0000 +1093 -00.255 SK | — | 00001.125 0,1.2,3.4,5 Final 10 second hold
G024 00:20.0000 +0000 +02.500 SK | — | 00001.125 0,1.3.4.5 Final machine cooling

Figure 14 - Example Gleeble programming language code for a final-rolling-pass 
study test. Each line of code gives a set o f conditions (temperature and 
mechanical stroke position) for the Gleeble to reach within the time 
specified in the time column.
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The specimen geometries that were used for the hot-compression tests were 

different for the ingot-breakdown and final-rolling-pass studies. For the ingot-breakdown 

study, the coarse grain structure called for the use of larger specimens. Because of the 

high-temperature strength of Alloy 617 and the load limitation of the Gleeble, the sample 

geometry was limited to right-circular cylinders of 12 mm (0.472 in) length by 10 mm 

(0.394 in) diameter. For the more fine-grained final-rolling-pass study specimens, the 

sample geometry was limited to even smaller sizes. The standard specimen size that was 

used in the ingot-breakdown study was reduced by 40% to 7.2 mm (0.283 in) length by 6 

mm (0.236 in) diameter for the final-rolling-pass study samples.

Thermocouples were welded onto each specimen before testing, and then the 

samples were loaded horizontally in the testing chamber. Each sample was heated at 

4°C/s to the designated test temperature. After the deformation simulation of each test, 

the samples were rapidly cooled. The larger ingot-breakdown specimens were quenched 

using helium gas, and the smaller final-rolling-pass samples were rapidly cooled by the 

water-cooled jaws. Initial cooling rates of approximately 100°C/s were similar for both 

types of samples, and typical cooling curves are shown in Figure 15. Fast cooling was 

necessary to preserve the “as-deformed” microstructure for subsequent analysis.
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Figure 15 - Typical cooling curves for compression test samples following 
deformation simulation.
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In order to calculate true stress-true strain curves from the Gleeble data, system 

calibrations were necessary. The load cell was be calibrated with an external load cell, 

which is part of the Gleeble standard maintenance. Stroke was calibrated by measuring 

machine elastic compliance by compressing the test platens together and measuring stroke. 

The values for machine compliance at corresponding loads were then be subtracted from 

the collected displacement data during the construction of stress-strain curves. This was 

the technique for calibrating stroke that was used during the ingot-breakdown study, and a 

typical machine compliance curve is shown in Figure 16. During the final-rolling-pass 

study, the smaller samples made the measurement of machine compliance difficult because 

of localized elastic distortion of the platens. Therefore, length-wise strain was measured 

directly using the average of two linear variable displacement transducers (LVDT). The 

linear strain apparatus is connected directly to both the moving and stationary jaws. 

Although this method also requires calibration, it is more accurate than the compliance 

calibration methods, because strain is measured without the compression jack compliance.

3.6 Flow Stress Analysis

True stress-true strain curves were used to determine the flow properties of 

specimens as a function of temperature and strain rate. True stress-true strain curves are
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Figure 16 - Compliance calibration curve used to calculate true stress-true strain 
curves for ingot breakdown samples tested on the Gleeble 1500.
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constructed from load-displacement data assuming volume constancy. The two factors 

that are most influential on static recrystallization in Alloy 617 are temperature and 

amount of stored strain energy. While deformation temperature is easily controlled, the 

amount of stored strain energy is highly dependent on thermo-mechanical processing. The 

amount of stored strain can be qualitatively assessed from the shape of true stress-true 

strain curve. Deforming at a low temperature at a high strain rate accumulates more strain 

energy than deforming at a higher temperature at a lower strain rate. When the goal of the 

deformation is to achieve complete recrystallization, as in the case of ingot breakdown, 

accumulating strain energy is important for the nucléation and growth of recrystallized 

grains. However, deformation at lower temperatures to accumulate strain energy can 

result in a loss of ductility in the material, and surface cracking may result. Therefore, it is 

important to determine the processing parameters that will accumulate the proper amount 

of strain energy for the benefit o f subsequent microstructural evolution, while maintaining 

reasonable ductility in the workpiece.

Strain hardening and flow softening contribute to the development of the shape of 

elevated temperature flow stress curves. After yielding, the slope of the flow curve at any 

given strain reveals the flow behavior of the workpiece at that level of strain. When a flow 

curve has a positive slope, the workpiece is strain hardening. If the curve has a slope of 

zero, strain hardening is balanced by dynamic recovery. In this case, strain energy is no 

longer accumulating, but is not decreasing either. In the case of a negative sloping curve,
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flow softening is taking place. Flow softening is defined as a reduction in flow stress with 

increasing levels of strain (21). The primary microstructural mechanism for flow softening 

during hot-working is dynamic recrystallization.

The flow stress curves for Alloy 617 were used to determine qualitatively the 

processing conditions that led to strain accumulation and/or dynamic recrystallization 

during deformation. The results from the flow stress analyses were used in conjunction 

with the results from quantitative metallography, as well as the other characterization 

techniques to determine how processing parameters influence microstructural evolution in 

Alloy 617.

3.7 Quantitative Metallography

In order to fully characterize the microstructures of the samples after testing, 

quantitative metallographic techniques were performed. Tested samples for both the 

ingot-breakdown and final-rolling-pass studies were sectioned on a thin abrasive cut-off 

saw. One half of each sample was annealed for 45-60 minutes in air, depending on 

thickness, at 1166°C (2130°F). Annealing was conducted in order to examine static 

recrystallization and/or grain growth following deformation.
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The samples were mounted in bakelite, and polished to 0.05 pm with colloidal 

silica. All samples were then etched electrolytically for 5-10 seconds in 15% phosphoric 

acid in water at 5-6 volts.

In order to quantify percent recrystallization in samples that were incompletely 

recrystallized, point counting on a one-hundred point grid was conducted. In the case of 

samples that were fully recrystallized, the three-circle intercept method outlined in ASTM 

standard E-l 12 (22) was used to determine grain size. The average of three fields was 

reported for each sample microstructure.

In addition to light microscopy, scanning electron microscopy (SEM) was used to 

evaluate second phase particles in polished and etched metallographic samples. The Jeol 

JXA-840 SEM was used to analyze the precipitates. Photomicrographs from both the 

light optical microscopy and the scanning electron microscopy are shown in Sections 4.3 

and 4.5.
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4.0 Results

This section describes the experimental results obtained for both the ingot- 

breakdown study and the final-rolling-pass study. The results are divided into five 

sections. The first section describes the results from the initial chemical and 

microstructural material characterization. The next two sections present the flow stress 

analysis and quantitative metallography results for the ingot-breakdown study. The last 

two sections present the flow stress analysis and quantitative metallography results for the 

final-rolling-pass study.

4.1 Initial Material Characterization

4.1.1 Chemical Analysis

A chemical analysis of the initial material was obtained from two independent 

sources. The results for the chemical analysis of the materials used in the present study 

are presented in Table 8.
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Table 8 - Chemical analysis for Alloy 617 Conducted by Colorado Metallurgical 
Services (CMS) and Inco Alloys International Inc. (INCO)

Element CMS 
(wt %)

INCO 
(wt %)

Cr 21.36 21.97
Co 12.13 12.53
Mo 9.25 9.77
A1 0.93 1.16
Ti 0.31 0.36
C 0.10 0.08
S 0.003 0.001

Fe 1.48 1.26
Mn 0.06 NA
Ni Bal Bal

4.1.2 Metallographic Inspection

Metallographic inspection of the as-received material was done on both material 

used for the ingot-breakdown study and material used for the final-rolling-pass study. 

Figure 17 shows the initial microstructure for the as-cast samples taken from the edge of 

the as-cast slab used in the ingot-breakdown study. The black regions in the micrograph 

are metal carbides, and the white regions are the surrounding matrix. The structure shown
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in Figure 17 is representative of all regions within the as-cast slab. The initial grain size of 

the as-cast samples is large enough, so that few grain boundaries are seen in Figure 17.

rolling/casting
direction

Figure 17 - Three-dimensional montage showing the starting microstructure for 
samples used in the ingot-breakdown study. Phosphoric etch.
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Figure 18 shows a photograph of the slab from which ingot-breakdown study specimens 

were machined. The slab is macroetched to show the coarse grain structure. The coarse 

grain size is significant when considering the flow stress behavior of these samples, and is 

considered in Section 4.2.

Material used in the final-rolling-pass study had already been hot rolled to a 50 mm 

(2 in) thick slab. The starting microstructure for samples used in the final-rolling-pass 

study is shown in Figure 19. An equiaxed structure with a grain size of approximately 

ASTM #5 is seen in these micrographs. Also, carbide bands are seen parallel to the rolling 

direction.

4.1.3 Analysis o f Precipitated Phases

Carbide stability at high temperatures was evaluated by using digital thermal 

analysis (DTA). The interpreted results (19) of the DTA conducted at INCO Alloys are 

given in Table 9. These data show that there are two solid-state precipitation reactions 

that occur in Alloy 617 upon cooling: MgC carbides precipitate at high temperatures 

(1269°C) and M^C^ carbides precipitate at lower temperatures (873°C).
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z = compression axis

x = rolling direction

Figure 19 - Three-dimensional montage showing the starting micro structure for 
samples used in the final-rolling-pass study. Phosphoric etch.
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Table 9 - Interpretation of Results Obtained from DTA (19)

Temperature Assumed Transformation

13940C-1348°C
(25420F-2459°F)

Solidification

1269°C (2316°F)
Precipitation of primary 

carbides (MéC)

873°C (1603°F)
Precipitation of secondary 

carbides (M^Cô)

A series of annealing treatments were given to as-cast specimens to examine the 

dissolution of precipitated carbides at various temperatures. The temperatures that were 

used for the annealing treatments spanned 1100°C to 1310°C (2012°F- 2390°F) in air and 

the photomicrographs for specimens held for 1.0 hour at various temperatures are shown 

in Figure 20. This figure shows the amount of carbide dissolution at various annealing 

temperatures. Photomicrograph orientation shown is equivalent to front cube face shown 

in Figure 17.

Both the DTA study and the dissolution study provide information about the 

stability of the carbides. The dissolution temperatures and the stability of the carbides is 

important in the interpretation of the results obtained in this study, and are discussed in 

Sections 5.1.1 and 5.2.1.
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Photomicrographs showing post-heat treatment microstructures o f 
ESR cast Alloy 617. Phosphoric etch.
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4.2 Flow Stress Analysis for Ingot-Breakdown Study

Load-displacement data were collected to calculate stress-strain curves for all test 

conditions during each Gleeble compression test. The true stress-true strain curves were 

used to examine qualitatively the flow characteristics of Alloy 617 during hot 

compression. The flow stress behavior of the specimens as well as the microstructural 

data were concurrently evaluated to assess the microstructural changes in Alloy 617 

during the ingot-breakdown simulations.

In order to determine material flow behavior during the ingot-breakdown study, 

as-cast specimens were deformed to simulate the industrial hot rolling process. Because 

the as-cast samples are coarse-grained, the number of grains and orientation of the grains 

varied from specimen to specimen. This was dramatically evident in the shape of the 

specimens after compression. A photograph of an as-cast sample after compression at 

1177°C (2150°F) and 1.2s*1 is shown in Figure 21. Because of sample inhomogeneity, the 

flow stress values obtained for individual specimens were not consistent or predictable. 

However, the shape of the curves can still be of value in determining the strain hardening 

and/or flow softening behavior of the alloy at various testing conditions.
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Figure 21 - Photographs showing non-uniform deformation o f compressed as-cast
samples.
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The test matrix for the ingot-breakdown study employs two different strains and 

two different strain rates, and thus four different deformation schedules for each 

temperature. Table 10 shows the compression test schedules for flow stress analysis.

Table 10 - Mechanical Deformation Schedules for Flow 
Stress Analysis for Ingot-Breakdown Study

1149°C (2100°F) 
strain = 0.25 1177°C (2150°F) 
strain rate = 0.4s"1 1204°C (2200°F) 

1232°C (2250°F)

1149°C (2100°F) 
strain = 0.25 1177°C (2150°F) 
strain rate = 1.2s"1 1204°C (2200°F) 

1232°C (2250°F)
1149°C (2100°F) 

strain = 0.75 1177°C (2150°F) 
strain rate = 0.4s"1 1204°C (2200°F) 

1232°C (2250°F)

1149°C (2100°F) 
strain =0.75 1177°C (2150°F) 
strain rate = 1 2s"1 1204°C (2200°F) 

1232°C (2250°F)

The flow curves that were constructed for the ingot-breakdown study samples 

reflect the coarse microstructure of the test specimens. Slight softening or unexpected 

yield point phenomena are seen in these curves, and are attributed to the coarse-grained 

nature of the samples. A given sample may contain only a few grains, with one or two 

grains having preferred slip orientation over other sample grains, causing flow curve 

peculiarities.

Figure 22 shows the flow stress curves for those specimens tested at a strain rate 

of 1.2s"1 to a total strain of about 0.70. These curves show a leveling of the flow stress for 

each temperature at which strain hardening is balanced by dynamic recovery. A higher
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flow stress is observed with each decreasing temperature. Dynamic recovery appears to 

be the active softening mechanism since there is no evidence of microstructural instabilities 

such as dynamic recrystallization in this set of curves (8). Figure 23 shows the flow stress 

curves for those samples tested at 0.4s"1 to strains of about 0.25. These curves show an 

increase in flow stress with increasing strain throughout the compression test. The level of 

accumulated strain in these samples is not enough to increase the dislocation density to 

levels where dynamic recovery begins to balance the strain hardening. This set of curves 

also shows no softening at higher strains, and therefore no evidence of dynamic 

recrystallization. Figure 24 shows the flow stress curves for specimens compressed to a 

strain of about 0.70 at the lower strain rate (0.4s"1). These curves exhibit a definite flow 

softening behavior at strains above 0.5. The significant strain softening at this strain 

indicates possible dynamic recrystallization (8).

When a material recrystallizes during deformation, the newly formed grains 

continue to deform with the bulk material. In a material that readily forms annealing 

twins, such as this nickel-based superalloy, the recently formed twins appear “curved” due 

to the deformation received subsequent to their formation. Microstructural evidence of 

dynamic recrystallization is seen as deformed substructures such as curved annealing twins 

in an obviously refined grain structure, deformed subgrains, and increased dislocation 

density (8). As an example. Figure 25 shows a photomicrograph of a sample that was 

tested at 1232°C (2250°F) to a true strain of 0.78 at a strain rate of 0.4s"1. This figure
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reveals curved twin boundaries in newly recrystallized grains which are direct evidence 

that the specimen has undergone dynamic recrystallization.
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Figure 22 - Flow stress curves for as-cast Alloy 617 samples compressed at a 
true strain rate o f 1.2s'1 to high strains.
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Figure 23 - Flow stress curves for as-cast Alloy 617 samples compressed at a 
true strain rate of 0.4s"1 to low strains.
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Figure 24 - Flow stress curves for as-cast Alloy 617 samples compressed at a 
true strain rate of 0.4s"1 to high strains.
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curved annealing twin

z = compression axis

x = rolling direction

Figure 25 - Light photomicrograph o f Alloy 617 sample deformed at 1232°C
(2250°F) at 0 .4 s1 to a true strain of 0.78. Shown is a curved annealing 
twin that is the result o f dynamic recrystallization. Phosphoric etch.
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4.3 Microstructural Characterization for Ingot-Breakdown Study

When samples were analyzed after deformation testing, they were inspected for 

several features. The first consideration was surface cracking. Cracking was observed in 

the samples that were deformed at the lowest test temperature (1149°C), at strains of 0.4, 

0.55, and 0.75 at a strain rate of 1.2s"1. Cracks initiated and propagated perpendicular to 

the secondary tensile stresses induced by sample barreling. Figure 26 shows a micrograph 

of the typical edge cracking that was observed in several specimens. The crack 

preferentially propagates along carbides.

Percent recrystallization was determined in the samples that did not fully 

recrystallize following testing and/or annealing. Grain sizes were measured for the 

samples that were fully recrystallized.

Figure 27a shows a photomicrograph of a sample that was compressed to a strain 

of 0.76 at a strain rate of 1.2s'1 at 1177°C (2150°F) and immediately quenched. This 

sample did not have enough time at temperature to recrystallize completely. Figure 27b 

shows the same sample after a one hour anneal at 1166°C (2130°F). A fully recrystallized 

microstructure is observed. This sample was deformed with processing conditions that 

allowed enough strain energy to accumulate so that upon annealing the sample 

recrystallized completely. Figure 28 shows both halves of a compressed sample that did 

not fully recrystallize after deformation or upon subsequent annealing. This sample was
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deformed at 1232°C (2250°F) to a strain of 0.25 at a strain rate of 0.4s'1, and did not have 

enough stored strain energy to fully recrystallize.

sam ple edge

COMPRESSION AXIS NORMAL TO MICROGRAPH

Figure 26 - Light photomicrograph o f a sample deformed at 1149°C at a strain 
rate o f 1.2s"1 to a strain o f 0.75. The edge cracking shown in this 
sample was seen to occur in some samples deformed at low 
temperatures to high strains. Phosphoric etch.
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z = compression axis

x = rolling direction

Figure 27 - (A) Light photomicrograph of a sample that was compressed to a 
strain of 0.76 at a strain rate of 1.2s'1 at 1177°C (2150°F) and 
immediately quenched. (B) Same sample after a one-hour anneal at 
1166°C (2130°F). Phosphoric etch.
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z = compression axis

x =  rolling direction 1 0 0  Lim
—^  ^  • 1— •

Figure 28 - (A) Light photomicrograph of a sample that was compressed to a 
strain o f 0.25 at a strain rate o f 0.4s"1 at 1232°C (2250°F) and 
immediately quenched. (B) Same sample after a one-hour anneal at 
1166°C (2130°F). Phosphoric etch.
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Samples that were deformed at the lower strain rate (0.4s*1) to high levels of strain 

(-0.75) often incompletely recrystallized during deformation. Figure 29 shows both 

halves of a sample that began to recrystallize during deformation, and did not complete the 

recrystallization process during post-deformation annealing. This sample was deformed at 

1204°C (2200°F) at a strain rate of 0.4s*1 to a strain of 0.75. Figure 29a shows a very 

small number of recrystallized grains adjacent to the carbides. Figure 29b shows the 

partially recrystallized structure. This sample did not fully recrystallize during deformation 

most likely because of competing softening mechanisms (dynamic recovery). This sample 

did not completely recrystallize after annealing most likely because the stored strain energy 

from deformation was used to drive the dynamic recrystallization process.

The quantitative metallography results have been tabulated according to the 

deformation schedules listed in Table 10. Tables 11 through 14 show the quantitative 

metallography results. The tables report percent recrystallization, based on a 300 point 

count, for those samples that did not fully recrystallize, and grain size for fully 

recrystallized samples. The observed trends for these data are discussed in Section 5.1.

The effect of carbide banding was another microstructural feature that was 

examined during the ingot-breakdown study. The effect of the presence of carbide bands 

was to provide nucléation sites for recrystallization, and to inhibit subsequent grain 

boundary motion during grain growth. An example of how carbide bands affect final
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z = com pression axis

x = rolling direction

Figure 29 - (A) Light photomicrograph of a sample that was compressed to a 
strain of 0.75 at a strain rate o f 0.4s'1 at 1204°C (2200°F) and 
immediately quenched. (B) Same sample after a one-hour anneal at 
1166°C (2130°F). Phosphoric etch.
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Table 11 - Percent Recrystallization for Partially Recrystallized Samples or 
Grain Size for Fully Recrystallized Samples Deformed to a 

Strain o f 0.25 at a Strain Rate o f 0.4s"1

Hold Time
Temperature 1149°C 

(2100°F)
1177°C

(2150°F)
1204°C

(2200°F)
1232°C

(2250°F)

hold time as-quenched <1% <1% <1% <1%
= 0 after anneal 2% 6% 24% 21%

hold time as-quenched 5% 11% 10% 5%
= 1 minute after anneal 8% 22% 30% 34%

hold time as-quenched 28% 83% 185 ± 14 pm 24%

= 15 minutes after anneal 125 ± 7 pm 130 ± 5 pm 190 ± 12 pm 50%

Table 12 - Percent Recrystallization for Partially Recrystallized Samples or 
Grain Size for Fully Recrystallized Samples Deformed to a 

Strain o f 0.25 at a Strain Rate o f 1.2s"1

Hold Time
Temperature 1149°C 

(2100°F)
1177°C 

(2150°F)
1204°C

(2200°F)
1232°C

(2250°F)

hold time as-quenched 3% 2% 8% <1%

= 0 after anneal 30% 72% 11% 9%

hold time as-quenched 7% 34% 26% 26%

= 1 minute after anneal 84% 51% 69% 32%

hold time as-quenched 86% 95% 97% 57%

= 15 minutes after anneal 90% 131 ± 8 pm 117 ± 11 pm 62%



T-4768 66

Table 13 - Percent Recrystallization for Partially Recrystallized Samples or 
Grain Size for Fully Recrystallized Samples Deformed to a 

Strain o f 0.75 at a Strain Rate o f 0.4s"1

Hold Time
Temperature 1149°C 

(2100°F)
1177°C

(2150°F)
1204°C

(2200°F)
1232°C

(2250°F)

hold time as-quenched 13% 15% 26% 35%
= 0 after anneal 93 ± 9 pm 137 ± 6 pm 130 + 13 pm 112 ± 4 pm

hold time as-quenched 44% 89% 81% 122+9 pm

= 1 minute after anneal 97 ± 4 pm 111+6 pm 90 + 8 pm 107 ± 10 pm

hold time as-quenched 99 ± 16 pm 130 ± 7  pm 114 ± 9 pm N/A

= 15 minutes after anneal 126 ± 11 pm 89+11 pm 176 ± 8 pm N/A

Table 14 - Percent Recrystallization for Partially Recrystallized Samples or 
Grain Size for Fully Recrystallized Samples Deformed to a 

Strain o f 0.75 at a Strain Rate of 1.2s"1

Hold Time
Temperature 1149°C 

(2100°F)
1177°C 

(2150°F)
1204°C

(2200°F)
1232°C

(2250°F)

hold time as-quenched 11% 16% 14% 19%

= 0 after anneal 149 ± 12 pm 137 ± 6 pm 91% 83%

hold time as-quenched 34% 67% 93% 64%

= 1 minute after anneal 181 ± 13 pm 135 ± 4 pm 110 ± 11 pm 98%

hold time as-quenched 93% 91 ± 12 pm 169 ± 4 pm N/A

= 15 minutes after anneal 132 ± 3 pm 127 ± 18 pm 180 ± 12 pm N/A
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recrystallized microstructure following deformation of as-cast samples is shown in Figure 

30. In the narrow banded regions, the grain size is smaller than in the wider banded areas 

because of the greater rate of nucléation during recrystallization, and grain boundary 

motion inhibition.

Z 3 100 um

z = compression axis 
A

x = rolling direction

Figure 30 - Light photomicrograph showing effect o f carbide banding in a fully 
recrystallized structure. Small grains exist between narrow carbide 
bands, while larger grains have developed in wider banded areas. 
Phosphoric etch.
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4.4 Flow Stress Analysis for Final-Rolling-Pass Study

As in the ingot-breakdown study, the deformation of Alloy 617 during the final- 

rolling-pass study was simulated to determine the flow behavior. In order to determine 

the deformation behavior of Alloy 617 plate during various deformation conditions, load- 

displacement data were recorded during Gleeble compression testing so that true stress- 

true strain curves could be determined.

Specimen deformation was quite different for tests conducted in the final-rolling- 

pass study as compared to the previous testing for the ingot-breakdown study. While the 

specimens for the ingot-breakdown study had a coarse, as-cast structure, the samples for 

the final-rolling-pass study had already been hot-rolled to a 50 mm (2 in) gauge thickness. 

Therefore, the wrought structure deformation was more homogeneous during 

compression testing, as would be expected. Because of the more homogeneous structure, 

the flow curves for the final-rolling-pass study did not show the flow irregularities that 

were observed in the ingot-breakdown study.

Because the level of total strain imposed on the compression specimens was held 

constant at 1.0, the deformation parameters that were studied include temperature, strain 

rate, and interpass hold time. The temperature of deformation and the strain rate during 

deformation can influence to a great extent, the amount of dynamic recovery and dynamic 

recrystallization that may occur. The interpass hold time can affect the amount of static
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recovery and recrystallization that takes place between rolling passes, and also the 

precipitation of carbides. As expected, longer hold times at all temperatures result in more 

static recovery and recrystallization taking place in the compression specimens. There are 

several microstructural mechanisms that contribute to the shape of the flow curves. Strain 

hardening, dynamic recovery, and dynamic recrystallization all contribute to the shape of 

the flow curve during deformation. Precipitation strengthening, static recovery, and static 

recrystallization contribute to the development of the shape of the flow curves during 

interpass hold durations. It is important to understand the microstructural mechanisms 

that occur during processing so that desirable properties may be obtained by controlling 

microstructural development.

The effect of temperature on the high temperature deformation behavior is 

illustrated in the series of stress-strain curves presented in Figures 31-35. In each figure, 

data are presented for a single test temperature and three different load histories: a single 

reduction identified as “0 hold time” obtained without interpass holds, and two sets of six 

curves which include incremental reductions of 0.17 and hold times between reductions of 

10 or 60 seconds.

Figure 31 shows the flow stress curves for samples tested at 871°C (1600°F) at a 

strain rate of 1.0s'1 and for interpass hold simulation times of 0, 10s, and 60s. The 

continuous deformation curve (0 hold time) shows continuous strain hardening at all levels 

of strain. Both incremental reduction curve sets show some softening during interpass
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hold times, but the curve peak flow stress continues to increase with each reduction. 

Because flow stress continued to increase with each reduction, it is unlikely that any static 

recrystallization occurred during interpass dwell times. These curves do not show any 

significant flow softening which would be indicative of dynamic recrystallization. At 

871°C (1600°F) the required conditions for dynamic recrystallization are not met. This 

temperature does allow strengthening due to the precipitation of M^Cô-type carbides, and 

softening due to static recovery during interpass hold times. The presence of the 

strengthening carbides also increases the work-hardening rate in the later stages of multi

pass deformation at this temperature.

Figure 32 shows the flow stress curves for samples tested at 954°C (1750°F) at a 

strain rate of 1.0s*1 for all three hold times. The continuous deformation curve shows 

some softening at high strain. The incremental reduction curve sets also show a reduction 

in their peak flow stresses at high strains. This flow softening is indicative of 

recrystallization taking place during the test. Recrystallization taking place during the 

continuous deformation test is dynamic recrystallization. Static recrystallization occurs 

during the incremental reduction tests, because the reductions in flow stress occur during 

the interpass holds. The strengthening effect of carbide precipitation is also present at this 

temperature.
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Figure 31 - Flow stress curves for final-rolling-pass study conducted at 871°C
(1600°F) at a strain rate of 1.0s'1 with various interpass hold times.
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Figure 32 - Flow stress curves for final-rolling-pass study conducted at 954°C
(1750°F) at a strain rate of 1.0s"1 with various interpass hold times.
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The flow stress curves for compression tests conducted at 1038°C (1900°F) and a 

strain rate of 1.0s*1 are presented in Figure 33. This set of curves indicate a significant 

amount of recrystallization taking place during the compression tests. In the continuous 

deformation stress-strain curve, flow softening occurs which is indicative of dynamic 

recrystallization. In the incremental reduction curves, softening takes place during 

interpass hold durations which is indicative of static recrystallization. The strengthening 

effect of carbide precipitation is still present at this deformation temperature, although 

somewhat less pronounced than tests conducted at 954°C (1750°F) because of more 

solute being in solid-solution.

Figure 34 shows the flow stress curves for samples deformed at 1121°C (2050°F) 

at a strain rate of 1.0s*1. At this test temperature, strengthening due to precipitation of 

M23C6 carbides is no longer occurring, and a significant reduction in flow stress results.

1121 °C is above the solution temperature for these carbides. Dynamic recrystallization is 

indicated in the single-hit test, while static recrystallization is indicated during the multi-hit 

tests.

Figure 35 shows the flow stress curves for samples tested at 1204°C (2200°F) at a 

strain rate of 1.0s"1 for all three hold times. This test temperature is also above the 

precipitation temperature ofM^Ce carbides. At this deformation temperature, dynamic 

recrystallization takes place during the single-hit compression, and static recrystallization 

takes place during interpass holds. Deforming at the highest temperature causes the flow
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Figure 33 - Flow stress curves for final-rolling-pass study conducted at 1038°C 
(1900°F) at a strain rate o f 1.0s"1 with various interpass hold times.
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Figure 34 - Flow stress curves for final-rolling-pass study conducted at 1121°C
(2050°F) at a strain rate of 1.0s'1 with various interpass hold times.
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Figure 35 - Flow stress curves for final-rolling-pass study conducted at 1204°C
(2200°F) at a strain rate of 1.0s"1 with various interpass hold times.
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stress to be lowest. The low flow stress, in conjunction with increased recovery and 

recrystallization, causes less strain energy to accumulate during deformation.

In order to illustrate the effect of strain rate on recrystallization, the continuous 

deformation flow curves were separated according to strain rate. Figure 36 shows the set 

of flow curves for the single reduction tests that were conducted at a strain rate of 1 .Os"1. 

At the lower test temperatures, no flow softening is observed. However, as temperature 

increases, flow softening caused most likely by dynamic recrystallization is seen to occur. 

Figure 37 shows the flow stress curves for the single reduction tests that were conducted 

at a strain rate of 10s"1. The absence of significant softening in these curves, even at the 

highest temperature, indicates that dynamic recrystallization does not occur at this strain 

rate. The reduction in flow stress with increasing strain is most likely due to adiabatic 

heating that is not readily dissipated during the high strain rate test. In the high strain rate 

tests (10s"1), a temperature increase of ~30°C was observed during compression. The high 

strain rate does not allow sufficient time for dynamic recrystallization to occur.
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Figure 36 - Flow stress curves for Alloy 617 single-hit tests conducted at a strain
rate of 1.0s'1.
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Figure 37 - Flow stress curves for Alloy 617 single-hit tests conducted at a strain 
rate o f 10s"1.
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In order to quantify the amount of softening taking place during the interpass dwell 

times, a softening parameter has been employed. The softening parameter is the 

percentage of the maximum softening that can occur (maximum softening occurs as re

load flow stress approaches initial yield stress). The softening parameter has been 

calculated with the following equation developed by Mataya and Matlock. (23):

s -^ L _ ^ l*ioo (i)
c r f -c r ,

where: S is the percentage of maximum softening that could potentially be

realized,

Gf is the final stress prior to unloading,

or is the 0.2 percent offset yield stress upon reloading after an

interpass hold time, and 

Gi is the yield stress for the initial loading cycle.

The average softening parameter for each reduction during the final-rolling-pass study

have been tabulated according to temperature and interpass hold times. These data are 

presented in Table 15 and plotted in Figure 38.
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Table 15 - Average Softening Parameter Values for Interpass Hold 
Final-Rolling-Pass Study Flow Stress Analysis

Temperature Interpass hold = 10 seconds Interpass hold = 60 seconds
871°C (1600°F) 20 ± 3% 21 ±3%
954°C (1750°F) 20 ± 3% 28 ± 3%
1038°C (1900°F) 23 ±4% 33 ±4%
1121°C (2050°F) 26 ±4% 33 ±4%
1204°C (2200°F) 38 ±4% 47 ± 5%
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Figure 38 - Plot o f softening parameter S versus temperature for interpass hold 
times o f 10 and 60 seconds.
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4.5 Microstructural Characterization for Final-Rolling-Pass Study

4.5.1 Light Optical Microscopy

For the microstructural characterization of Alloy 617 during final gage thickness 

rolling, samples from all deformation conditions were analyzed metallographically. For 

the final-rolling-pass study, the most important microstructural consideration was final 

grain size of the finished product. However, an understanding of the development of the 

final structure required analysis of sample microstructures throughout the deformation 

process. Hence, a full characterization of the evolution of sample microstructure before 

the hot-compression test was necessary. Figure 39 shows the typical microstructure for 

all the samples following a four hour soaking treatment at 1177°C (2150°F), prior to 

Gleeble testing. A uniform grain size of approximately 130 pm with annealing twins and 

carbides are the significant features observed. Figure 40 shows the microstructure of a 

sample after the 4°C/s heating rate to a test temperature of 1038°C (1900°F) and quench 

as an example of sample microstructure immediately before compression. The 

microstructure observed in this figure is very similar to the one seen in Figure 39, 

indicating an insignificant effect of the initial heating on microstructural change. Samples 

were analyzed in the both the as-quenched condition following deformation, and in the 

solution-annealed condition following annealing after deformation.
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Figure 39 Light photomicrograph o f final-rolling-pass study sample after 4 hour 
soaking treatment at 1177°C (2150°F), prior to Gleeble testing. 
Phosphoric etch.
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Figure 40 - Light photomicrograph o f sample after 4°C/s heat rate to 1038°C 
(1900°F) and quench. This heat treatment results in the sample 
microstructure immediately prior to compression. Phosphoric etch.
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Prior to starting the bulk of final-rolling-pass deformation testing, a brief study on 

the recrystallization and grain growth kinetics of one deformation path was conducted, as 

described in Section 3.4. Figure 41 shows photomicrographs of the sample section in the 

as-quenched condition and those subjected to the annealing treatments for 1, 3, and 10 

minutes. It is clear from these micrographs that complete recrystallization occurs after a 

short period of time (approximately 3 minutes). Figure 42 shows photomicrographs of 

sample sections annealed for longer times. It is obvious based on these micrographs that 

most of the grain growth takes place in the first 15 minutes of annealing. Carbide bands 

tend to limit the ultimate grain size by pinning the boundaries as shown in Figure 42d. 

Figure 43 shows a plot of grain size versus annealing time for the samples presented in 

Figure 41 and Figure 42.

Figure 44a shows the microstructure of a specimen that was deformed at 871°C 

(1600°F) in a series of six reductions of strains of 0.17 to a total strain of 1.0, at a strain 

rate of 1.0s*1, and with interpass hold times of 10 seconds and quenched. Elongated grains 

with deformed twin boundaries are observed. Figure 44b shows that same sample after a 

45 minute anneal at 1166°C (2130°F). The microstructure consists of equiaxed grains 

with annealing twins. Because this sample was deformed at a relatively low temperature, 

it did not recrystallize during compression or during interpass hold simulation. This was 

predicted by the flow stress curve shown in Figure 31. During the anneal, the sample 

recrystallized fully and grew to a stable grain size of approximately 75 pm.
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Figure 41 - Light photomicrographs o f Alloy 617 compression specimen sections 
deformed at 1038°C (1900°F) to a true strain of 1.0 at a strain rate of 
1.0s'1 then quenched and annealed at 1166°C (2130°F) for (A) no 
exposure, (B) 1 minute, (C) 3 minutes, (D) 10 minutes. Phosphoric 
etch.
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Figure 42 - Light photomicrographs o f Alloy 617 compression specimen sections 
deformed at 1038°C (1900°F) to a true strain of 1.0 at a strain rate of 
1.0s"1 then quenched and annealed at 1166°C (2130°F) for (A) 15 
minutes, (B) 30 minutes, (C) 60 minutes, (D) 100 minutes. Phosphoric 
etch.
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- Grain growth curve for Alloy 617 at 1166°C (2130°F) for a
compression test conducted at 1038°C (1900°F) to a strain o f 1.0 and 
strain rate o f 1.0s'1.
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z  = co m p ress io n  ax is

x = rolling direction

Figure 44 - Light photomicrographs o f a final-rolling-pass study sample deformed 
at 871°C (1600°F) to a strain o f 1.0, with a strain rate of 1.0s"1, and an 
interpass hold time of 10s. (a) as-deformed (b) after annealing. 
Phosphoric etch.
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Figure 45 shows the microstructure of a specimen deformed at 954°C (1600°F) 

with the same deformation schedule as the specimen in Figure 44. Deformation at the 

higher temperature of 954°C allowed recrystallization to initiate before being terminated 

by the quench. Figure 45a shows a highly deformed structure, with a few recrystallized 

nuclei on prior grain boundaries and carbides. The annealed half (Figure 45b) of this 

sample shows a fully recrystallized equiaxed microstructure.

Figure 46 shows the microstructure of a specimen that was compressed at the next 

higher deformation temperature (1038°C (1900°F)) with the same deformation parameters 

used for samples in Figure 44 and Figure 45, in both the as-quenched and post

deformation annealed condition. By further increasing the temperature, more 

recrystallization takes place during the deformation and interpass hold portions of the 

simulations. Figure 46a shows the deformed structure of the prior grain boundaries, as 

well as the almost completely recrystallized structure in the as-quenched specimen. The 

prior grain boundaries are highly visible because of small MzjCô carbides that precipitated 

on the grain boundaries prior to deformation. The presence of small M23C6 carbides was 

confirmed using scanning electron microscopy, and will be presented in Section 4.2.2.

The micrographs in Figure 46 in conjunction with the flow stress curves for this specimen 

indicate that the recrystallization process occurred both during deformation and during 

interpass hold times. It is also interesting to note that this deformation temperature is high 

enough for dynamic recrystallization to take place, but low enough to not dissolve
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z  = com p ress io n  ax is

x = rolling direction

Figure 45 - Light photomicrographs of a final-rolling-pass study sample deformed 
at 954°C (1750°F) to a strain o f 1.0, with a strain rate o f 1.0s'1, and an 
interpass hold time o f 10s. (a) as-deformed (b) after annealing. 
Phosphoric etch.
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z  = co m p ress io n  ax is

x = rolling direction

Figure 46 - Light photomicrographs o f a final-rolling-pass study sample deformed 
at 1038°C (1900°F) to a strain of 1.0, with a strain rate o f 1.0s"1, and 
an interpass hold time of 10s. (a) as-deformed (b) after annealing. 
Phosphoric etch.
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secondary carbides. The other half of the specimen (Figure 46b) which was annealed 

after deformation was fully recrystallized.

Figure 47 shows the as-quenched and post-deformation annealed micrographs of a 

specimen that was deformed at 1121°C (2050°F) to a strain of 1.0 at a strain rate of 1.0s*1. 

The as-quenched sample (Figure 47a) is fully recrystallized, and appears to have entered 

the early stages of grain growth. This deformation temperature is high enough to dissolve 

the small carbides that had precipitated on prior grain boundaries; thus, no deformed prior 

structure is seen in this photomicrograph. The annealed half of this specimen (Figure 47b) 

has reached a stable grain size of approximately 75 pm during the annealing at 1166°C 

(2130°F) for 45 minutes.

The microstructures for the specimen that was deformed at the highest 

deformation temperature (1204°C) is shown in Figure 48. This sample has a grain size of 

about 50 pm in the as-quenched condition. Because of the high deformation temperature, 

there was significant dynamic recovery and dynamic recrystallization that took place 

during deformation. Also, static recovery and recrystallization were prevalent during 

interpass hold simulation. The result of these softening mechanisms is that the sample had 

less stored strain energy than what was required to equilibrate the grain structure. The 

ending microstructure in the annealed sample is the undesirable “duplex” type structure.
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z = compression axis

x = rolling direction

Figure 47 - Light photomicrographs o f a final-rolling-pass study sample deformed 
at 1121°C (2050°F) to a strain o f 1.0, with a strain rate o f 1.0s'1, and 
an interpass hold time of 10s. (a) as-deformed (b) after annealing. 
Phosphoric etch.
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z = com pression axis

x = rolling direction

Figure 48 - Light photomicrographs o f a final-rolling-pass study sample deformed 
at 1204°C (2200°F) to a strain of 1.0, with a strain rate o f 1.0s"1, and 
an interpass hold time o f 10s. (a) as-deformed (b) after annealing. 
Phosphoric etch.
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In order to reveal the development of sample microstructure d u rin g  \\ie  multi

rolling pass simulation, a series of step-wise tests at 1038°C and a strain rate of 1.0s'1 

were conducted. Each sample was tested with the same thermo-mechanical processing up 

to the point of multi-pass deformation. However, during hot-compression testing each 

sample was compressed to a different level of strain before quenching, as described in 

Section 3.4. Figure 49 shows the effects of total imposed strain on the as-quenched 

sample microstructures with increasing levels of strain. At low levels of strain (Figure 

49a), the sample microstructure appears slightly deformed. With increasing levels of 

strain, the amount of recrystallization in the as-quenched microstructures is increased. 

Figure 50 shows the microstructures for the same samples after a 45 minute anneal at 

1166°C. This figure reveals an increasing grain size uniformity with increasing strain.

The final grain size of the annealed halves of the compressed samples was an 

important concern. Grain size was measured according to ASTM E-l 12 standards to a 

95% confidence level. The 95% confidence limit was obtained by counting five fields per 

sample and determining the fractional uncertainty as outlined in ASTM standards. The 

results of the grain size measurements are given in Table 16. The data are organized 

according to deformation conditions. A consistent stable grain size of 75 pm was 

observed in most post-deformation annealed samples. Since there were no obvious trends 

seen in the grain size data with respect to deformation conditions, no plots of grain size 

versus processing parameters are presented.
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z = compression axis

x = rolling direction

Figure 49 - Light photomicrographs of as-quenched step-wise series of samples 
compressed at 1038°C (1900°F) at a step strain rate of 1.0s"1. (A) 
8 t o t a l =  0.17, (B) 6 t o U l =  0.33, (C) 8 t o t a l  = 0.50, (D) S t o t a l  = 0.67, (E) 8 t o t a l  =  

0.83, (F) etotai = 10.
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r-

z = compression axis

x = rolling direction

Figure 50 - Light photomicrographs of annealed step-wise series of samples
compressed at 1038°C (1900°F) at a step strain rate of 1.0s'1. (A) 
etoui= 0.17, (B) 8toui= 0.33, (C) 8toui = 0.50, (D) 8toui = 0.67, (E) 8toui = 
0.83, (F) Stoui = 10.
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Table 16 - Grain Size Measurements for Final-Rolling-Pass Study Annealed Samples

Interpass 
Hold Time 

(sec)

Strain Rate 
(s ')

Temperature
(*C)

Grain Size 
(pm)

871 56 ± 4
0 1 954 45 ± 4

1038 49 ± 2
1121 44 ± 2
1204 47 ±3
871 51 ± 3

0 10 954 86 ± 8
1038 70±  14
1121 43 ± 5
1204 51 ± 5
871 90±  14

10 1 954 51 ± 4
1038 81 ± 6
1121 64 ± 3
1204 69 ± 9
871 75 ± 4

10 10 954 45 ± 6
1038 45 ± 3
1121 69 + 4
1204 48 ± 6
871 97±  17

60 1 954 99+ 12
1038 49 ± 9
1121 68 ±18
1204 ——

871 62+ 17
60 10 954 87 ± 8

1038 43 ± 3
1121 61 ± 3
1204 —
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4.5.2 Scanning Electron Microscopy

In order to determine the type and distribution of carbides that were affecting the 

development of microstructure in Alloy 617, scanning electron microscopy was performed 

on several polished and etched samples that were representative of the final-rolling-pass 

study. Figure 51 shows photomicrographs of a sample that was given a four-hour soaking 

treatment at 1177°C (2150°F) and quenched, then brought to 1038°C (1900°F) at 4°C/s 

on the Gleeble and held for 10 seconds before being quenched. This provides a view of 

the microstructure just prior to deformation. Figure 51a shows a secondary electron 

image (SEI) of the sample microstructure at low magnification, and Figure 51b shows an 

SEI image of a banded region of the same sample at higher magnification. The carbide 

banding shown in this figure illustrates the effect of carbides on final grain size. This 

image shows how grain boundary positions are influenced by the carbide distribution.

Back-scattered electron imaging (BEI) was used to distinguish the two different 

types of carbides in Alloy 617. Figure 52 shows a BEI micrograph of a carbide-banded 

region in the previous sample shown. Two distinct “large” carbide types are seen in this 

figure. The carbides which appear darker have been identified in the literature (1,6,8) as 

chromium rich M23C6, and the carbides that appear brighter have been identified as 

molybdenum rich MsC (6). In order to confirm the precipitate classifications, energy 

dispersive spectroscopy (EDS) was performed on each type of carbide. Figure 53 

presents the EDS results for the darker precipitates, which shows the higher chromium



T-4768 101

Figure 51 - (a) SEI micrograph o f an undeformed final-rolling-pass study sample 
and (b) banded region of same sample at higher magnification 
showing effect o f carbide banding on grain-size-control. Phosphoric 
etch.
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Figure 52 - BEI micrograph of same sample shown in Figure 51 showing two types 
of carbides. Phosphoric etch.
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Figure 53 - EDS results for “darker” precipitates shown in Figure 52 identified as 
chromium-rich M23C6 carbides. Phosphoric etch.
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level, and Figure 54 presents the EDS results for the brighter precipitates, where 

molybdenum peaks are more pronounced.

In addition to the large carbides present in the microstructure, the grain boundaries 

are highly visible in both SEI and BEI micrographs. The reason that the grain boundaries 

show up clearly in the images is because of smaller Cr-rich M23C6 carbides that precipitate 

on grain boundaries. Figure 55 is an SEI micrograph of the same sample shown in Figure 

51 at high magnification which shows these smaller carbides. These smaller carbides 

precipitate during the deformation simulation at low and intermediate test temperatures on 

the Gleeble. The small carbides appear to remain at prior grain boundaries after 

recrystallization has taken place, as previously shown in Figure 46. Small carbides 

outlining prior grain boundaries allow the recrystallized grain size to be easily compared to 

the prior grain size. At higher temperatures, as in the annealing treatments, the small 

carbides go into solution. However, the larger carbides do not completely dissolve at any 

time during the processing conditions studied in this investigation.
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Figure 54 - EDS results for “brighter” precipitates shown in Figure 52 identified 
as molybdenum-rich M&C carbides.
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Figure 55 - SEI micrograph of small M23C6 carbides that precipitate out on grain 
boundaries during intermediate temperature exposure (~1050°C). 
Phosphoric etch.
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5.0 Discussion

This chapter presents a discussion of the effect of processing conditions on the 

microstructural development of Alloy 617. This chapter is divided into two sections. The 

first section presents the effect of hot rolling processing parameters on microstructural 

development during the ingot-breakdown study. The second section presents the effect of 

deformation conditions on microstructural evolution during the final-rolling-pass study.

5.1 Effect o f Processing Parameters on Ingot Breakdown

In this section, the effects of hot rolling process parameters on the microstructural 

evolution of Alloy 617 during ingot-breakdown are discussed. Each processing parameter 

condition is presented separately. The parameters that were analyzed for their effect on 

Alloy 617 structure development were temperature, strain, strain rate, and hold time 

following deformation. In addition to the processing parameters studied, the effect of 

carbide banding was also considered for its role in microstructural development. The main 

focus of the ingot-breakdown study was to determine processing parameters that result in 

a fully recrystallized microstructure while minimizing material losses due to surface
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cracking. The final part of this section will present a recommended processing map for the 

initial ingot-breakdown of Alloy 617.

Since the samples for the ingot-breakdown study were very coarse-grained, the 

flow response, especially the initial yielding instabilities, varied from sample to sample. 

That is, one sample may have been more favorably oriented for slip than another, causing 

less strain energy to accumulate for a constant imposed displacement of the compression 

platens. Because of variations in flow response among the samples, only the general 

trends from the results can be supported, rather than specific quantification.

5.1.1 Effect o f Carbide Banding

The carbides present in the as-cast structure seem to play a major role in 

microstructural development during the ingot-breakdown study. During the deformation 

of materials which contain large particles, such as Alloy 617, the particles can significantly 

affect recrystallization kinetics (16). Because the particles do not deform uniformly with 

the surrounding bulk material, the local strain adjacent to the particles increases to 

compensate for the inhomogeneous deformation. In essence, the effect of the particles is 

to increase the local dislocation density adjacent to the particles due to necessary 

geometrical constraints (16). This local increase in dislocation density in addition to the 

interfacial energy between the incoherent particles and the surrounding matrix gives rise to
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preferred nucléation sites during recrystallization (16). In addition to nucléation of 

recrystallized grains in regions adjacent to particles, large particle clusters have also been 

seen to hinder grain boundary motion, causing a smaller grain size within particle clusters 

and a larger grain size in particle-free regions as shown in Figure 30.

The carbides in Alloy 617 during ingot-breakdown appear to both provide 

nucléation sites during recrystallization (Figure 29b) and to inhibit grain boundary motion 

during grain growth (Figure 30). The presence of carbide bands influenced the results of 

the ingot-breakdown tests. Because the area of analysis for each sample was restricted to 

only the center of the sectioned face, the amount of recrystallization depended on whether 

or not that particular area was a banded region. When replicate tests were conducted, 

they revealed that a sample that had carbide bands in the area of analysis usually had a 

greater percent recrystallization than a sample that was carbide-free in this area. Most 

specimens had both banded and unbanded regions in the region that was examined. This 

allowed the effect of carbide banding to be evaluated for most samples. If the carbide 

distribution was more homogeneous, instead of in bands, the recrystallized grain 

distribution was more uniform as was final recrystallized microstructure. However, the 

effective result of carbide banding in the deformation of the as-cast structure was to cause 

regional ASTM grain size differences of 1.0 to 1.5.
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5.1.2 Effect o f Deformation Temperature

The temperature at which the samples were tested had a profound effect on alloy 

deformation. Compression at the lowest test temperature 1149°C (2100°F) resulted in 

edge cracking of the samples when strain was above 0.4, as shown in Figure 26. The test 

temperature also controlled the amount of dynamic recovery, and hence the amount of 

strain energy that accumulated during deformation. Tests with similar amounts of strain 

conducted at lower temperatures (Figure 23) where there was less recovery and/or 

recrystallization had more strain energy accumulated as compared to tests conducted at 

higher temperatures.

Samples that were compressed at higher temperatures were more likely to undergo 

dynamic recrystallization than samples tested at lower temperatures, as shown in Section 

4.2. Although dynamic recrystallization was seen to occur at all test temperatures for 

some deformation schedules (Figure 24), it was most pronounced at higher temperatures 

tests, as shown in the “as-quenched” zero-hold-time specimens in Tables 13 and 14. 

Specimens that partially recrystallized during deformation often did not have enough 

stored strain energy to recrystallize fully during annealing.

Because the goal of ingot-breakdown deformation is to transform the coarse as- 

cast structure to a fine wrought structure, and since the material will receive a post

deformation anneal, dynamic recrystallization should be avoided and dynamic recovery 

should be minimized during ingot-breakdown processing of Alloy 617, assuming sufficient
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rolling loads can be achieved. While hot rolling at a deformation temperature that is too 

low can cause surface cracking, hot rolling at a temperature that is too high can lead to 

incomplete recrystallization (8).

5.1.3 Effect o f Total Strain

The second test parameter that had a significant effect on recrystallization kinetics 

is the amount of total strain imposed on test specimens. Most of the samples that were 

deformed to the higher strain (0.75) reached full recrystallization after annealing (Figure 

27), whereas most of the samples that were deformed to the lower strain (0.25) did not 

reach full recrystallization even after long post-deformation hold times plus annealing as 

shown in Figure 28. The driving force for recrystallization, stored strain energy, must be 

present for recrystallization to occur. The minimum amount of imposed strain for 

recrystallization to occur is highly dependent on other deformation conditions such as 

temperature and strain rate. The recrystallization process requires more imposed strain for 

material that is deformed at higher temperatures and/or lower strain rates, and less 

imposed strain for material deformed at lower temperatures and/or higher strain rates.

Final grain size is not a critical factor in this step of the processing since further 

microstructural refinement will occur during subsequent rolling and heat treatment.
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5.1.4 Effect o f Strain Rate

The imposed strain rate strongly influences the mechanism of recrystallization in 

compressed specimens. At the high strain rate (1.2s'1), the required time for dynamic 

recrystallization to take place during ingot-breakdown deformation is not met. However, 

dynamic recrystallization was seen to take place in some specimens that were deformed at 

the low strain rate (0.4s'1) to high levels of strain. Figure 29 shows the microstructure of a 

sample after immediate quenching, where a number of small recrystallized grains are seen 

adjacent to carbides. Samples deformed at the lower strain rate were seen to undergo 

dynamic recrystallization as they reached strains of 0.5 to 0.7 depending on deformation 

temperature as shown in Figure 24. The samples that were deformed at the high strain 

rate recrystallized statically, because of insufficient time for dynamic recrystallization. In 

this study, strain rate was observed to have a lesser effect on recrystallization as compared 

to total strain and temperature.

5.1.5 Effect o f Hold Time After Deformation

Static recrystallization was studied by variation of the hold time at temperature 

following deformation. As expected, an increased hold time resulted in greater percent 

recrystallization among those samples that had enough stored strain energy to 

recrystallize, as shown in Tables 12 and 14.
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Samples that were held after deformation for 1 minute and quenched usually had a 

larger percent recrystallization than similarly deformed samples that were immediately 

quenched after deformation and annealed (Tables 11-14). In some cases (e .g . the 

specimens deformed at 1204°C and 1232°C to a strain of 0.25 at a strain rate of 1.2s*1 

(Table 12)) , more recrystallization took place in the one minute hold immediately 

following deformation than an entire hour of annealing after deformation without a hold. 

In these samples, it appears that the recrystallized nuclei were formed dynamically and 

continued to grow statically. This phenomenon is sometimes referred to as meta-dynamic 

recrystallization. In many cases, a hold time following deformation was necessary after 

deformation to achieve full recrystallization.

5.1.6 Recommended Processing Map

From the data collected in this study several recommendations can be made.

Figure 56 shows a recommended deformation map for ingot-breakdown hot rolling of 

Alloy 617 at a strain rate of 1.2s*1. There are three regions of interest on this processing 

map. The strains and temperatures shown in the “optimal processing” region can be used 

to ensure 100% recrystallization in the annealed alloy, while minimizing surface cracking. 

At low temperatures and high levels of strain on the processing map, a “problem” area is 

shaded. This shaded region represents the processing conditions that often caused surface
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cracking during deformation of the as-cast specimens. The cracking in the compression 

test samples was caused by secondary tensile stresses induced at the sample edges during 

deformation. The shape of this shaded region is due to the fact that secondary tensile 

stresses increased with an increase in compressive strain. As compressive strain increased, 

it is expected that cracking would occur at slightly higher temperatures (18). The surface 

cracking observed in the compression test samples indicates a possible susceptibility to 

cracking of Alloy 617 during industrial forming, because similar secondary tensile stresses 

are imposed at the workpiece edges during hot rolling. The second shaded region shown 

on the processing map indicates possible incomplete recrystallization. This shaded region 

represents the processing conditions that can result in insufficient amounts of stored strain 

energy following deformation. As temperature increases, the minimum amount of 

imposed strain to ensure complete recrystallization also increases, as shown on the 

processing map.

Strain rate was not considered as a variable in this map because it has a lesser 

effect, and is only important when considering recrystallization mechanism. Hold time 

was also not considered in this processing map because after ingot-breakdown, the 

material will be exposed to enough time at high temperatures during subsequent 

processing to reach full recrystallization if it has the required amount of stored strain 

energy.
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T-4768 116

5.2 Effect o f Processing Parameters on Final Rolling

In this section, the effects of hot rolling process parameters on the microstructural 

evolution of Alloy 617 during final-rolling-passes are discussed. Also, the presence of 

carbide bands are also considered for their effect on microstructural development.

The final-rolling-pass study consisted of the simulation of a variety of deformation 

parameters on the final processing of Alloy 617 plate. Specimens were machined from a 

two-inch-thick slab of Alloy 617, and tested in a factorial-type test matrix. The goal of the 

final-rolling-pass study was to determine the hot rolling process parameters that result in 

the final specified grain size range of 45 pm to 125 pm (ASTM #3 to #6). Deformation 

temperature, strain rate, and interpass hold times were varied independently to isolate the 

contribution of each process condition on microstructural evolution. Total imposed strain 

was held constant at 1.0 for every test in the matrix, because only final plate thickness 

defines the amount of strain imposed on an Alloy 617 slab.

While the microstructural evolution path varied for different deformation 

conditions, the final result was nearly constant. As shown in Section 4.4, the final mean 

grain size of post-annealed Alloy 617 final-rolling-pass study samples ranged from 43 to 

99 pm (-ASTM #6.2 to #3.7). From this result, for the range of test conditions 

performed, there is another factor which controls grain size that was not varied in the test 

matrix. Because variations in deformation temperature, strain rate, and interpass hold time
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only produced minor differences in final microstructure, these processing parameters are 

considered for their effect on microstructural evolution path, and not final microstructure.

5.2.1 Effect o f Carbide Banding

All test samples had the same chemistry and were given the same thermo

mechanical treatments prior to testing. Therefore, the factor which is responsible for the 

constant final grain size in the test samples must be related to prior upstream processing. 

Carbide bands provide nucléation sites for recrystallized grains, as seen in Figures 27a and 

45a. These carbide bands also appear to limit grain growth in both the ingot-breakdown 

study and the final-rolling-pass study, as shown in Figures 30 and 51. Hence, it is likely 

that the carbide bands play an important role in controlling alloy grain size during final 

rolling. It is important to determine which phenomenon, nucléation or growth inhibition, 

is controlling final grain size.

Before an alloy reaches the grain growth stage of annealing, a recrystallized grain 

size is reached. The factors N, the rate of recrystallized grain nucléation and G, the rate of 

new grain growth control the recrystallized grain size. As shown in Figure 41, the 

recrystallized grain size in Alloy 617 is much smaller than its final grain size after 

annealing. Therefore, the annealed grain size in the final-rolling-pass study samples is not 

controlled by a nucléation mechanism, but appears to be controlled by a grain boundary 

motion inhibition mechanism.
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The final grain size of all the specimens was in the range of 40 to 90 pm (Table 16) 

in spite of variations in processing conditions. A model can be proposed to predict final 

grain size which uses the carbide dispersion as the only variable. A classical analysis of 

particle limited grain growth has been provided by Zener (16). This simple model closely 

predicts the final grain size of annealed Alloy 617 in the final-rolling-pass study.

When a grain boundary migrates onto a spherical incoherent particle of radius r, 

the system reduces its energy by AE:

AE = j r P 'y  (2)

where y is the grain boundary energy. To further migrate the grain boundary away from 

the particle, a force F must be applied over a distance of about r, and this force can be 

written as:

F -  j n y  (3)

If the position of the particle and the boundary are assumed to be uncorrelated, then n, the 

number of particles on the unit area of boundary is given as:

n  =
3f

y  (4)2 m i

where fis  the volume fraction of particles. The product of n and F gives the Zener drag, 

Z, which is provided by the carbide precipitates against grain boundary motion under a 

driving pressure P.
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rj -  3 f yZ = nF = ----- f5)
2r K }

The driving pressure P arises from energy differences between grains. According to this

simple model, grain growth will cease when Z = P. If the pressure P is determined by the

radius of curvature of the grain, the following equation describes the driving force for

grain growth:

p-e
where Rc is the mean radius of curvature of the grains. According to the Zener analysis, 

grain growth will cease when the mean radius of curvature increases until Z = P. This 

gives the final result of:

n  4r
<7>

where D is the mean grain diameter. Equation (7) can be applied to the present study.

Particle volume fraction of carbides in the material were measured on a number of 

samples via point counting to range between 1 to 2% (see Figure 51). Particle radii were 

measured for a number of specimens from SEM micrographs to range between 0.75 to 

1.5pm (see Figure 55). The mean grain size predicted by this model using these particle 

sizes and volume fractions ranges between 50 to 200pm. Although these calculated 

values may be slightly higher than the grain size that was quantitatively measured, the
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model provides a reasonable correlation. Further development of this model would be 

interesting, but it is beyond the scope of the present investigation. The error in prediction 

may be due to other smaller particles present that were not observed in the light optical 

microscope. These smaller particles may be responsible for the further inhibition of grain 

boundary motion, causing a smaller grain size than predicted by the model.. Also, the 

uneven distribution of carbides in the material may cause some error in the model 

prediction.

It has been reported (24) that in steels, austenite grain boundary pinning has been 

accomplished only by particles smaller than 25 nm. However, at the small volume fraction 

of pinning-type particles (TiN, TiC, AIN) in these steels, the fine dispersion is necessary 

for grain refinement. In Alloy 617, the greater volume fraction of large particles are seen 

to significantly affect grain refinement.

5.2.2 Effect o f Temperature

For all the test conditions in the final-rolling-pass study, the material completely 

recrystallized either during the compression test or during annealing. In most cases, the 

recrystallized grains grew to a stable mean size of 50 to 100pm which is related to the 

presence of carbide precipitates. However, the highest test temperature often resulted in a 

“duplex” type structure (Figure 48b), because of the lesser stored strain energy. 

Deformation temperature controlled to a great extent the microstructural path that final-
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rolling-pass study samples took to get to the final grain size. Because the level of strain 

was constant for all samples, the deformation temperature affected the amount of dynamic 

recovery and dynamic recrystallization that could occur during compression. The test 

temperature also affected the amount of static recovery and recrystallization during 

interpass hold times. In addition to recovery and recrystallization, the test temperature 

affected the precipitation of small carbides.

Deforming test specimens at the lowest test temperature, 871°C (1600°F), resulted 

in relatively little recrystallization, static or dynamic, during the actual compression test, as 

shown in Figure 44a. This deformation temperature allowed a large amount of strain 

energy to accumulate, and the material rapidly recrystallized and coarsened to the final 

stable grain size when annealed at 1166°C (2130°F), as shown in Figure 44b. At this 

deformation temperature, small M23C6 carbides precipitated during the deformation test. 

The precipitation of carbides caused an increase in flow stress (see Figure 31), but did not 

significantly affect microstructural evolution during annealing, because the smaller 

carbides go back into solution at the annealing temperature.

At the next highest test temperature, 954°C (1750°F), a small amount (<3%) of 

static recrystallization occurred during interpass hold times, as shown in Figure 45a. This 

recrystallization caused a decrease in flow stress (Figure 32), but was balanced in the 

stress-strain behavior by the precipitation strengthening of M23C6 carbides. At this 

deformation temperature, a significant amount of stored strain energy accumulated during
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deformation. After annealing, a fully recrystallized, stable grain size is observed, as shown 

in Figure 45b.

Significant recrystallization occurred during compression testing at 1038°C 

(1900°F). The as-quenched samples deformed at this temperature revealed a nearly 100% 

recrystallized structure in all cases, as shown in Figure 46a. The stress-strain curves 

(Figure 33) show a significant amount of flow softening after strains of approximately

0.35. In the single-reduction test specimen, the flow softening is indicative of dynamic 

recrystallization. In the multi-reduction specimens, static recrystallization occurs. Also, 

strengthening MyCô carbides can precipitate at this temperature. In the as-quenched 

samples, deformed prior grain boundaries outlined by carbides are observed in addition to 

newly recrystallized grains, as shown in Figure 46a.

At the next highest deformation temperature, 1121°C (2050°F), only a small 

amount ofM^Ce carbides precipitate (see Figure 47a). Hence, there is a decrease in flow 

stress because of the decrease in precipitation strengthening, as shown in Figure 34. 

Deformation at this high temperature causes nearly complete recrystallization to take place 

before the tests have ended. In some cases, such as the 60-second interpass hold time 

tests at this temperature, the recrystallization process had finished and the early stages of 

grain growth were observed. Even at this high deformation temperature, there was 

enough stored strain energy in all of the samples tested to fully recrystallize and reach a 

stable grain size in the annealed condition (Figure 47b).
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Deformation at the highest test temperature 1204°C (2200°F) caused the least 

strain energy to accumulate during deformation. In all cases of specimens tested at this 

temperature, complete recrystallization was observed in the as-quenched samples (see 

Figure 48a). Because there was not as much stored strain energy in the specimens 

deformed at this high temperature, the annealed halves of samples had less uniform grain 

size distributions than the other annealed samples, as shown in Figure 48b. Because of the 

lack of stored strain energy in the deformed samples, most of the recrystallized grains 

nucleated on large carbides within bands. In samples deformed at lower temperatures, the 

recrystallized grains nucleated at both the large carbides within bands and between carbide 

bands. Since there were fewer nucléation sites for recrystallization away from the carbide 

bands at 1204°C (2200°F), some grains between carbide bands were able to “blow up” 

before being pinned by other grain boundaries. This phenomenon often caused a duplex- 

type microstructure in the annealed alloy. In spite of the duplex structure, the mean grain 

size was still similar to other samples (-75pm). To avoid a duplex microstructure, hot 

rolling should be conducted at temperatures lower than 1204°C (2200°F).

5.2.3 Effect o f Strain Rate

Strain rate was seen to have little effect on the final microstructure of the Alloy 

617 final-rolling-pass study samples. In the single reduction tests, dynamic
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recrystallization occurred for the highest three temperatures at the low strain rate (1.0s*1) 

and not at the high strain rate (10s*1), as shown by the flow softening behavior exhibited in 

Figure 36 as compared to Figure 37. Dynamic recrystallization could not occur at the 

high strain rate because of the longer diffusion time required. In either case, dynamic 

recrystallization during the test or static recrystallization following the test, the sample 

grain sizes were nearly identical after annealing. In the iterative reduction tests, the effect 

of strain rate was even less pronounced. Aside from a slight change in flow stress due to 

high-temperature strain rate sensitivity, an increase or decrease in strain rate made little 

difference in the final grain size of Alloy 617.

5.2.4 Effect o f Interpass Hold Time

The interpass hold time had two major effects on microstructural development of 

Alloy 617. The first was to allow sufficient time for recovery and recrystallization to 

occur between compression hits. The second was to allow time for the precipitation of 

M23C6 carbides. During all multi-hit compression tests, the onset of deformation following 

an interpass hold was always at a lower flow stress than at the end of the previous hit.

This is because of recovery and/or recrystallization occurring during hold times. Even 

though there was recovery and recrystallization taking place during interpass holds, all 

samples were able to recrystallize fully during annealing. The compression test likely to 

accumulate the least strain energy was the test conducted at 1204°C (2200°F) at a strain
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rate of 1.0s*1 and a 60 second interpass hold time. This sample, however, reached full 

recrystallization during the test, and reached a stable grain size during annealing.

At the lower test temperatures, longer interpass hold times were seen to increase 

the amount of precipitation of small MzsCe carbides at grain boundaries prior to 

recrystallization. The increased precipitation increased the work-hardening rate during 

some test conditions, as shown in Figures 31 and 32 . However, the variation of interpass 

hold time appeared to be insignificant to the development of microstructure.

5.3 Recommendations

In order to ensure the development of a fine, uniform microstructure with the 

specified grain size, it is important to understand the microstructural evolution of the alloy 

as a function of processing parameters.

The hot rolling of Alloy 617 plate begins with ingot-breakdown. The current 

processing specifications for mill processing lie within the “optimal processing” region 

shown in Figure 56. Current ingot-breakdown specifications for Alloy 617 involve hot 

rolling the cast ingot to a total strain of 0.4. In order to further ensure successful ingot- 

breakdown, the alloy producer may increase the amount of total strain imposed on the 

ingot from 0.4 to 0.7. However, no changes may be necessary if the current processing is 

consistently meeting material specifications.
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The results from the final-rolling-pass study indicate that nearly the entire range of 

conditions used in the test matrix are suitable for the finish rolling passes of Alloy 617 

with the exception of deforming at the highest test temperature. To minimize flow stress 

during forming, the deformation temperature should be above the precipitation 

temperature ofMyCe carbides. The stable grain size that was obtained for all test 

conditions fits within the grain size specification of ASTM #3 to #6. If there is a cause for 

variation in the final microstructure in mill processing, it was not simulated in this study. 

Final microstructure is controlled by the size and distribution of the MgC carbides. This 

size and distribution is controlled by upstream processing. Any variations that have been 

seen in the final grain size of Alloy 617 were most likely caused by processing prior to 

final-rolling-passes.
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6.0 Conclusions

This section presents the major conclusions developed for the research performed in 

this thesis. The conclusions describe separately the results from the two stages of this thesis: 1) 

ingot-breakdown study and 2) final-rolling-pass study. These two stages represent the hot 

deformation processing steps that were studied to optimize microstructural evolution in Alloy 

617.

The ingot-breakdown study produced the following conclusions:

1. Carbides present in the as-cast structure increase the local strain adjacent to the 

particles during deformation and provide nucléation sites for recrystallization. Carbides 

were also seen to inhibit grain boundary motion and cause regional ASTM grain size 

differences of 1.0 to 1.5.

2. Total strain strongly affected recrystallization during ingot-breakdown simulation. 

Following post-deformation annealing, most specimens deformed to the higher strain
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(0.75) achieve full recrystallization, whereas most specimens deformed to the lower 

strain (0.25) did not fully recrystallize (static or dynamic).

3. Deformation of as-cast specimens at the lowest test temperature (1149°C) often 

resulted in edge cracking. Deformation of as-cast Alloy 617 at 1232°C (2250°F) 

occasionally resulted in incompletely recrystallized specimens after annealing because 

of the lack of stored strain energy, a consequence of dynamic recovery and/or 

recrystallization during deformation.

4. Dynamic recrystallization occurred in specimens deformed at the lower strain rate 

(0.4s*1) as they reached strains of 0.5 to 0.7, depending on temperature. Higher 

deformation temperatures were more likely to promote dynamic recrystallization than 

lower deformation temperatures.

5. The deformation conditions that consistently resulted in a completely recrystallized 

microstructure without surface cracking occurred at temperatures between 1160°C and 

1210°C and with a minimum of 0.4 strain. A recommended processing map for ingot- 

breakdown hot rolling was developed, showing the temperatures and strains at which 

processing is optimal.
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The final-rolling-pass study produced the following conclusions:

6. The grain size of Alloy 617 specimens after final rolling and annealing was nearly 

independent of the processing parameters studied.

7. Carbide band spacing is most likely responsible for the nearly constant final grain size in 

deformed and annealed specimens. The carbide bands provide nucléation sites for 

recrystallization as well as inhibit the motion of grain boundaries.

8. Strain, deformation temperature, and strain rate controlled recrystallization kinetics in 

the final-rolling-pass study. Both static and dynamic recrystallization were observed in 

final-rolling-pass study specimens. Regardless of recrystallization mechanism, final 

microstructures were nearly identical after annealing.

9. Deformation at high temperatures (>1200°C) can cause an undesirable "duplex" 

microstructure. The significant increase in flow stress at temperatures lower than 

1050°C is interpreted as due to an increase in M^Cô carbide precipitation.

Deformation at temperatures below 1050°C is undesirable because of increased flow 

strength.
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APPENDIX A

FINITE ELEMENT MODELING OF COMPRESSION 

SAMPLE DEFORMATION
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By using finite element modeling (FEM), the deformation in hot-compression test 

samples was modeled. Because of friction between the test sample and the Gleeble 

platens, a “barreling” effect occurs in tested samples. The amount of barreling is 

determined by the coefficient of friction between the sample and the compression platens. 

The barreling effect causes an uneven distribution of strain in the sample. The greater the 

friction, the more severe the barreling becomes, and the uneven strain distribution 

increases.

This uneven distribution in strain may cause a non-homogenous microstructure 

throughout the sample, especially if strain directly affects microstructural evolution. Finite 

element modeling was used to show this strain distribution in the sample cross-section.

The FEM code that was used for this thesis was NIKE2D (25). Figure 57 shows the 

undeformed FEM grid for a Gleeble compression sample using NIKE2D. This FEM grid 

consists of 1500 elements and assumes a perfectly plastic material. After a sample is 

compressed, the strain induced in the sample is evident in the compressed FEM grid 

shown in Figure 58. The coefficient of friction assumed in Figure 58 is 0.15, a high value 

for Gleeble friction. From this FEM analysis, the effective plastic strain distribution can be 

determined. Figure 59 shows the effective plastic strain distribution for the simulation of a 

test sample compressed to a strain of 0.76 true strain with a coefficient of friction of 0.15.
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Axial position (inches)

Figure 57 - Undeformed FEM grid o f sample and platens for the simulation o f a 
compression test.
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Effective plastic strain distribution of FEM simulation o f a 
compressed Gleeble sample. The level of strain is indicated by the 
shading o f the region.
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As expected, the center of the sample has the highest level of strain. This is the 

primary region of the deformed samples that was analyzed metallographically. Because 

other regions of the sample cross-section have lesser amounts of strain, these regions can 

also be analyzed for microstructural characteristics.

The strain rates at the different regions of the sample are also different from the 

strain rate at the center of the sample. The strain rates of the different regions of the 

sample can be quantified using the FEM program to trace the strain as a function of time 

for an individual element in the region of interest. The slope of the plot of strain versus 

time for an individual element in the FEM grid gives the local strain rate. Figure 60 shows 

an example “element of interest” located off the center of the grid for which the local 

strain rate is of interest. Figure 61 shows the plot of strain versus time for which the slope 

is the local strain rate. It is interesting to note that the element of choice has a constant 

strain rate of 1.38s'1 in spite of the fact that the imposed bulk strain rate by the 

compression platens was 1.00s*1. This technique of using FEM can allow more 

information to be extracted from each test.
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Figure 60 - Mapping o f FEM grid elements. The element labeled 2019 is used 
demonstrate the quantification of strain rate.
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Figure 61 - Plot o f  plastic strain versus time for element 2019 in FEM analysis o f 
Gleeble compression sample. The slope o f this plot is the local strain 
rate o f that region. This FEM example imposed a constant bulk strain 
rate o f 1.00s'1.
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APPENDIX B

ALTERNATIVE METHODS FOR LUBRICATION FOR 

COMPRESSION TESTS IN GLEEBLE SYSTEMS:
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This appendix describes an attempt to improve the quality of compression tests 

conducted on the Gleeble 1500 at the Colorado School of Mines. Compression testing is 

an essential part of hot deformation projects, and improving the quality of results obtained 

using the Gleeble 1500 would be beneficial to these projects.

Because of friction between the sample and the platens during compression testing, 

non-homogeneous deformation or "barreling" often occurs. Barreling is undesirable in a 

compression test because of non-uniform deformation within the sample. This 

nonuniformity can cause difficulty in determining the flow stress for two reasons. First, 

barreling produces a non-uniaxial stress state within the sample. Second, the real area of 

contact between the sample and the platens is less than the area calculated via volume 

constancy and uniform deformation. It is therefore important when using compression 

tests for determining the flow stress of the material to lubricate the test sample ends as 

well as possible to reduce the effects of friction.

In the Gleeble 1500 thermo-mechanical closed loop servo-hydraulic testing system, 

compression samples are brought to test temperature by direct resistance heating. 

Therefore, the lubricant used in the Gleeble system must be an electrical conductor. The 

lubricant often chosen for the Gleeble test system is graphite foil, because of its 

conductivity and lubricating qualities. The graphite foil reduces friction, but the barreling 

effect is still sometimes present in tested specimens. Two methods of lubricating test
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sample ends for use in the Gleeble were investigated. These methods were explored in an 

attempt to minimize the barreling effect by reducing friction.

The first lubrication method involved using a low-melting point alloy foil. The 

object of using a low-melting point alloy is to have the compression sample at the test 

temperature, while the lubricant alloy is in a liquid + solid state, as shown in the phase 

diagrams of Figure 62 (26). The test temperature of the sample would cause the lubricant 

alloy to be in the "mushy" region of the phase diagram. Different test temperatures would 

call for different alloys or alloys from different systems. Several alloy systems were 

considered for testing at different temperatures. The initial testing was conducted using a 

70/30 brass foil. For testing between 800°C and 1000°C, a Ag-Cu alloy of 85% Cu was 

considered because it has liquid + solid region in this temperature range as shown in the 

phase diagram in Figure 62. For higher temperature testing, Ag-Ti alloys were 

considered.
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Figure 62 - Alloy phase diagrams for alloys used for low-melting point alloy
lubrication study. Shaded region indicates target phase region o f solid 
+ liquid, (a) is the Ag-Cu system used for mid-temperature tests, (b) is 
the Ag-Ti, used for higher temperature tests.
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In testing systems which use heating methods other than direct-resistance, glass 

lubricants can be used very effectively. Glass lubricants have not been used in resistance- 

heated test systems because they are electrical insulators. The second lubrication method 

that was examined was to mix a glass lubricant with a metal powder to improve its 

electrical conductivity. Deltaglaze 349m was mixed with Ni powder and "painted” on the 

ends of samples before testing. Different amounts of Ni powder and glass were blended to 

get a range of mixtures.

The compression specimens that were used in both methods were the modified 

Rastegaev (20) type samples, as shown schematically in Figure 63. This specimen was 

chosen because of its lubricant trapping ability. The conditions of all compression tests 

were constant with the exception of temperature. All samples were compressed to a true 

strain of 0.6, at a strain rate of 0.1s'1. All samples were tested under vacuum, and allowed 

to machine cool after testing. To determine if alloy-lubrication may be a practical method, 

an initial test was conducted using 70/30 brass as the lubricant on an 8620 steel sample. 

The results of the first experimental test with 70/30 brass lubricant seemed promising. A 

photograph of the compressed sample is shown in Figure 64. The absence of barreling in 

this specimen provided a driving force for further testing.
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Figure 63 - Schematic diagram o f modified Rastegaev type compression sample, 
designed for its lubricant trapping ability.
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Figure 64 - Compressed sample lubricated with 70/30 brass foil. The flat
cylindrical surface and sharp edges are indicative o f very low friction.
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For the low-melting point alloy lubricant study, two Ag-Cu alloys were evaluated. 

The first alloy was 60/40 Cu/Ag and the second was 85/15 Cu/Ag. Both alloys were 

made by mixing appropriate amounts of Cu and Ag, melting at 1100°C, casting in strips, 

and cold-rolling into 200 mm thick foil. After the foils were made, compression tests with 

each composition as a lubricant were conducted at 950°C and 1050°C for 8620 steel and 

Alloy 617.

For the metal powder-glass lubricant, three mixtures of glass/Ni powder were 

made. These mixtures were 96/4, 90/10, and 50/50 weight percent glass/nickel 

respectively. The Ni powder was mixed into the water suspension of Deltaglaze, applied 

to the sample ends, and allowed to dry. When the samples were ready, compression tests 

were conducted with each of the three lubricants at 1000°C on 8620 steel.

Unlike the initial metal-lubricant test using 70/30 brass, subsequent tests with the 

liquid metal lubricant caused cracking in all test samples, including the Alloy 617 samples. 

Figure 65 shows an Alloy 617 sample that cracked when it was compressed while in 

contact with the 60/40 Ag-Cu liquid alloy. Liquid metal embrittlement appears to be the 

cause of this cracking. After the cracking phenomenon was observed for all test 

conditions, no further testing was conducted using the liquid metal lubrication technique.
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Figure 65 - Alloy 617 compressed sample lubricated with 60/40 Cu-Ag that 
cracked due to liquid metal embrittlement.
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The results of the glass-Ni powder lubricant study were also disappointing. The 

problem with this method of lubrication was that it did not give any significant 

improvement over the graphite foil lubrication. However, all mixtures of glass and Ni 

powder did not have any trouble with conduction. Figure 66a and Figure 66b show 

compressed samples that were lubricated with the glass/Ni powder mixtures.

Although the two lubrication methods were unsuccessful, they both showed 

promise and could eventually be improved. If the liquid metal embrittlement problem 

could be solved by appropriate alloy selection or proper coating of the specimen, it is 

possible that the low-melting point foil would provide a viable method of reducing friction 

during Gleeble testing. Also, if a different glass lubricant was tried, or a more conductive 

metal powder was used, lubrication may be improved.
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Figure 66 - (a) Photograph showing an 8620 steel sample compressed using a 90/10 
glass/metal mixture as a lubricant, (b) Photograph showing an 8620 
steel sample compressed using a 96/4 glass/metal mixture as a lubricant.
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APPENDIX C 

ADIABATIC SHEAR BANDING:
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The phenomenon of adiabatic shear banding has been observed in Alloy 617 

compression specimens with high length to diameter ratios (2.0) tested at high strain rates 

(^lOs*1). This phenomenon may be important to consider for high strain rate forming of 

Alloy 617 fabricated components.

Adiabatic shear banding refers to the localization of deformation into a narrow 

band of intense straining that occurs during high rate plastic deformation such as ballistic 

penetration, machining, and high speed forming and shaping (27). There are two 

phenomena responsible for the formation of adiabatic shear bands: (1) approximately 90 

percent of the work of plastic deformation is converted to heat, and (2) increasing the 

local temperature of a material causes a decrease in its local flow strength (28). Adiabatic 

shear bands develop under straining conditions when the heat generated by local 

deformation cannot be dissipated in time to promote homogeneous deformation. Once a 

shear band has formed, subsequent deformations of the body are concentrated within the 

shear band, with the rest of the body not deforming at all.

In a hot compression test, the friction between the test sample ends and 

compression platens causes the specimen to deform non-uniformly. At very high strain 

rates, adiabatic shear bands can develop in regions of high local strain during initial 

compression. Under certain compression test conditions, shear banding has occurred in 

Alloy 617 specimens. Figure 67 shows a schematic drawing of the local stress that can
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arise in a compression test with the presence of friction. Figure 68 shows photographs of 

a test sample before and after shear banding has taken place during the compression test. 

Micrographs of sample sections that have deformed by adiabatic shear banding show a 

flow pattern with the material on either side of the localized deformation "flowing into" 

the shear band. Figure 69 shows photomicrographs of the localized shear banded region 

in a compression specimen of Alloy 617 that has been deformed at a bulk strain rate of 

10s"1. The high strain rate causes the initial deformation to cause adiabatic heating in local 

regions that did not have time to dissipate before further strain was imposed. The local 

heating gives rise to a local weakening in flow strength, and the shear band forms. Shear 

banding in Alloy 617 was only seen in compression specimens that had a length to 

diameter ratio of 2.0. It is believed that the increased length to diameter ratio increases 

the degree of local straining which causes a higher degree in local heating and then 

increases the likelihood of shear banding.
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applied force

Compression Platen

plane of maximum shear 
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Figure 67 - Schematic drawing o f the local strain that can arise in a compression 
test with the presence o f friction. This local concentration o f strain 
can lead to adiabatic shear banding in high strain rate tests.
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Figure 68 - Photographs of (a) uncompressed specimen of Alloy 617, (b)
compressed specimen that deformed by adiabatic shear banding (side 
view), and (c) top view of same specimen in (b).
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Figure 69 - Photomicrographs showing a shear banded region in an Alloy 617 
compression at (a) low magnification and (b) same area at higher 
magnification. Phosphoric etch.


