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ABSTRACT 

The high temperature mechanical properties and microstructural development of 

Alloy 709 were investigated from temperatures ranging from 550 to 650 °C. Constant load creep, 

stress dip, and stress relaxation tests were carried out to determine the minimum creep rate 

exponent and activation volume, as well as the activation energy of creep and stress relaxation. 

Constant load creep tests were interrupted close to the point of minimum creep rate. These 

interrupted specimens were used to investigate microstructural development during creep 

conditions using scanning and transmission electron microscopy. The properties measured 

during mechanical testing and microstructural development observed during microscopy 

investigation were studied in an effort to identify controlling deformation mechanism. Two 

physical models are applied to Alloy 709 in an effort to determine the feasibility of the identified 

controlling deformation mechanism during creep.  

The mechanical properties and microstructural development of two aged conditions were 

investigated in an effort to identify the role of precipitate size, spacing, and type on the creep 

processes taking place in Alloy 709. The minimum creep rate exponent and activation volume, as 

well as the activation energy of creep and stress relaxation were determined for the differing age 

conditions. Constant load creep tests of aged specimens were interrupted close to the moment of 

minimum creep rate. Microstructural development due to aging as well as due to creep 

conditions, from interrupted specimens, were investigated with scanning and transmission 

electron microscopy. The variation between the measured high temperature properties of 

Alloy 709 were related to the physical differences observed during microscopy.
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LIST OF FIGURES 

Figure 1.1 Minimum creep rates versus stress for 316L(N) at various temperatures. 
The minimum creep rate for 600 °C and 550 °C are shown to change  
(Modified from Rieth et al���������������«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«����������  

 
Figure 2.1 The crystal structure of z phase is shown (a) specifying atom type and  

location, and (b) in orientation relationship to the matrix phase (modified  
from Yadav et al. �����������«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�������«�«�«�« 8 

 
Figure 2.2  A schematic of a constant load creep curve. The three regions of creep are 

indicated along with important �S�D�U�D�P�H�W�H�U�V�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«��0 
 
Figure 2.3 Deformation mechanism map of 316 stainless steel. Regions of diffusional  

flow, power law creep, plasticity (dislocation glide), and the ideal shear  
strength are shown. Regions of typical service conditions are also shown 
(modified from Frost et al.���������������«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�« .11 
 

Figure 2.4 The threshold stress behavior of an oxide dispersion (ThO2) strengthened  
Ni-20Cr alloy. The classic threshold stress behavior occurs close to  
20-3 , below which creep strain rate is not measurable (modified from  
�.�D�V�V�Q�H�U���������������«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�« ...15 

 
Figure 2.5 Monkman-Grant plots for Alloy 617 (a) without and (b) with 77 MPa  

threshold stress is subtracted from the applied stress for tests conducted at 
750 °C (Modified from Benz et al.���������������«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�� 7 
 

Figure 2.6 Schematic of a dislocation climbing past a particle. The dislocation  
undergoes general climb up to point b. The angle between the dislocation  
and particle surface reaches a critical value where local climb becomes  
possible at point b. The critical climb height varies inversely with applied  
stress, which changes the creep rate exponent in precipitation hardened  
�P�D�W�H�U�L�D�O�V�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«��19 
 

Figure 2.7 Schematic of two different types of creep rate transitions observed in  
solid solution strengthened alloys. (a) Alloys with a higher solute  
concentration have a higher breakaway stress and transition into  
power-law breakdown without showing any climb controlled creep  
(b) Alloys with a lower solute concentration have a lower breakaway stress  
and show two regions of climb controlled creep with a minimum creep rate 
exponent of 5 straddling a region of glide controlled creep with a minimum  
creep rate exponent of 3. (modified from Yavari et al., �����������«�«�«�«�«�«�«������ 4 
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Figure 2.8 Example of (a) inverted primary creep of an Al-6.9 Mg alloy at 360 °C  
and 250 MPa, and (b) sigmoidal creep of an Fe-2.1mol Mo alloy at 830 °C  
and 5 MPa. These two abnormal behaviors in primary creep are present in  
alloys undergoing glide controlled cree�S�����P�R�G�L�I�L�H�G���I�U�R�P���2�L�N�D�Z�D�������������«�«�«..25 

 
Figure 2.9 Minimum creep rates versus stress for 316L(N) at various temperatures  

���P�R�G�L�I�L�H�G���I�U�R�P���5�L�H�W�K���������������«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«������7 
 
Figure 2.10 Schematic showing the geometry of a dislocation climbing past a particle.  

 (a) An isometric view with important variables labeled, and (b) a front face  
view showing the dislocation radius as it climbs over a particle (modified  
�I�U�R�P���$�U�]�W���������������«�«�«�«�«�«�«�«�«�«�«�������«�«�«�«�«�«�«�«�«�«�«�«�«��29 
 

Figure 2.11 Schematic of the rate limiting process assumed in the glide controlled  
model. Solute atoms are present at A, B, and C. The dislocation is under  
the influence of a shear stress insufficient to break the dislocation away from  
�W�K�H���V�R�O�X�W�H���D�W�P�R�V�S�K�H�U�H�����P�R�G�L�I�L�H�G���I�U�R�P���)�U�L�H�G�H�O���������������«�«�«�«�«�«�«�«�«�«������34 
 

Figure 3.1 �0�D�F�K�L�Q�H���G�U�D�Z�L�Q�J���I�R�U���W�H�Q�V�L�O�H���V�S�H�F�L�P�H�Q�V�����0�H�D�V�X�U�H�P�H�Q�W�V���D�W���L�Q���P�P�«�«�«�«�«�«��6 
 
Figure 3.2 Example of diffraction results for Alloy 709 showing diffracted intensity as  

a function of 2���«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�������«�«�������� 5 
 
Figure 3.3 Full width half max data from LaB6 standard. The data were used to  

remove instrument error for the modified Williamson-�+�D�O�O���D�Q�D�O�\�V�L�V�«�«�«�«�«��6 
 
Figure 4.1 Minimum creep rates of NF709 and Alloy 709 at 650 °C (modified from 

Shiibashi, 2009)�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«������  
 
Figure 4.2 Minimum creep rate exponent of NF709 as a function of temperature. The 

minimum creep rate exponent shows a downward trend as temperature  
lowers from 900 °C to 600 °C (modified from Shiibashi, 2009)�«�«�«�«�«�«����������  

 
Figure 4.3 The minimum creep rate versus applied stress for Alloy 709 during constant  

load creep tests conducted at 650 °C and 550 °C�«�«�«�«�«�«�«�«�«�«�«�����«����  
 
Figure 4.4 The constant load creep curves produced by Alloy 709 when tested at 650 °C  

with an applied stress of (a) 300 MPa, (b) 175 MPa, and (c) 110 MPa. (a)  
shows a distinct primary creep region and no steady state creep region. (b)   
shows a short to non-existent primary creep region and inverted primary creep 
before establishing a steady state creep rate at 400 hrs. (c) shows sigmoidal  
creep for the first 1000 hrs�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«���«�� 8 

 
Figure 4.5 Constant load creep curves and creep rates for Alloy 709 tested at 550 °C  

and a stress of (a) 250 MPa, and (b) 300MPa�«�«�«�«�«�«�«�«�«�«�«�«�«���������� 9 
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Figure 4.6 Minimum creep rates for Alloy 709 tested at 650 °C. Trend lines are added  
to highlight the change in minimum creep rate exponent. The minimum creep  
rate exponent is 6.4 at stresses above 180 MPa and is 3.95 at stresses below  
180 MPa�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«������  

 
Figure 4.7 Minimum creep rate data of NF709 with vertical lines showing the  

temperatures used to determine activation energy at 50 MPa, 150 MPa,  
and 250 MPa (modified from Shiibashi, 2009)�«�«�«�«�«�«�«�«�«�«�«�«�«������  

 
Figure 4.8 Arrhenius plot for NF709 for minimum strain rate as a function of  

temperature for three applied stress levels (modified from Shiibashi, 2009)�«������������ 
 
Figure 4.9 Arrhenius plot of Alloy 709 for 300 MPa and 180 MPa. Activation energy  

for creep drops between the two stresses�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«����������  
 
Figure 4.10 Creep strain for Alloy 709 during a stress dip test conducted at 650 °C with  

an initial stress of 300 MPa. 12 stress dips are carried out during the test and  
are labeled�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«��������  
 

Figure 4.11 The strain versus time figures for Alloy 709 showing the two types of  
behavior seen during a stress drop test at 650 °C. The applied stress following  
a drop is (a) 155 MPa and (b) 90 MPa�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«����������  

 
Figure 4.12 Incubation time versus remaining stress for Alloy 709 during a stress dip test  

at 650 °C. The model predicts a threshold stress of 33 MPa�«�«�«�«�«�«�«�«������  
 
Figure 4.13 Minimum creep rate versus applied stress minus threshold stress for  

Alloy 709 at 650 °C. The data shows a transition in minimum creep rate  
from 5.0 at high stress to 2.7 at low stress. These values are close to the  
minimum creep rate exponents expected for Class M or Class A behavior�«�����«��7 

 
Figure 4.14 Minimum creep rates of constant load creep tests and constant creep rates 

measured during a stress dip test of Alloy 709 at 650 °C. Data between  
each test correlated well between each other�«�«�«�«�«�«�«�«�«�«�«�«�«���«����  

 
Figure 4.15 The relaxed stress versus time for solution annealed Alloy 709 at an initial  

stress of (a) 300 MPa and (b) 180 MPa�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«������  
 
Figure 4.16 Strain rate versus applied stress for Alloy 709 during stress relaxation tests  

with an initial stress of 300 MPa on a log-log plot. The slopes are the inverse  
of the strain rate sensitivity of the alloy�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«������  

 
Figure 4.17 The strain rate versus applied stress for Alloy 709 tested at 650 °C on a  

log-log plot. Tests with an initial stress of 180 MPa and 300 MPa are shown.  
A transition between the strain rate dependence on stress between the two  
starting stresses can be seen�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«����������  
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Figure 4.18 The strain rate versus applied stress for Alloy 709 tested at 600 °C on a  
log-log plot. Tests with an initial stress of 180 MPa and 300 MPa are shown. 
Strain rates measured during the lower stress tests fall below that expected  
from extrapolation from the bottom half of the high stress test and above the 
values expected from the extrapolation from the top half of the high stress test...72 

 
Figure 4.19 Relaxed strain versus time for Alloy 709 at two different temperatures with  

an initial stress of (a) 300 MPa, and (b) 180 MPa. Times to each strain for  
each temperature were used to determine the activation energy for  
deformation at the testing conditions�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«������  

 
Figure 4.20 Arrhenius plot for Alloy 709 for all strains shown in Figure 4.19. Open  

symbols correspond to stress relaxation tests with an initial stress of  
300 MPa; closed symbols correspond to stress relaxation tests with an  
initial stress of 180 MPa. The difference in slope results from a different 
activation energy�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«������������  

 
Figure 4.21 SEM image using channeling contrast to show subgrain formation in 316  

during creep conditions (modified from Davidson, 1984)�«�«�«�«�«�«�«�«�«������  
 
Figure 4.22 SEM image showing lack of substructure formation for constant load creep  

tests conducted at 650 °C and a stress of (a), (b) 110 MPa and (c),  
(d) 145 MPa�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�������«�� 8 

 
Figure 4.23 SEM backscattered electron image showing possible substructure formation  

for interrupted constant load creep specimens tested at 650 °C and applied 
stresses (a) 220 MPa and (b) 300 MPa�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«��������  

 
Figure 4.24 A higher magnification image of the SEM backscattered image in  

Figure 4.23(a). There is varying contrast within the grain, indicating  
possible substructure formation�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«���«�� 0 

 
Figure 4.25 TEM bright field image showing the microstructure of the gage section of a  

creep specimen interrupted at minimum creep with an applied stress of  
110 MPa at 650 °C. Three precipitate morphologies are present: rod like 
precipitates, globular precipitates, and smaller precipitates on dislocations�«�«���� 2 

 
Figure 4.26 TEM image showing the (a) bright field, (b) dark field, and (c) selected  

area diffraction pattern for rod like precipitates that form in Alloy 709  
during creep at 650 °C and 110 MPa�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«���� 3 

 
Figure 4.27 TEM bright field image showing the microstructure of a creep specimen 

interrupted at minimum creep while subjected to creep conditions of 650 °C  
and 220 MPa. Needle like precipitates can be seen. Dislocations can also be  
seen to have formed tangles�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�������� 4 
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Figure 4.28 TEM image showing the (a) bright field, (b) dark field, and (c) selected  
area diffraction pattern for rod like precipitates that form in Alloy 709  
during creep at 650 °C and 110 MPa�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«���� 5 

 
Figure 4.29 TEM image showing the (a) bright field, (b) dark field, (c) selected area 

diffraction pattern used to construct the dark field image for smaller  
particles that form on dislocations in Alloy 709 during creep at 650 °C and  
145 MPa, and (d) a clearer SADP of the particles on dislocations�«�«�«�«�«����������6 

 
Figure 4.30 TEM image showing the (a) bright field, (b) dark field, and (c) selected area 

diffraction pattern used to construct the dark field image for smaller  
particles that form on dislocations in Alloy 709 during creep at 650 °C and  
220 MPa�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«���� 7 

 
Figure 4.31 TEM bright field images focusing on MX precipitation on dislocations  

during creep at 650 °C and (a) 110 MPa, (b) 145 MPa, (c) 220 MPa, and  
(d) 300 MPa. Precipitates are smaller in size with increasing applied stress�«��...88 

 
Figure 4.32 TEM bright field image showing dislocation behavior in thin foil taken  

from the gage section of a tensile specimen interrupted near the moment of 
minimum creep rate during creep at 650 °C and an applied stress of  
145 MPa. No substructure can be observed�«�«�«�«�«�«�«�«�«�«�«�«�«�«������ 89 

 
Figure 4.33 TEM bright field image of a thin foil taken from the gage section of an  

Alloy 709 creep specimen interrupted at the point of minimum creep  
showing (a) bands of alternating contrast, and (b) a higher magnification of 
the bands of alternating contrast. Specimen subjected to 220 MPa at 650 °C�«����90 

 
Figure 4.34 TEM bright field image of a thin foil taken from the gage section of an  

Alloy 709 creep specimen interrupted at the point of minimum creep.  
Specimen crept at 220 MPa and 650 °C. A band of light contrast is bordered  
by darker contrast above and below suggesting a differing diffraction  
condition as a result of dislocations organizing into a low angle boundary�«�« ..91 

 
Figure 4.35 A log- log plot showing the measured dislocation density determined by  

mWH and XRD scans of gage sections from interrupted creep specimens of  
Alloy 709. The error bars shown are the 95 pct confidence interval from the  
data. The slope of the line is 1.93, meaning dislocation density depends on  
the applied stress raised to the power of 1.93�«�«�«�«�«�«�«�«�«�«�«�«�« ....91 
 

Figure 4.36 Deformation mechanism map for 316 with stress and temperature  
conditions of constant load creep tests conducted on Alloy 709 displayed  
as a black box on the figure (modified from Frost, 1982)�«�«�«�«�«�«�«�«�������� 08 
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Figure 5.1 A log-log plot showing the glide controlled model predictions of  
minimum creep rate for Alloy 709 at 650 °C (solid lines) along with  
minimum creep rate data for solution annealed Alloy 709 collected at  
650 °C (solid squares). Each line represents the minimum creep rate for  
a substitutional solute as predicted by its interdiffusion coefficient  
calculated with the austenite crystal lattice�«�«�«�«�«�«�«�«�«�«�«�«�«�«���� 114 
 

Figure 5.2 A log-log plot showing the glide controlled model predictions of minimum  
creep rate for Alloy 709 at 550 °C (solid lines) along with minimum creep  
rate data for solution annealed Alloy 709 collected at 550 °C (solid squares).  
Each line represents the minimum creep rate for a substitutional solute  
as predicted by its interdiffusion coefficient calculated with the austenite  
crystal lattice�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�« 115 
 

Figure 5.3 A log-log plot showing the climb controlled model predictions of minimum  
creep rate for Alloy 709 at 650 °C (solid line) along with minimum creep  
rate data for solution annealed Alloy 709 collected at 650 °C (solid squares)�« 117 
 

Figure 5.4 A log-log plot showing the climb controlled model predictions of  
minimum creep rate for Alloy 709 at 550 °C (solid lines) along with  
minimum creep rate data for solution annealed Alloy 709 collected at  
550 °C (solid squares)�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«���� 118 
 

Figure 6.1 The equilibrium volume fraction of phases present in Alloy 709 from  
200 °C to 1600 °C. Phases with a volume fraction greater than 0.04 are  
shown. Austenite and sigma phase form large portions of the equilibrium  
volume fraction at 550 �ƒ�&�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�« 123 
 

Figure 6.2 The equilibrium volume fraction of phases present in Alloy 709 from  
200 °C to 1600 °C. Phases under 0.04 volume fraction are shown.  
Important phases for this analysis are z phase, MX, and M23C6�«�«�«�«�«�����« 124 

 
Figure 6.3 Time temperature precipitation diagram for Alloy 709 between 500 °C  

and 1200 °C. Contours specify 1 pct, 10 pct, and 90 pct of the equilibrium  
volume fraction of the indicated phase. Black dots specify aging conditions  
used in this study and examined by scanning electron microscopy. Black  
�W�U�L�D�Q�J�O�H�V���V�S�H�F�L�I�\���D�J�L�Q�J���F�R�Q�G�L�W�L�R�Q�V���X�V�H�G���W�R���F�U�H�D�W�H���D�J�H�G���F�U�H�H�S���V�S�H�F�L�P�H�Q�V�«�«�«��128 
 

Figure 6.4 Scanning electron micrographs of Alloy 709 aged at (a) 650 °C for  
 2 hrs, (b) 650 °C for 248 hrs, (c) 650 °C for 1,736 hrs, (d) 750 °C  
 for 1 hrs, (e) 750 °C for 10 hrs, and (f) 750 °C for 100 

�K�U�V�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�« .129 
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Figure 6.5 (a) TEM bright field and (b) SADP of particles precipitating on  
dislocations during aging of Alloy 709 at 650 °C for 2,500 hrs.  
Figure 5.11 (a) TEM bright field image of Alloy 709 aged at 750 °C  
for 150 hrs, and (b) the SADP of particles forming on dislocations�«�«�«�«�« 131 
 

Figure 6.6 (a) TEM bright field image of Alloy 709 aged at 650 °C for 2,500 hrs, and  
 (b) SADP of needles�«�«�«�«�«�«�«�«�« .. 

 �«�«�«�«�«�«�«�«�«�«�«�«�«���� 132 
 
Figure 6.7 (a) TEM bright field image of Alloy 709 aged at 750 °C for 150 hrs, and  

(b) the SADP of particles forming o�Q���G�L�V�O�R�F�D�W�L�R�Q�V�«�«�«�«�«�«�«�«�«�«�«����132 
 

 
Figure 7.1 The minimum creep rates of Alloy 709 plotted on a log-log plot.  

Solution annealed, aged1, and aged2 Alloy 709 minimum creep rates are  
shown. Aging increases the observed minimum creep rates of Alloy 709  
and suppresses a transition in minimum creep rate �H�[�S�R�Q�H�Q�W�«�«�«�«�«�«�«����135 

 
Figure 7.2 Constant load creep curves and strain rates of aged1 Alloy 709. Specimens  

tested at 650 °C and an applied stress of (a) 110 MPa, (b) 175 MPa, and  
(c) 300 MPa. All creep curves exhibit a region of primary �F�U�H�H�S�«�«�«�«�«�«��37 

 
Figure 7.3 Constant load creep curves and strain rates of aged2 Alloy 709. Specimens  

tested at 650 °C and an applied stress of (a) 145 MPa, (b) 175 MPa,  
and (c) 300 MPa. All creep curves exhibit a region of primary creep.  
No regio�Q�V���R�I���L�Q�Y�H�U�W�H�G���S�U�L�P�D�U�\���F�U�H�H�S���D�U�H���R�E�V�H�U�Y�H�G�«�«�«�«�«�«�«�«�«�«�«��138 

 
Figure 7.4 Minimum creep rates for Alloy 709 measured at 650 °C in the solution  

annealed condition along with the creep rates measured during 650 °C stress  
dip tests of aged1 Alloy 709. Solution annealed and aged1 stress dip data  
�V�K�R�Z���D���F�K�D�Q�J�H���L�Q���V�O�R�S�H���D�W�����������0�3�D�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«��139 

 
Figure 7.5 Incubation time of a stress dip test at 650 °C versus stress comparing  

solution annealed Alloy 709 against aged1 Alloy 709. The incubation  
times overlap until about 150 MPa remaining stress where the aged  
Alloy 709 starts to exhibit longer incubation times than the solution  
�D�Q�Q�H�D�O�H�G���F�R�Q�G�L�W�L�R�Q�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«������141 

 
Figure 7.6 Relaxed stress versus time for Alloy 709 measured during a stress  

relaxation test with an initial stress of 300 MPa and a test temperature of  
650 °C, 600 °C, or 550 °C. The age condition of the test specimens are  
(a) 2,500 hrs at 650 °C, or (b) 150 hrs at 750 °C. The two age conditions  
(b) �V�K�R�Z���V�L�P�L�O�D�U���U�H�O�D�[�D�W�L�R�Q���E�H�K�D�Y�L�R�U�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«������142 
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Figure 7.7 Strain rate versus applied stress for Alloy 709 during stress relaxation tests  

with an initial stress of 300 MPa on a log-log plot. Two aging conditions  
shown, (a) Alloy 709 aged for 2,500 hrs at 650 °C, and (b) Alloy 709 aged  
�I�R�U�����������K�U�V���D�W�����������ƒ�&�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«143 

 
Figure 7.8 Semi-log plot of strain rate versus stress for Alloy 709 aged at (a) aged1  

or (b) aged2 with an initial stress of 300 MPa. The three test temperatures  
are 650 °C, 600 °C, and 550 °C. The slope of the data is directly  
proportional to the activation volum�H�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�« ..145 

 
Figure 7.9 Relaxed strain versus time for Alloy 709 with an initial stress of 300 MPa,  

(a) in the aged1 or (b) aged2 condition. Times to three strains are  
determined �D�Q�G���V�H�O�H�F�W�H�G���E�D�V�H�G���R�I�I���W�K�H���G�D�W�D���D�Y�D�L�O�D�E�O�H�«�«�«�«�«�«�«�«�«�«..147 

Figure 7.10  Arrhenius plot for all strains shown in Figure 7.9 for Alloy 709 (a) aged  
for 2,500 hrs at 650 °C or (b) aged for 150 hrs at 750 °C. The difference in  
slope results from a different activation energy. The activation energy for  
(a) Alloy 709 aged for 2,500 hrs at 650 °C is 275 �“ 20 kJ/mol and for  
(b) Alloy 709 aged for 150 hrs at 750 °C is 253 ���“ 18 �N�-���P�R�O�«�«�«�«�«�«�«��148 

 
Figure 7.11 Relaxed stress versus time for Alloy 709 measured during a stress relaxation  

test with an initial stress of 180 MPa and a test temperature of 650 °C or  
600 °C. The age condition of the test specimens are (a) aged 2,500 hrs at  
650 °C, or (b) age�G�����������K�U�V���D�W�����������ƒ�&�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«����149 

 
Figure 7.12 Time versus relaxed stress for (a) aged1 and (b) aged2 Alloy 709 measured  

during a stress relaxation test with an initial stress of 180 MPa and a  
test temperature of 650 °C or 600 °C in a semi-log plot. The log scale shows  
the 600 °C relaxation behavior occurs slower than the 650 °C relaxation at  
�W�K�H���E�H�J�L�Q�Q�L�Q�J���R�I���W�K�H���W�H�V�W���E�X�W���V�O�R�Z�O�\���F�R�Q�Y�H�U�J�H�V���D�W���O�R�Q�J�H�U���W�L�P�H�V�«�«�«�«�«�«������150 

 
Figure 7.13 Strain rate versus applied stress for Alloy 709 during stress relaxation tests  

with an initial stress of 180 MPa on a log-log plot with (a) aged1 and  
(b) aged2 Alloy �������«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�� 151 

 
Figure 7.14 Semi-log plot of strain rate versus stress for Alloy 709 aged at (a) 650 °C  

for 2,500 hrs or (b) 750 °C for 150 hrs relaxing from 180 MPa. The  
test temperatures are 650 °C, and 600 °C. The slope of the data is directly 
proportional to activation volume�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�« 153 

 
Figure 7.15 Backscatter electron images showing the channeling contrast at (a) a triple  

point where substructure formation can be seen, and (b) a higher  
magnification image of a different region showing more detail of the  
substructure formation of the gage section of an aged1 interrupted creep  
specimen tested with an applied stress of 300 MP�D���D�W�����������ƒ�&�«�«�«�«�«�«�«156 
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Figure 7.16 Backscatter electron image showing channeling contrast of an aged  
interrupted creep specimen crept at 650 °C with an initial stress of  
250 MPa. Substructure formation at grain boundaries and within some  
grains is appar�H�Q�W�����0�L�F�U�R�J�U�D�S�K���R�E�W�D�L�Q�H�G���I�U�R�P���W�K�H���D�J�H�G�����F�R�Q�G�L�W�L�R�Q���������������������«������������157 

 
Figure 7.17 Scanning electron microscopy image showing channeling contrast showing  

the gage section of an aged2 interrupted creep specimen crept at 650 °C  
with an initial stress of 175 MPa at (a) 1000 times magnification, and  
(b) 2,500 times magnification focused on area indicated with arrow.  
�&�K�D�Q�J�L�Q�J���F�R�Q�W�U�D�V�W���V�K�R�Z���V�W�U�D�L�Q���L�V���S�U�H�V�H�Q�W���L�Q���W�K�H���V�S�H�F�L�P�H�Q�«�«�«�«�«�«�«�«������158 

 
Figure 7.18 TEM bright field image with a [100] g vectors showing the dislocation  

structure of an interrupted creep specimen aged at 750 °C for 150 hrs crept  
at an initial stress of 300 MPa at a test temperature of 650 °C. The  
�P�L�F�U�R�J�U�D�S�K���V�K�R�Z�V���H�Y�L�G�H�Q�F�H���R�I���G�L�V�O�R�F�D�W�L�R�Q���F�H�O�O�V���I�R�U�P�D�W�L�R�Q���G�X�U�L�Q�J���F�U�H�H�S�«�«�«159 

 
Figure 7.19 TEM bright field image with a [100] g vector of an interrupted creep  

specimen crept with an initial stress of 300 MPa and a test temperature of  
650 °C in the aged2 condition. Differing contrast caused by bending  
�F�R�Q�W�U�D�V�W���D�Q�G���Q�R�W���V�X�E�V�W�U�X�F�W�X�U�H���I�R�U�P�D�W�L�R�Q�«�«�«�«�«�«�«�«�«�«�«�«�«�«�������«160 

 
Figure 7.20 Selected area diffraction pattern showing two precipitates types in  

interrupted creep specimens of aged2 Alloy 709 aged for 150 hrs at 750 °C.  
Two SADPs are showing, (a) M23C6 from in interrupted creep specimen  
crept at 300 MPa and 650 °C and (b) MX diffraction patterns from an  
�L�Q�W�H�U�U�X�S�W�H�G���F�U�H�H�S���V�S�H�F�L�P�H�Q���F�U�H�S�W���D�W�����������0�3�D���D�Q�G�����������ƒ�&�«�«�«�«�«�«�«��������������161 

 
Figure 7.21 TEM micrographs showing precipitate sizes in specimens crept at 300 MPa  

and 650 °C in the (a) solution annealed, (b), aged1, and (c) aged2 conditions.  
The aged2 condition shows significantly larger precipitates spaced further  
apart than the other two age conditions�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«������ 162 

 
Figure 7.22 TEM micrograph comparing interrupted creep specimens crept at 300 MPa  

a�Q�G�����������ƒ�&���L�Q���W�K�H�����D�����V�R�O�X�W�L�R�Q���D�Q�Q�H�D�O�H�G�����D�Q�G�����E�����D�J�H�G�����F�R�Q�G�L�W�L�R�Q�«�«�«�«�«������163 
 
Figure 7.23 Dislocation density of the three aged conditions of Alloy 709 measured  

from the gage section of interrupted creep specimens tested at 650 °C and  
various stress levels. Aging does not have a consistent effect on measured 
�G�L�V�O�R�F�D�W�L�R�Q���G�H�Q�V�L�W�\�����7�K�H���V�O�R�S�H���R�I���D�O�O���W�K�H���G�D�W�D���L�V���������«�«�«�«�«�«�«�«�«�«�«��164 

 

 

 



xvii 

LIST OF TABLES  
 
Table 2.1 �&�R�P�S�R�V�L�W�L�R�Q���R�I���1�)���������L�Q���Z�W���S�F�W�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«���� 
 
Table 2.2 Composition of Type 316 stainless steel [1]�«�«�«�«�«�«�«�«�«�«�«�«�«�« ..26 
 
Table 3.1 Composition of Specific Heats Investigated...�«�«�«�«�«�«�«�«�«�«�«�«�«����������  
 
Table 3.2 �7�H�V�W���7�\�S�H�����$�J�H���&�R�Q�G�L�W�L�R�Q�����7�H�V�W���7�H�P�S�H�U�D�W�X�U�H�����D�Q�G���+�H�D�W���R�I���0�D�W�H�U�L�D�O�«�«�«�«�«���� 
 
Table 4.1 Activation Volumes and Transition Stressed Measured in Alloy 709 during  

�6�W�U�H�V�V���5�H�O�D�[�D�W�L�R�Q�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«��4 
 
Table 4.2 Atomic Radii of Substitutional Elements in Alloy 709 [2]�«�«�«�« ..�«�«�«�«������  
 
Table 4.3 Break away stress in MPa calculated for Substitutional Alloying  

Elements in Alloy �������«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�« .105 

Table 4.4 Comparison of Time, Total Strain, and Creep Strain at Minimum Creep  
Rate�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«����������  

 
Table 7.1 �(�V�W�L�P�D�W�H�G���7�U�D�Q�V�L�W�L�R�Q���6�W�U�H�V�V�H�V���2�E�V�H�U�Y�H�G���'�X�U�L�Q�J���6�W�U�H�V�V���5�H�O�D�[�D�W�L�R�Q�«�«�«�«�«��144 
 
Table 7.2 Activation Volumes Measured During Stress Relaxation with an Initial  

�6�W�U�H�V�V���R�I�����������0�3�D���0�H�D�V�X�U�H�G���%�H�W�Z�H�H�Q�����������0�3�D���D�Q�G���W�K�H���7�U�D�Q�V�L�W�L�R�Q���6�W�U�H�V�V�«�«146 
 
Table 7.3 Activation Volumes Measured During Stress Relaxation with an Initial  

Stress of 300 MPa Measured Between the Transition Stress and lower  
�6�W�U�H�V�V�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«�« 146 

 
Table 7.4 Slopes of Alloy 709 Relaxation Behavior Shown in Figure 7.13�«�« ...�«�«�« .151 
 
Table 7.5 Activation Volumes Measured During Stress Relaxation for Alloy 709  

Tested with an Initial �6�W�U�H�V�V���R�I�����������0�3�D�«�«�«�«�«�«�«�«�«�«�«�«�«�«�«��153 
 
Table 7.6 Activation Enthalpies Measured for Alloy 709 during Stress Relaxation  

Tests with an Initial Stress of 180 MPa and ���������0�3�D�«�«�«�«�«�«�«�«�«�«�� 155 
  



xviii 

ACKNOWLEDGEMENTS 

This work is a product of the dedication of a team of people. I would like to thank the 

Colorado School of Mines, the Advanced Steel Processing and Production Research Center, and 

the Center for Advanced Non-ferrous Structural Alloys for the opportunity to work on this 

research. I want to also thank the Nuclear Energy University Partnership of the Department of 

Energy for providing the funding for the project.  

This dissertation would not have been possible without the patience and mentorship of 

the faculty and staff of the Metallurgical and Materials Engineering Department of the Colorado 

School of Mines. I would like to thank my two advisers, Professor Kip Findley and Professor 

Michael Kaufman for providing guidance through the entirety of this project and my graduate 

experience. I would like to also acknowledge my committee for help developing the messages 

and work contained herein.  

This research consisted of numerous tests performed at and with Idaho National 

Laboratory. I would like to thank Joel Simpson and Randy Lloyd of Idaho National Laboratory 

for performing numerous mechanical tests as well as providing valuable insight into high 

temperature mechanical testing. Dr. Richard Wright deserves special acknowledgement for his 

mentorship and direction. Dr. Wright facilitated working at and with the national laboratory, and 

this work would not be what it is without him.  

Several others had indirect but significant impact on this work. I would like to thank my 

parents Marlous and William Carter, as well as my brother Andrew Carter for their support. 

Lastly, I would like to thank my Wife, Amanda Carter, for providing love and support without 

which I would not be where I am today. 

 



1 

CHAPTER ONE �± INTRODUCTION 

The Department of Energy is progressing a code case submittal to approve Alloy 709 as a 

structural material in the construction of Sodium Cooled Fast Nuclear Reactors in the American 

Society of Mechanical Engineers (ASME) Boiler Pressure Vessel Code. The code currently 

specifies 316H austenitic stainless steel as a structural material in nuclear applications. Alloy 709 

has better mechanical properties than those currently allowed by the ASME code, including 316 

stainless steel, for nuclear applications [3]. The ASME Boiler Pressure Vessel Code specifies a 

maximum allowable stress of 105 MPa for 316H at 550 °C [4]. The code specifies a maximum 

allowable stress of 147 MPa for NF709, a material similar to Alloy 709, at the same 

temperature [5]. The minimum creep rate of 316 at 200 MPa and 650 °C is about 3x10-7 s-1, 

while the minimum creep rate of NF709 is 5x10-9 s-1 for the same conditions [6, 7]. The better 

creep resistance of Alloy 709 would allow for larger margins of safety, more reliable 

components, and higher allowable stresses allowing for less material to be used in the 

construction of plant components, possibly lowering cost.  

Alloy 709 is based on NF709, an austenitic stainless steel designed for the use in fossil 

boiler applications and qualified in the ASME Boiler Presser Vessel Code [8]. Fossil boilers 

operate at 750 °C, whereas the expected operating temperature of the next generation sodium 

cooled fast reactors is 550 °C. The difference in expected operating condition has resulted in 

NF709 research to focus at higher temperatures than those pertinent to sodium cooled fast reactor 

design. Additionally, NF709 is produced as tubular steel product for use as heat exchanger tubes. 

However, Alloy 709 is expected to be produced as steel plate for a variety of structural 

components in nuclear applications, and as a result there is a lack of data for these alloys in the 

plate product form. Thus, there is a need to perform creep testing with the appropriate product 
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form and testing conditions designed to evaluate performance of the alloy in the operating 

conditions for nuclear applications. 

Creep testing is only beneficial if it represents the processes expected to take place during 

service. Figure 1.1 show the minimum creep rate of 316 stainless steel at 550 and 600 °C. 316 

stainless steel shows a change in creep rate exponent as a function of stress at temperatures 

expected during the operation of sodium cooled fast reactors. The change is highlighted in the 

figure with the change in the trend lines of steady state strain rate versus stress. The creep rate 

exponent changes from values greater than 10 to values about 6 as stress is reduced [6]. 

Extrapolation of creep behavior from high stress tests alone results in underestimating the creep 

rate at lower stresses. The change in minimum creep rate exponent limits the ability for higher 

stress creep tests to predict behavior during service. This project investigates whether similar 

behavior occurs in Alloy 709 as a function of stress over temperature ranges applicable to 

potential service in nuclear reactors.   

1.1 Research Objectives and Questions 

The objective of this �Z�R�U�N���L�V���W�R���L�Q�Y�H�V�W�L�J�D�W�H���$�O�O�R�\���������¶�V���F�U�H�H�S���D�Q�G���G�H�I�R�U�P�D�W�L�R�Q���E�H�K�D�Y�L�R�U��

at temperatures ranging from 550 °C to 650 °C with three different aging conditions: solution 

annealed, aged at 650 °C for 2,500 hrs (aged1), and aged at 750 °C for 150 hrs (aged2). Each 

aged condition produces differing microstructures. Aging at 650 °C produces MX particles on 

dislocations, while aging at 750 °C produces z phase particles on dislocations. Two research 

questions are addressed in this work: 

1. Does Alloy 709 show a change in minimum creep rate exponent with changing stress, 

and if so, what causes the change in its minimum creep rate exponent? 
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2. What effect does varying microstructure, specifically various precipitates formed at 

�G�L�I�I�H�U�H�Q�W���D�J�L�Q�J���F�R�Q�G�L�W�L�R�Q�V�����K�D�Y�H���R�Q���$�O�O�R�\���������¶�V���F�U�H�H�S���Eehavior?  

 

 

Figure 1.1 Minimum creep rates versus stress for 316L(N) at 550 °C and 600 °C [6]. 

1.2 Thesis Outline  

 Chapter 2 provides background information relevant to understanding the results and 

discussion presented in later chapters. A brief review of the different high temperature 

deformation mechanisms in metallic systems is presented. Creep in precipitation hardened 

material as well as creep in solid solution material are discussed as they pertain to Alloy 709. 

Two different physical models are discussed to provide understanding and rationale for their 

application to Alloy 709. Finally, creep in 316 stainless steel and its change in minimum creep 

rate exponent are discussed.  

Chapter 3 presents the methods utilized during this work. The chapter summarizes the 

rationale for the tests performed. It presents the quantities determined from the different 
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mechanical tests along with the testing procedures. The two models used to estimate the 

microstructural evolution and underlying deformation mechanisms are discussed.  

Chapter 4 presents results for Alloy 709 in the solution annealed condition. Constant load 

creep tests, stress dip tests, and stress relaxation test results are shown. Scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM) micrographs are also offered. 

Dislocation densities of the interrupted creep specimens are determined as a function of initial 

applied stress during the creep test. A discussion for possible causes for the change in creep rate 

exponent, activation volume, and activation energy of Alloy 709 is presented. The chapter also 

discusses the stress associated with the observed transition.  

Chapter 5 presents the results of the two physical models applied to Alloy 709. The 

results are compared with minimum creep rate data presented in Chapter 4. Trends observed with 

stress and temperature are discussed as well as limitations of the models as they pertain to 

Alloy 709. 

Chapter 6 presents the aging treatments performed on Alloy 709 as well as the 

thermodynamic and kinetic modeling used to determine the aging conditions. TEM and SEM 

results are presented and discussed. The differences between the aged conditions as well as 

differences between the results observed and expected from microstructural modeling are also 

discussed.  

Chapter 7 discusses results for Alloy 709 in the two aged conditions and compares 

behavior to the solution annealed results found in chapter 4. Constant load creep tests, stress dip, 

and stress relaxation are shown along with SEM and TEM microscopy. The chapter discusses the 

differences in creep and stress relaxation behavior between the two aged conditions as well as 

between the aged conditions and solution annealed behavior. Possible causes for the variations in 
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minimum creep rate exponent, stress relaxation behavior, and activation volumes and enthalpy 

are discussed.  

Chapter 8 provides the conclusions of the work including a summary of deformation 

mechanisms and the influence of various starting microstructures have on creep behavior. 

Chapter 9 contains recommendations for future work. Conditions for thermodynamic 

simulations, varying chemistry, and alternate constant load creep conditions are suggested which 

will provide more insight into properties of Alloy 709. Alternative microscopy techniques not 

utilized in this work are discussed and the information they are expected to provide.  

 

 

  



6 

CHAPTER TWO �± BACKGROUND 

 Austenitic stainless steels are alloys with a face centered cubic crystal (FCC) structure 

and have three main alloying elements: iron, chromium, and nickel. Chromium additions 

increase corrosion resistance and stabilize ferrite. A layer of chromium oxide (Cr2O3) forms and 

passivates the material. Nickel is added to stabilize austenite, the FCC crystal structure. Other 

alloying elements include: manganese, molybdenum, niobium, titanium, vanadium, carbon, and 

nitrogen. Manganese is added to further stabilize austenite and increase nitrogen solubility. 

Molybdenum is added for solid solution strengthening and to increase creep strength. Carbon is 

added for solid solution strengthening [9]. Nitrogen is added as a solid solution strengthener and 

can lead to the formation of nitrides for particle strengthening. Nitrogen may also lower 

chromium diffusion slowing particle coarsening and retard M23C6 nucleation [10]. Niobium, 

titanium, and vanadium are added to promote particle strengthening [9]. These alloying elements 

preferentially form carbides, limit the availability of carbon to form chromium containing 

carbides, and prevent chromium depletion near grain boundaries. The three elements also form 

nitrides in the presence of nitrogen promoting particle strengthening. 

 Both beneficial and detrimental phases form in austenitic stainless steels. Alloys 

stabilized with niobium, titanium, and vanadium can form MX phase, where M is the metal and 

X is carbon or nitrogen [10]. MX phase has a sodium chloride crystal structure with a cube on 

cube orientation relationship with the austenitic matrix. The phase has a lattice parameter 

between �������������Q�P and �������������Q�P depending on composition [10]. These precipitates form on 

dislocations, stacking faults, or grain boundaries [10, 15]. MX increases creep strength due to its 

small size and preferential formation on dislocations [10]. Z phase has been reported to form in 

niobium containing austenitic stainless steels that also contain nitrogen [11]. The phase has a 
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tetragonal crystal structure and an orientation relation of �:�������;�W�H�W�U�D�J�R�Q�D�O�?�?�:�������;�I�F�F and 

�>�������?�W�H�W�U�D�J�R�Q�D�O�?�?�>�������?�I�F�F as shown in Figure 2.1. The lattice parameters of the phase are 

�D��� ���������������Q�P and �F��� �������������Q�P. Z phase forms as cuboidal precipitates on dislocations and twins. 

The precipitate also forms as equiaxed precipitates on grain boundaries and has been shown to 

improve creep strength [11]. M23C6 is the main chromium containing carbide found in austenitic 

stainless steels. The phase has a cube to cube orientation relationship to the austenite matrix [10]. 

The phase has a small amount of solubility for iron, nickel, and molybdenum replacing 

chromium in M23C6. It has an FCC crystal structure with a lattice parameter about three times the 

size of austenite (�D��� ���������������Q�P���W�R���������������Q�P). M23C6 at grain boundaries limits the amount of 

grain boundary sliding during creep conditions [10]. Sigma phase is an important intermetallic 

that often forms in austenitic stainless steels. The phase can cause embrittlement and is 

associated with poor creep properties when present at grain boundaries. Sigma phase has a 

tetragonal crystal structure, and reports of the phase composition include varying amounts of 

iron, silicon, molybdenum, and nickel [10, 12].  

 Alloy 709 is a high chrome high nickel austenitic stainless steel based on NF709. NF709 

is produced by Nippon Steel, and the alloy is believed have one of the highest creep rupture 

strengths of the available austenitic stainless steels [13]. The composition of NF709 is shown in 

Table 2.1 [14]. NF709 is designed for use in ultra-super critical power boilers which operate at 

700 °C. The alloy has additions of molybdenum and nitrogen for solid solution strengthening, 

and additions of niobium and titanium for particle strengthening by way of z phase and MX 

phase. The alloy forms M23C6 and MX particles at grain boundaries and z phase and MX phase 

on dislocations [15]. Sigma phase has been reported to form after several thousand hours at 
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temperatures of 700 °C and higher [15, 16]. The reports on the effect of sigma phase on 

mechanical properties are mixed [15]. 

 

 
(a) 
 

 
(b) 

 
Figure 2.1 The crystal structure of z phase is shown (a) specifying atom type and location, 

and (b) in orientation relationship to the austenitic matrix phase [12].  
 

Table 2.1 Composition of NF709 in wt pct 
C Mn P S Si Cr Ni Mo N Nb Ti B  
0.10 1.50 0.030 0.030 1.00 19.5 - 

23.0 
23.0 - 
26.0 

1.0 - 
2.0 

0.10 - 
0.25 

0.10 - 
0.40 

0.20 0.002 - 
0.010 

 

 

2.1 High Temperature Deformation 

Creep is the time dependent deformation of a material under applied load at elevated 

temperature [17]. The constant load creep test places a specimen in creep conditions and 

charac�W�H�U�L�]�H�V���V�H�Y�H�U�D�O���S�U�R�S�H�U�W�L�H�V���S�H�U�W�L�Q�H�Q�W���W�R���D���P�D�W�H�U�L�D�O�¶�V���F�U�H�H�S���E�H�K�D�Y�L�R�U�����'�X�U�L�Q�J���D���F�U�H�H�S���W�H�V�W�����D��

specimen is heated to a temperature of interest. The specimen is then loaded to a stress of 

�L�Q�W�H�U�H�V�W�����7�K�H���V�S�H�F�L�P�H�Q�¶�V���V�W�U�D�L�Q���D�V���D���I�X�Q�F�W�L�R�Q���R�I���W�L�P�H���L�V���W�K�H�Q���P�R�Q�L�W�R�U�H�G�� The resulting strain 
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versus time data composes a constant load creep curve. Time to rupture and minimum creep rate 

can be determined from the constant load creep curve.  

A constant load creep curve usually contains three regions. A schematic of a constant 

load creep curve is shown in Figure 2.2. Upon loading, a specimen undergoes primary creep, 

also called transient creep [18]. Primary creep is characterized by a non-constant creep rate that 

usually lowers with time. Deformation hardens the material faster than recovery softens the 

material. Work hardening and second phase formation are among the possible mechanisms 

resulting in the decreasing strain rate. Inverted primary creep has been reported in solid solution 

strengthened alloys. Inverted primary creep is characterized by a creep rate initially rising rather 

than lowering with time before exhibiting secondary creep [19 �± 27]. Secondary creep, also 

called steady state creep, occurs after primary, and this region has a constant creep rate with 

respect to time. The constant creep rate results from balancing hardening and recovery processes. 

The minimum creep rate usually occurs during this period. Materials that exhibit inverted 

primary creep do not have their minimum creep rate occur during secondary creep. Instead, 

minimum creep rate occurs during the inverted primary creep. Tertiary creep occurs after 

secondary creep. During tertiary creep, creep rate increases with respect to time, usually until 

rupture occurs. Micro-void nucleation and coalescence, particle coarsening, detrimental phase 

�I�R�U�P�D�W�L�R�Q�����D�Q�G���V�S�H�F�L�P�H�Q���Q�H�F�N�L�Q�J���D�U�H���S�R�V�V�L�E�O�H���P�H�F�K�D�Q�L�V�P�V���H�[�S�O�D�L�Q�L�Q�J���D���V�S�H�F�L�P�H�Q�¶�V���L�Q�F�U�H�D�V�L�Q�J��

creep rate during tertiary creep.  

The temperature �D�Q�G���V�W�U�H�V�V���G�H�S�H�Q�G�H�Q�F�H���R�I���D���P�D�W�H�U�L�D�O�¶�V���P�L�Q�L�P�X�P���F�U�H�H�S���U�D�W�H���L�V���R�I��

engineering interest. A material is assumed to spend most of its design life in secondary creep, 

and designers can estimate the amount of strain a component will undergo at a given set of 

operating conditions. A semi-�H�P�S�L�U�L�F�D�O���H�T�X�D�W�L�R�Q���I�R�U���D���P�D�W�H�U�L�D�O�¶�V���P�L�Q�L�P�X�P���F�U�H�H�S���U�D�W�H�� �0�6�P is: 
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 �0�6�P��� ���.�î �H�[�S
l��
�4
�N�7


p�î�1�Q (2.1) 

where K is a constant containing elastic and crystallographic information, Q is the activation 

�H�Q�H�U�J�\���I�R�U���F�U�H�H�S�����N���L�V���W�K�H���%�R�O�W�]�P�D�Q�Q�¶�V���F�R�Q�V�W�D�Q�W�����7���L�V���W�K�H���D�E�V�R�O�X�W�H���W�H�P�S�H�U�D�W�X�U�H���� �1 is the applied 

stress, and n is the minimum creep rate exponent [18].  

 

 

Figure 2.2  A schematic of a constant load creep curve. The three regions of creep are 
indicated along with important parameters. 

 

 Five independent deformation mechanisms are believed to cause creep [28]. Each 

mechanism controls creep behavior within a certain range of temperatures and applied stresses. 

�$���P�D�W�H�U�L�D�O�¶�V���D�F�W�L�Y�D�W�L�R�Q���H�Q�H�U�J�\���I�R�U���F�U�H�H�S���D�Q�G���P�L�Q�L�P�X�P���F�U�H�H�S���U�D�W�H���H�[�S�R�Q�H�Q�W���L�Q�G�L�F�D�W�H���W�K�H��

controlling mechanism. The deformation mechanism producing the highest strain rate controls 

creep behavior. A deformation mechanism map presents the stress and temperature ranges over 

which each deformation mechanism controls creep behavior. Figure 2.3 shows a deformation 
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mechanism map for 316 stainless steel [29]. The principal axis is the homologous temperature 

(absolute temperature over melting temperature of the system), and the secondary axis is the 

applied tensile stress divided by its temperature dependent shear modulus. Four regions of creep 

are shown with the corresponding controlling mechanism labeled. The boundaries between each 

region result from the two mechanisms have the same deformation rate [28]. Contours of 

constant strain rate are plotted on the map, and they illustrate the differing temperature and stress 

dependence between the mechanisms. Mechanisms sensitive to temperature and applied stress 

have closer contours. Plasticity associated with conservative dislocation glide is most sensitive to 

temperature and applied stress, and diffusional flow is the least sensitive.   

 

 

Figure 2.3 Deformation mechanism map of 316 stainless steel. Regions of diffusional 
flow, power law creep, plasticity (dislocation glide), and the ideal shear 
strength are shown. Regions of typical service conditions are also shown [29]. 
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Dislocation glide occurs when the applied stress is sufficiently high, and it occurs at all 

temperatures. This mechanism is not usually associated with creep, but it is included for 

completeness. The applied stress is large enough that strain rates do not follow the same power 

law trends observed in other deformation mechanisms. The stress dependency of dislocation 

glide is an exponential relationship. This stress dependency separates this mechanism from other 

dislocation deformation mechanisms [28]. 

Dislocation creep occurs at high temperatures and stresses lower than that of dislocation 

glide. In this region of deformation, thermal processes play a major role in the motion of a 

dislocation. Elevated temperatures allow for thermal fluctuations to overcome short range 

barriers to dislocation motion [30, 31]. These barriers are also called thermal barriers since 

thermal fluctuations aid in overcoming them. Diffusion characteristics of vacancies and solute 

play a significant role assisting dislocations overcoming thermal barriers. The activation energy 

for creep usually matches the activation energy of vacancy diffusion, solute diffusion, or 

recovery as a result of the role these processes play.  

Dislocation creep is usually labeled power law creep due to the minimum creep rate 

depending on stress raised to a power of 3, 5, or greater. The power the stress is raised to is 

considered the minimum creep rate exponent shown in equation (2.1) [32]. Metals and alloys are 

sometimes classified by their minimum creep rate exponent during power law creep. Pure metals 

and some alloys always have a minimum creep rate exponent of 5. These materials are classified 

as Type M alloys, with M standing for metals [33]. Some solid solution strengthened alloys have 

a minimum creep rate exponent of 3 at some stresses and temperatures. These materials are 

classified as Type A alloys, with A standing for Alloys [19].  
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The diffusion of vacancies in the absence of dislocation motion controls deformation at 

high temperatures and stresses below those that cause dislocation creep [28]. A normal stress 

applied to a metallic specimen results in a stress state at grain boundaries that varies with 

orientation. [6]. The varying stress state creates a varying activation energy for vacancy 

formation and a varying equilibrium concentration of vacancies within a grain as a result. The 

concentration gradient then causes a mass flux which elongates the grain. This deformation 

mechanism depends on stress raised to a power of one. This vacancy diffusion controlled 

mechanism is called Newtonian-viscous creep [28]. 

Newtonian-viscous creep is divided into two different regions. The two regions are 

differentiated from each other by the diffusion path of the vacancies [6, 28, 34]. Nabarro-Herring 

creep occurs at high temperatures where vacancy diffusion occurs through the grain interiors. 

Coble creep occurs at slightly lower temperatures where vacancy diffusion occurs at the grain 

boundaries. Nabarro-Herring has an activation energy similar to self-diffusion, and Coble creep 

has an activation energy similar to grain boundary diffusion [34].  

At the highest levels of stress on the deformation mechanism map, defectless flow occurs 

in perfect crystals when applied stress is sufficient to shear planes of atoms past each other. The 

deformation is caused without the movement of a crystal defect and is rarely seen.  

2.2 Creep in precipitation and dispersion strengthened alloys 

 Creep in alloys hardened by a second phase have different creep behaviors when 

compared to pure metals and solid solution strengthened alloys in the power law region of creep 

[26, 35 �± 37]�����7�K�H�V�H���P�D�W�H�U�L�D�O�V�¶���P�L�Q�L�P�X�P���F�U�H�H�S���U�D�W�H���H�[�S�R�Q�H�Q�W�V���D�U�H���R�I�W�H�Q���K�L�J�K�H�U���W�K�D�Q���W�K�D�W���I�R�U��

dislocation climb controlled creep, and their activation energy for creep is higher than 

self-diffusion. Carbide strengthened austenitic stainless steels have a minimum creep rate 
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exponent ranging from 5 to 15, and some dispersion strengthened alloys have a minimum creep 

rate exponent in excess of 40 [33]. It is believed that a threshold stress exists in these materials. 

The threshold stress is a stress below which creep does not occur or occurs at a slow rate. The 

sources of the threshold stress are discussed in literature and usually are attributed to increase in 

dislocation line length as a dislocation climbs past a particle or an attraction between a 

dislocation and a particle [35 �± 39]. Subtracting the threshold stress from the applied stress in the 

semi-empirical creep model causes the minimum creep rate exponent and the activation energy 

of creep to return to expected values. The threshold stress has also been described as a back 

stress [35] or friction stress [36]. The threshold stress is subtracted from the applied stress in 

equation (2.1). The equation then becomes: 

 �0�6�P� �.�î �H�[�S
l��
�4
�N�7


p�î�:�1���1�W�K�;�Q (2.2) 

where �1�W�K is the threshold stress introduced to the system by the second phase hardening. 

Figure 2.4 shows an example of the classic threshold behavior for an oxide dispersion 

strengthened nickel-chrome alloy [26]. The horizontal axis shows stress normalized by shear 

modulus, while the vertical axis shows steady state creep rate normalized with the alloy�¶�V���V�H�O�I��

�G�L�I�I�X�V�L�R�Q���F�R�H�I�I�L�F�L�H�Q�W�����V�K�H�D�U���P�R�G�X�O�X�V�����D�Q�G���%�X�U�J�H�U�¶�V���Y�H�F�W�R�U�����&�U�H�H�S���G�R�H�V���Q�R�W���R�F�F�X�U���D�W���D���P�H�D�V�X�U�D�E�O�H��

rate below the threshold stress. The alloy shows a higher than expected creep rate exponent at 

stresses close to the threshold stress, and the effect of the threshold stress on the slope diminishes 

as applied stress is raised.  

The possible mechanisms that explain the source of the threshold stress have been 

discussed in literature [26]. One theory proposes the increase in dislocation line length as a 

dislocation climbs past a particle introduces a threshold stress [35, 36]. Another theory suggests 

that a particle relaxes the dislocation strain field near the particle matrix interface. A stress is 
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required to remove the dislocation from the particle-matrix interface due to the lower strain 

energy at that interface [40]. Other studies have discussed the possibility of Orowan looping past 

particles being the origin of the threshold stress [26, 35]. However, doubts exist about the role 

dislocation looping around particles plays in a threshold stress of particle strengthened 

materials [36]. For example, the threshold stress shown in Figure 2.4 is a fraction of the 

theoretical Orowan bowing stress for the measured particle distribution.  

 

 

Figure 2.4 The threshold stress behavior of an oxide dispersion (ThO2) strengthened 
Ni-20Cr alloy. The classic threshold stress behavior occurs close to 20-3 �1���*, 
below which creep strain rate is not measurable [26].  

 

  Alloy 617 is an example of a material exhibiting a threshold stress during creep 

testing [39]. Alloy 617 is a chrome-nickel alloy with solid solution strengtheners added. The 

alloy forms ���
 particles at 750 °C but not at higher temperatures. Benz et al. performed constant 

load creep tests at temperatures ranging from 750 to 1,000 °C. The minimum creep rate exponent 
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averages 5.6 at temperatures ranging from 800 to 1000 °C. However, the exponent is 8.6 at 

750 °C when ���
 particles are present. The alloy also has a higher activation energy at 750 °C 

than the higher temperature tests. Using a stress dip test, the authors were able to estimate a 

threshold stress for the material. Subtracting the estimated threshold stress from the applied 

stress in the semi-empirical creep model shown in (2.2) returns the minimum creep rate exponent 

to 5.6. Including the threshold stress in equation (2.2) also returns the activation energy to match 

the other tests [39]. Figure 2.5 shows the minimum creep behavior of Alloy 617 on a 

Zener-Hollomon plot. The horizontal axi�V���L�V���V�W�U�H�V�V���Q�R�U�P�D�O�L�]�H�G���E�\���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V�����D�Q�G���W�K�H��

vertical axis is the minimum strain rate multiplied by an exponential term depending on 

temperature and activation energy of self diffusion. Figure 2.5(a) shows that creep tests 

conducted at 750 °C fall below the trend of the other creep tests conducted at 800 °C, 900 °C, 

and 1,000 °C. The activation energy of the 750 °C tests is higher than that of self-diffusion and 

results in the data points to fall lower than the majority. The alloy also has a higher minimum 

creep rate exponent at 750 °C with respect to the other temperatures. The addition of the 

threshold stress also resulted in the activation energy of creep at 750 °C to better align with the 

tests conducted at the three other temperatures. Figure 2.5(b) shows the Zener-Hollomon plot 

with the modified creep data. The data not aligning with the rest seen in Figure 2.5(a) are 

brought in line by the threshold stress in Figure 2.5(b).  

 Alloy 709 is also believed to experience a threshold stress during creep at temperatures 

ranging from 700 to 800 °C. Researchers found that Alloy 709 most likely exhibits a threshold 

stresses of 17 MPa (800 °C), 33 MPa (750 °C), and 42 MPa (700 °C). Including the threshold 

stress resulted in a minimum creep rate exponent of 5 and an activation energy close to that of 

self diffusion, 299 kJ/mol [41]. 
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Figure 2.5 Zener-Hollomon plots for Alloy 617 (a) without and (b) with 77 MPa threshold 

stress is subtracted from the applied stress for tests conducted at 750 °C [39]. 
 

Alloys strengthened by a second phase sometimes show a change in minimum creep rate 

exponent as applied stress is lowered. The minimum creep rate exponent usually changes from a 

value higher than 5 at higher stresses to close to 5 at lower stresses. The source of the change in 

the exponent has been of some debate in literature.  

Lagneborg et al. state that the source of the change in minimum creep rate exponent is a 

result of a change of the mechanism by which a dislocation bypasses a particle [35]. The authors 

state that dislocations loop around particles at high stresses. The Orowan stress is the source of 

the threshold stress in the creep process and is constant with respect to applied stress. At low 

stresses, dislocations climb past particles rather than looping around particles. The threshold 

stress is then a result of the increase in dislocation line length as the dislocation climbs past the 

particle. Lagneborg et al. goes on to state the increase in dislocation line length varies with 

applied stress, and the resulting threshold stress should vary linearly with applied stress. A 

threshold stress that varies linearly with stress would not cause the abnormally high creep rate 

exponent observed in particle strengthened alloys and explains the transitions seen in the 

minimum creep rates. The transition between looping and climbing causes the transition in 
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minimum creep rate exponent from high values to those close to 5 as stress is lowered [35, 37]. 

This argument has received some criticism in literature by Evan et al. [30].  

Evan et al. state that the change in minimum creep rate exponent as stress is varied is not 

a result from a change in dislocation bypass mechanism, and the threshold stress only depends on 

size and spacing of particles. It has also been argued that the increase in dislocation line length 

does not depend on applied stress, but it does depend on the particle spacing [36]. The change in 

minimum creep rate exponents from values higher than five to values closer to 5 usually occurs 

close to the yield stress of the material, and Evan et al. argue yielding is the cause of the change 

in minimum creep rate exponent.  

Artz et al. developed a model showing it is kinetically possible for the increase in 

dislocation line length during climb to vary with applied stress, and the threshold stress can 

�G�H�S�H�Q�G���R�Q���D�S�S�O�L�H�G���V�W�U�H�V�V���L�Q���V�X�S�S�R�U�W���R�I���/�D�J�H�Q�E�R�U�J�¶�V���W�K�H�R�U�\�����+�R�Z�H�Y�H�U�����W�K�H���P�D�J�Q�L�W�X�G�H of the 

threshold stress due to increase in dislocation line length predicted in the model presented by 

Artz et al. does not explain the magnitude of most observed threshold stress values, showing 

�/�D�J�H�Q�E�R�U�J�¶�V���W�K�H�R�U�\���L�V���L�Q�F�R�P�S�O�H�W�H��[40, 42]. A detailed explanation of Arzt et al.�¶�V���P�R�G�H�O���L�V��

discussed in section 2.5.1. 

Artz et al. estimated the majority of observed threshold stresses reported in literature by 

�D�V�V�X�P�L�Q�J���W�K�D�W���D���G�L�V�O�R�F�D�W�L�R�Q�¶�V���V�W�U�D�L�Q���I�L�H�O�G���U�H�O�D�[�H�V���L�Q���W�K�H���S�D�U�W�L�F�O�H-matrix interface. The extended 

model predicted a critical stress at which dislocation climb profile changes. The change in 

dislocation climb profile explains the change in minimum creep rate exponent. Figure 2.6 shows 

a schematic of the change in profile that can explain the change in creep rate exponent. 

Artz et al. describes how a dislocation undergoes general climb initially, as shown as points a 

and b in Figure 2.6. The dislocation eventually reaches a critical height where local climb 
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becomes favorable. Local climb is defined as climb occurring with the dislocation following the 

matrix-particle interface and can be seen between points b and c in Figure 2.6. Local climb 

becomes favorable due to the relaxation of the dislocation strain field at the particle-matrix 

interface. The dislocation line length increases with increasing stress since the height where the 

dislocation reaches its critical point varies inversely with applied stress. The models the authors 

developed showed a change in the creep rate exponent from between a 5 or 6 to much higher 

values when local climb starts to occur [40].  

 

 
Figure 2.6 Schematic of a dislocation climbing past a particle. The dislocation undergoes 

general climb up to point b. The angle between the dislocation and particle 
surface reaches a critical value where local climb becomes possible at point b. 
The critical climb height varies inversely with applied stress, which changes the 
creep rate exponent in precipitation hardened materials [40]. 

2.3 Creep in Solid Solution Strengthened Alloys  

The minimum creep rate exponents for solid solution strengthened alloys often fluctuate 

between 5 and 3 [19]. The movement of dislocations controls deformation in power law creep 

Glide plane 

Climbing dislocation 

Cubic particle 
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where dislocation climb and glide occur. The slower of the two processes control deformation 

when in the power law region of creep. Some solid solution strengthened alloys have 

intermediate stresses where glide is the slower of the two processes and controls deformation. 

The minimum creep rate exponent at these stresses is 3, while the exponent is 5 at stresses above 

and below the intermediate region. Alloys lacking significant solute concentration and pure 

metals only exhibit a minimum creep rate exponent of 5. The deformation of these materials are 

only controlled by dislocation climb in the power law region of creep.  

Solute atoms create Cottrell atmospheres around dislocations as a result of the size 

mismatch between the solute and solvent atoms. The dislocation strain field relaxes due to the 

size mismatch and thus, the strain energy associated with the dislocation lowers [43]. The 

interaction energy, V, between a solute atom and an edge dislocation, which is equal to reduction 

in elastic strain energy, is given by: 

 �9��� ��
��
��

�*�Å�U�D
���E
l

������
������


p���V�L�Q�:���;���U�� (2.3) 

where G is the shear modulus, �ó is the misfit parameter, �N�Ô is the solute atom radius, �å is the 

�S�R�L�V�V�R�Q�¶�V���U�D�W�L�R�Q�����à is the angle relative to the slip plane, and r is the distance from the 

dislocation core. This expression is valid at distances greater than the radius of the dislocation 

core, where linear elastic assumptions are valid [44]. The equilibrium solute concentration 

around a dislocation is higher than the matrix due to the relaxation. The spatially dependent 

concentration is given by: 

 �F�:�U�����;��� ���F�� �H�[�S�F��
�9�:�U�����;

�N�7
�G 

(2.4) 

where �?�â is the nominal concentration in the matrix, �8�:�N�á �à�; is the interaction energy given by 

Equation (2.3�������N���L�V���W�K�H���%�R�O�W�]�P�D�Q�Q�¶�V���F�R�Q�V�W�D�Q�W�����D�Q�G���7���L�V���W�K�H���D�E�V�R�O�X�W�H���W�H�P�S�H�U�D�W�X�U�H�����(�T�X�D�W�L�R�Q��������4)  
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assumes the dislocation is at rest. 

 Solute atmospheres are able to accompany moving dislocations at applied stresses below 

a critical velocity [43, 45, 46]. Dislocation motion alters the solute concentration profile. The 

solute concentration profile is asymmetrical with the peak solute concentration trailing the 

moving dislocation. The solute atmosphere around a moving dislocation also has a lower 

concentration. The altered solute distribution and the moving dislocation results in a force 

opposing motion, and that force increases with increasing speed, and dislocation velocity is 

limited by solute diffusion as a result [43, 45]. Alloys undergoing this glide controlled creep 

mechanism exhibit a minimum creep rate exponent around 3.  

A dislocation can break away from a solute atmosphere when a sufficiently large shear 

stress is applied, and the dislocation can overcome the interaction energy between the solute and 

the dislocation [47]. Friedel developed an expression to estimate the breakaway stress given 

as [20]: 

 
�2�E���§���F

�: �P
�� �F

���N�7�E���G (2.5) 

where �2�E is the stress required to break a dislocation away form a dislocation, �F��is the atomic 

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q���L�Q���W�K�H���P�D�W�U�L�[�����N���L�V���W�K�H���%�R�O�W�]�P�D�Q�Q�¶�V���F�R�Q�V�W�D�Q�W�����7���L�V���W�K�H���D�E�V�R�O�X�W�H���W�H�P�S�H�U�D�W�X�U�H�����D�Q�G���E���L�V��

�W�K�H���%�X�U�J�H�U�¶�V���Y�H�F�W�R�U���� �:�P is the maximum possible interaction energy between a solute and 

dislocation given by [20]:  

 �: �P��� ����
��
���Œ


l
������
������


p�*�_�û�9�_ (2.6) 

where �å �L�V���W�K�H���3�R�L�V�V�R�Q�¶�V���U�D�W�L�R�����*���L�V���W�K�H���V�K�H�D�U���P�R�G�X�O�X�V�����D�Q�G�� �û�9 is the volume difference 

between the solute and solvent atoms. Applied stresses above the breakaway stresses result in 

solute no longer controlling dislocation motion.  
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 At stresses above the breakaway stress, dislocations are not controlled by solute diffusion 

and glide faster than at lower stresses. As a result, different mechanisms control deformation. 

Some solid solution strengthened alloys exhibit power law breakdown at applied stresses above 

the breakaway stress. Other solid solution strengthened alloys have minimum creep rate 

exponents equal to 5 at stresses above the breakaway stress. Figure 2.7 shows two schematics 

comparing minimum creep rate as a function of stress on log-log plots. The changes in slope 

shown in the two schematics depict the two possible transition sequences minimum creep rate 

exponents undergo for solid solution strengthened alloys. The breakaway stress is directly 

dependent on solute concentration. Higher concentrations of solute result in a higher breakaway 

stress. Thus, alloys with higher potential for solid solution strengthening may transition directly 

into power-law breakdown rather than a return to a minimum creep rate exponent of 5 as stress is 

raised above the breakaway stress. A lower concentration of solute results in a lower break away 

stress, and the material may transition into climb controlled creep when applied stress is raised 

above the breakaway stress. Power law breakdown still occurs at higher stresses.  

 This phenomenon is clearly documented in aluminum-magnesium alloys. A study of 

Al -3Mg found 3 regions of creep behavior; each region is delineated with a different minimum 

creep rate exponent for a different region of applied stress [22]. The transitions in minimum 

creep rate for this material follow the schematic shown in Figure 2.7(a). In the lowest region of 

applied stress, the aluminum alloy has a minimum creep rate exponent equal to one and an 

activation energy of creep equal to self-diffusion. The deformation in this region is expected to 

be a result of vacancy diffusion, also called Nabarro-Herring creep. At higher stresses, the 

aluminum alloy shows a minimum creep rate exponent of 5, and the alloy has an activation 

energy for creep equal to self-diffusion. This region is attributed to climb controlled creep. At 
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still higher stresses, the alloy has a minimum creep rate exponent of 3. This region is attributed 

to glide controlled creep or type A behavior. The reported activation energy is equal to 

self-diffusion which is unexpected. The activation energy of glide controlled creep is usually 

reported to be equal to that for solute interdiffusion rather than self-diffusion [20, 25, 48].  

A study of an aluminum-magnesium alloy with 1 weight percent magnesium shows 

similar results as the aluminum-magnesium alloy discussed above, with one exception. This 

alloy�¶�V���P�L�Q�L�P�Xm creep rate follows the schematic shown in Figure 2.7(b). The lower alloyed 

material shows another region of creep with a minimum creep rate exponent of 5. Climb 

controlled creep occurred at stresses above and below stresses with a minimum creep rate 

exponent of 3 [49]. The lower concentration of the magnesium lowers the breakaway stress to a 

value below the onset of power law breakdown.  

Alloys undergoing glide controlled creep sometimes exhibit two types of abnormal 

�S�U�L�P�D�U�\���F�U�H�H�S�����7�K�H�V�H���D�O�O�R�\�V�¶��creep rate increases, rather than decreases, during primary creep. 

The creep rate of some material increased for the duration of primary creep, as in the inverted 

primary creep seen in Figure 2.8(a). The creep rate of some material initially increases during 

primary creep but decreases prior to establishing a constant creep rate, as in sigmoidal creep seen 

in Figure 2.8(b) [20, 22�± 25, 49, 50]. Some alloys undergoing glide controlled creep show 

normal primary creep, but the transient to secondary creep is short when compared to alloys 

undergoing climb controlled creep [22]. These alloys do not always develop a substructure at the 

point of minimum creep, but the alloys do show an increasing dislocation density with increasing 

time and strain [51]. The increasing creep rate during primary creep for type A alloys is 

suspected to be a result of the increasing dislocation density with the lack of substructure 

formation.  
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(a) 
 
 

 
(b) 

 

Figure 2.7 Schematic of two different types of creep rate transitions observed in solid 
solution strengthened alloys. (a) Alloys with a higher solute concentration have 
a higher breakaway stress and transition into power-law breakdown without 
showing any climb controlled creep (b) Alloys with a lower solute 
concentration have a lower breakaway stress and show two regions of climb 
controlled creep with a minimum creep rate exponent of 5 straddling a region 
of glide controlled creep with a minimum creep rate exponent of 3 [25, 52]. 
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(a)  

 

(b) 

Figure 2.8 Example of (a) inverted primary creep of an Al-6.9wt Mg alloy at 360 °C and 
250 MPa, and (b) sigmoidal creep of an Fe-2.1mol Mo alloy at 830 °C and 
5 MPa. These two abnormal behaviors in primary creep are present in alloys 
undergoing glide controlled creep [24, 53].  

2.4 Creep in 316 Stainless Steel 

316 stainless steel is an austenitic stainless steel similar to Alloy 709. 316 is the current 

standard specified in the American Boiler Pressure Vessel Code for Sodium Cooled Fast Reactor 

design [54]. Alloy 709 has better high temperature properties, and reactor design is not yet able 

to take advantage of these properties due to a lack of creep data. The similarities and differences 

between the creep behavior of 316 and Alloy 709 are of interest in this work [8].  

The composition of 316 stainless steel is listed in Table 2.2. With respect to Alloy 709, 

316 has slightly less chromium content, significantly less nickel content, and comparable 

contents of manganese and molybdenum. 316 lacks nitrogen, titanium, and niobium which are 

present in Alloy 709 to promote MX and z phase precipitates.  

Literature reports three main precipitates that form in 316 stainless steel [55, 56]. Like 

Alloy 709, M23C6 precipitates at grain boundaries in 316 and intergranularly when subjected to 

Inverted primary 
creep 

Sigmoidal primary 
creep 
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creep conditions between 550 °C and 700 °C. Unlike Alloy 709, 316 stainless steel also forms 

sigma phase and laves phase. Sigma and laves phase are intermetallics which are associated with 

poor creep and mechanical properties [10]. 316 also sometimes has some fraction of retained 

delta ferrite [56] 

Table 2.2 �± Composition of Type 316 stainless steel [1] 
C Mn P S Si Cr Ni Mo  
<0.08 <2.0 0.045 <0.030 <1.00 16-18 10-14 2.0-3.0  

 

 

316 stainless steel has a change in minimum creep rate exponent at intermediate 

temperatures and lower s�W�U�H�V�V�����$�O�O�R�\���������¶�V���E�H�K�D�Y�L�R�U���D�W���V�L�P�L�O�D�U���V�W�U�H�V�V���D�Q�G���W�H�P�S�H�U�D�W�X�U�H�V���D�U�H���R�I��

interest to determine if the same change in minimum creep rate exponent occurs. 316 shows 

creep rate exponents between 5 and 9 during creep tests at 600 °C and 550 °C [57]. Figure 2.9 

shows the minimum creep rate versus stress of 316 at 600 °C and 550 °C on a log-log plot. The 

change in minimum creep rate exponent is shown as a change in slope of the minimum creep rate 

versus stress data. The minimum creep rate exponent is a little over 6 below 195 MPa (at 550 °C) 

or 136 MPa (at 600 °C). The minimum creep rate exponent transitions to about 11.5 at higher 

stresses. 

Rieth et al. attribute the change in creep rate exponent to a change from power law creep 

to power law breakdown [6]. The authors modeled the entire stress range of the data shown in 

Figure 2.9 by assuming a combination of power law creep and power law breakdown was 

occurring and adding the two models together. The mechanisms for the transition to power law 

breakdown are poorly understood [32]. The activation energy for creep in the power law 

breakdown region is lower than expected, and minimum creep rate exponents are higher than 

expected. One belief is the effective diffusion coefficient increases due to an increase in 

dislocation density at higher stresses. Some have suggested supersaturation of vacancies caused 
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by dislocation interaction during creep deformation as well as dislocation pipe diffusion can also 

explain the increase in effective diffusion coefficient by making self diffusion easier [58].  

 

 

Figure 2.9 Minimum creep rates versus stress for 316L(N) at various temperatures [6].  

2.5 Physical Creep Models 

Two models from literature are applied to Alloy 709 in this study. A model developed by 

Arzt et al. describes creep behavior of particle strengthened alloys [40, 42]. Another model 

developed by Friedel predicts the minimum creep rate of solid solution strengthened alloys [47]. 

Both models assume dislocation movement is responsible for deformation, as opposed to 

vacancy diffusion creep. Each model calculates a dislocation velocity and relates that velocity to 

strain rate through the Orowan equation: 

 �����6� ���!�E�Y
$ (2.7) 
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where ���6 is the shear strain rate, �! is the dislocation �G�H�Q�V�L�W�\�����E���L�V���W�K�H���%�X�U�J�H�U�¶�V���Y�H�F�W�R�U�����D�Q�G�� �Y
$ is 

the average dislocation velocity. Dislocation density often follows with the square of stress 

during creep conditions [22, 59, 60]: 

 �!��� ���.�2�� (2.8) 

   

where �! is the dislocation density, �. is a constant, and �2 is the applied shear stress.  

2.5.1 Climb controlled model  

Climb past particles is often assumed to be the rate limiting process in particle 

strengthened alloys during creep. Arzt et al. developed a model to predict minimum creep rates 

based off this assumption, as discussed in section 2.2 [40, 42]. A dislocation can pass a particle 

by looping around the particle, shearing the particle, or climbing past the particle. Both looping 

and shearing a particle require a minimum applied stress. Below the minimum stress, a 

dislocation can only bypass a dislocation by climbing. The model predicts behavior at these 

lower stresses. Figure 2.10 shows a schematic of the climbing processes with important variables 

labeled. The model assumes dislocations climb past cuboidal particles. The climb height is 

defined as �]�� in Figure 2.10(a). The climb height increases as the dislocation accepts or emits 

vacancies as the dislocation moves past the particle. The unravel length is defined as �[�� in 

Figure 2.10(a). The unravel length represents the distance between the matrix-particle interface 

and the point where the dislocation line deviates from its original slip plane. This length 

increases, along with climb height, as a dislocation climbs past a particle. Lagneborg et al. argue 

that dislocation line length increases with increased stress, but Evans disputes that 

argument [35, 36]. Arzt et al.�¶�V���P�R�G�H�O shows that the curvature, and dislocation line length, 

increases with increasing stress, but the increase in dislocation line length is not enough to 
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attribute it to the change in minimum creep rate exponent observed in particle strengthened 

alloys. The model also assumes that a climbing dislocation has a constant radius of curvature 

near the particle matrix interface until the point where it deviates from its original slip plane as 

seen in Figure 2.10(b).  

 

(a) (b) 

Figure 2.10 Schematic showing the geometry of a dislocation climbing past a particle. 
(a) An isometric view with important variables labeled, and (b) a front face 
view showing the dislocation radius as it climbs over a particle [42]. 

 

Climb results from a reduction in thermodynamic potential as vacancies are added or 

emitted from a dislocation. The climb rate of a positive edge dislocation undergoing positive 

climb is proportional to the flux of vacancies ar�U�L�Y�L�Q�J���D�W���W�K�H���G�L�V�O�R�F�D�W�L�R�Q�����)�U�R�P���)�L�F�N�¶�V���I�L�U�V�W���O�D�Z����

the relationship is: 
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where y is the climb distance along the cuboidal particle, t is time, �� is the chemical potential of 

vacancy addition to a climbing edge dislocation, Aabd is the area defined in Figure 2.10(a), and Ci 

is a kinetic constant that depends on the controlling diffusion path of the vacancies. For the case 

of bulk vacancy diffusion, the constant is given as: 

 �&�L��� ��� 
���Œ�'�Y�G
�N�7�E

 (2.10) 

where Dv �L�V���W�K�H���E�X�O�N���G�L�I�I�X�V�L�R�Q���F�R�H�I�I�L�F�L�H�Q�W�����G���L�V���W�K�H���S�D�U�W�L�F�O�H���Z�L�G�W�K�����N���L�V���W�K�H���%�R�O�W�]�P�D�Q�Q�¶�V���F�R�Q�Vtant, 

�7���L�V���W�K�H���D�E�V�R�O�X�W�H���W�H�P�S�H�U�D�W�X�U�H�����D�Q�G���E���L�V���W�K�H���%�X�U�J�H�U�¶�V���Y�H�F�W�R�U���� 

 All the variables in equations (2.8), (2.9), and (2.10) except chemical potential can be 

measured, found in literature, or calculated with several assumptions about geometry (see 

appendix B for details about the climb controlled model). The chemical potential for vacancy 

addition can be calculated numerically. The chemical potential for vacancy addition from A to B 

and B to D (as seen Figure 2.10) are assumed to be the same and set equal to each other. Two 

sources contribute to the chemical potential for vacancy addition from A to B. As vacancies 

arrive at the dislocation between A and B, the dislocation climbs slightly (�G�\���G�$�D�E�G���î���D�Y, where 

�D�Y is b2, the area of a vacancy) and causes glide due to the ramp angle of the particle (��). Glide 

occurs due to the force on a dislocation (�2�E��). The plastic work done by the dislocation after a 

vacancy arrives at the dislocation is one source of chemical potential. As the dislocation climbs, 

extra dislocation line length is added between B and D. A line tension is associated with the 

dislocation between B and D (TBD), and the climb of a dislocation between A and B adds 

dislocation line length (�7�E�G�@
�G�O

�G�\
�A). Another source of chemical potential is the increase in strain 

energy due to the increase in dislocation line length. The chemical potential for dislocation climb 

between A and B is estimated as: 
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 where d is the particle width, TBD is the dislocation line tension, �2 is the applied shear stress, �� 

is the particle spacing, b is the Burgers vector, and �� is the particle incline angle. A single source 

of chemical potential between B and D exists. As vacancies arrive at the dislocation between B 

and D, curvature lowers and dislocation line length lowers. The chemical potential of vacancy 

addition between B and D is given as: 
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Setting these equations equal to each other, and assuming the dislocation between B and D is a 

cord of a circle, an equation to calculate �[�� and �]�� can be derived: 
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The equation needs to be solved numerically by determining the unravel length, �[��, that satisfies 

the above equation for a given climb height, �]��. The correct set of climb height and unravel 

distance is determined when the two sides of equation (2.13) equal each other. The result is a set 

of unravel lengths and climb heights that range from 0 nm to a climb height equal to that 

required to climb the particle. The height required to climb the particle depends on the width of 

the particle (d), and the particle incline (��). 

 The model includes a threshold term as well, however the measured threshold stress did 

not explain all the observed minimum creep rate exponents Arzt et al. was trying to recreate. If 

pipe diffusion is the diffusion mechanism, the dislocation alternates between negative and 

positive climb along the dislocation line length. Portions of positively climbing dislocations emit 
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vacancies, which diffuse along the dislocation to points of negative climb which absorb the 

vacancies. When unravel lengths between neighboring particles overlap, the dislocation is not 

able to reach its equilibrium position creating a stress below which climb would not occur; it 

creates a threshold stress. [42]. Arzt et al. show that this threshold stress can be estimated as:  

 �2�W�K� 
�2���K
��

 (2.14) 

where �2�W�K is the threshold stress, �2�� is the stress for a dislocation to loop around a particle, h is 

the particle height, and �� is the particle spacing. An applied stress lower than the threshold stress 

does not cause creep and is accounted for by subtracting the threshold from the applied stress in 

the above model. Arzt. et al. found that this calculated threshold stress is too small for dispersion 

strengthened alloys when comparing the model results to minimum creep rates reported in 

literature and developed the model further to include a particle that relaxes a dislocation strain 

field. This increased the estimated threshold stress to explain all the minimum creep rate 

exponents Arzt et al. were trying to recreate [40]. 

2.5.2 Glide controlled model 

The glide controlled model assumes the glide of dislocations with attached solute 

atmospheres is the rate limiting process. Figure 2.11 shows a schematic of the rate limiting 

processes assumed in the glide controlled model. Solute atoms are present at points labeled A, B, 

and C. The dislocation is under the influence of a shear stress causing the dislocation to bow 

around the pinning solute. The shear stress is below the breakaway stress and the dislocation is 

unable to glide freely.  

The model takes a slightly different approach than previously discussed. This model 

determines the influence an applied stress has on a solute atmosphere around a dislocation rather 

than determining the solute profile around an already moving dislocation. The model assumes 
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the shear stress affects the activation barrier for solute diffusion, and when the solute atoms 

diffuse to a new lattice position, the dislocation glides. The mechanical energy lowers the 

activation barrier for diffusion in the same direction the force acts on the dislocation and raises 

the activation barrier for diffusion in the opposite direction. The force on a dislocation line is 

given by �2�E��, where �2 is the shear stress acting on the dislocation, �E��is the Burger's vector, and 

�� is the solute spacing along the dislocation. The solute spacing is inversely related to the solute 

concentration along the dislocation. The force acts over a distance b when the solute atom moves 

to a new lattice position. The mechanical energy lowers the barrier for diffusion by �2�E���� and 

raises the barrier for diffusion the same amount in the other direction. The frequency of attempts 

a solute atom makes to overcome the diffusion barrier is 
���E

��
 where �� is the Debye frequency. 

Dislocation velocity is then given as: 
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where Q is the activation energy for solute diffusion. Combining this equation with 

equation (2.7) leads to an expression for strain rate: 
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(2.16) 

This expression can further be simplified by a Taylor expansion taking the first two terms of the 

summation: 
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where diffusion, D is: 
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This model for glide controlled creep is independent of solute concentration. The solute spacing 

terms cancel out after taking the Taylor expansion of the exponential terms. The appropriate 

diffusion coefficient in this model is solute interdiffusion as given by the Darken equation [22]. 

Using solute interdiffusion accounts for lattice drift that results from the different atomic radii of 

the solute and solvent.  

 

Figure 2.11 Schematic of the rate limiting process assumed in the glide controlled model. 
Solute atoms are present at A, B, and C. The dislocation is under the influence 
of a shear stress insufficient to break the dislocation away from the solute 
atmosphere [47]. 

 

  



35 

CHAPTER THREE �± METHODS 

A combination of elevated temperature mechanical tests, optical microscopy, electron 

microscopy, and x-ray diffraction were used to investigate the accelerated creep properties of 

Alloy 709. Constant load creep tests provided constant load creep curves, minimum creep rate 

data, and specimens for microscopy. Stress dip tests provided estimates of the threshold stress, 

and minimum creep rate data. Stress relaxation tests provided strain rate versus stress data and 

estimates of both the activation volume and activation energy of stress relaxation at elevated 

temperatures. Scanning electron microscopy (SEM) provided information on microstructural 

evolution of Alloy 709 of aged specimens and interrupted creep specimens. Transmission 

electron microscopy (TEM) was used to elucidate dislocation behavior during creep, investigate 

microstructural evolution on small length scales, and identify precipitates. X-ray diffraction 

experiments provided dislocation density measurements of different interrupted creep specimens.  

Three heats of Alloy 709 were used for mechanical tests and microscopy. The 

compositions of each heat are shown in Table 3.1. Heats 011502 and 011594 were produced by 

vacuum induction melting and electro-slag remelting. The heats were then hot rolled and hot 

forged. Heat 58776 was produced by argon-oxygen decarburization followed by hot rolling. All 

heats were then solution annealed at 1100 °C. The grain sizes for heats 011502, 011594, and 

58776 were 20, 30 µm, and 37 µm respectively [ty 1].  

Table 3.1 �± Composition of Specific Heats Investigated (wt pct) 
Heat C Mn Si Ni Cr Mo Ti Nb N S P B Fe 

011502 0.063 0.88 0.28 25.00 19.69 1.46 <0.01 0.23 0.14 <0.001 <0.005 0.0022 Bal. 

011594 0.063 0.88 0.28 25.00 19.69 1.46 <0.01 0.23 0.14 <0.001 <0.005 0.0022 Bal. 

58776 0.07 0.91 0.44 24.98 19.93 1.51 0.04 0.26 0.148 <0.001 0.014 0.0045 Bal. 

 

 



36 

All mechanical tests were conducted with tensile specimens machined in accordance with 

Figure 3.1. Specimens were machined by MetCut research Inc. or Innotech. Specimens were 

measured with an optical comparator to avoid marking the reduced gage section of the tensile 

specimen. Three measurements of gage section diameter were taken at the center of the gage 

length, and the average of the three were used as the specimen diameter to calculate stress. Four 

measurements of adjusted gage length were taken, and the average of the four measurements 

were used to calculate strain. In accordance with ASTM E139-11, the distance between the 

shoulders at a factor of 1.05 of the specimen diameter was considered the specimen gage 

length [62].  

 

 
Figure 3.1 Machine drawing for tensile specimens. Measurements at in mm. 

 

3.1 Mechanical Tests 

Constant load creep test, stress dip tests, and stress relaxation tests were performed on 

Alloy 709. Test temperatures ranged from 550 °C to 650 °C, and applied stresses ranged from 
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90 MPa to 300 MPa. Table 3.2 lists the mechanical test, the age condition of the test specimen, 

test temperature, test stress or initial stress, and heat from which the specimen was produced. The 

stress listed for the stress dip and stress relaxation tests is the initial stress. The aged1 condition 

refers to 650 °C for 2,500 hrs, and the aged2 condition refers to 750 °C for 150 hrs.  

3.1.1 Constant Load Creep Tests 

The constant load creep tests were conducted at Idaho National Laboratory (INL). 

Constant load creep tests were conducted in accordance to standard ASTM E139-11 [62] using 

an Applied Tests System creep/stress rupture testing system. The testing frame consists of a 

frame, crosshead, three zone furnace, a lever arm, and load pan. The lever arm can be set to a 3:1 

or 20:1 ratio. A specimen was placed in the center of the three zone furnace. The specimen 

linked the crosshead to the lever arm. The three zone furnace raised the specimen to a 

temperature set point over the course of two to three hours. The test system then established 

steady state condition by performing a two hour temperature hold. Strain was monitored by two 

linear voltage differential transformers (LVDT), or Heidenhain linear encoders. The LVDTs or 

linear encoders were located below the three zone furnace and interfaced with the specimen with 

an extensometer mounted on the specimen. The extensometer extends below the three zone 

furnace, and it mounted on the specimen at the two grooves located outside the reduced gage 

section seen in Figure 3.1. The extensometer translates the displacement between the two 

grooves to the externally mounted LVDTs or Heidenhain linear encoders.  

The constant load creep frames had an automated reheat procedure for temperature 

deviations. When initiated, the reheat procedure unloaded the specimen and returned the 

temperature to the setpoint with the same ramp rate as the initial heating cycle. The frame then 

did another two hour temperature hold to establish steady state conditions prior to reloading the 
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specimens. The system monitored temperature and initiates a reheat procedure upon a two degree 

Celsius deviation below the setpoint or a single degree Celsius deviation above the setpoint. 

Upon a loss of power, the three zone furnace shut down, and specimen temperature drifted down. 

If temperature drifted lower than two degrees Celsius below the setpoint a reheat procedure 

initiated, once the system regains power. The reheat procedure resulted in the tensile specimen 

being subjected to creep conditions at temperatures below the setpoint for a period of time.  

 
Table 3.2 �±Test Type, Age Condition, Test Temperature, and Heat of Material 

Type of test Age Condition Temperature Applied Stress Heat 
Constant Load Creep SA 650 °C 300 MPa 11502 
Constant Load Creep SA 650 °C 220 MPa 11502 
Constant Load Creep SA 650 °C 175 MPa 11502 
Constant Load Creep SA 650 °C 145 MPa 11502 
Constant Load Creep SA 650 °C 110 MPa 11502 
Constant Load Creep SA 550 °C 300 MPa 11594 
Constant Load Creep SA 550 °C 250 MPa 58776 
Constant Load Creep SA 550 °C 180 MPa 58776 
Constant Load Creep Aged1 650 °C 300 MPa 11594 
Constant Load Creep Aged1 650 °C 175 MPa 11594 
Constant Load Creep Aged1 650 °C 110 MPa 11594 
Constant Load Creep Aged2 650 °C 300 MPa 58776 
Constant Load Creep Aged2 650 °C 175 MPa 58776 
Constant Load Creep Aged2 650 °C 145 MPa 58776 
Stress Dip SA 650 °C 300 MPa 11502 
Stress Dip Aged1 650 °C 300 MPa 11502 
Stress Relaxation SA 650 °C 300 MPa 58776 
Stress Relaxation SA 650 °C 180 MPa 58776 
Stress Relaxation SA 600 °C 300 MPa 58776 
Stress Relaxation SA 600 °C 180 MPa 58776 
Stress Relaxation SA 550 °C 300 MPa 11594 
Stress Relaxation Aged1 650 °C 300 MPa 11594 
Stress Relaxation Aged1 650 °C 180 MPa 58776 
Stress Relaxation Aged1 600 °C 300 MPa 58776 
Stress Relaxation Aged1 600 °C 180 MPa 58776 
Stress Relaxation Aged1 550 °C 300 MPa 58776 
Stress Relaxation Aged2 650 °C 300 MPa 58776 
Stress Relaxation Aged2 650 °C 180 MPa 58776 
Stress Relaxation Aged2 600 °C 300 MPa 58776 
Stress Relaxation Aged2 600 °C 180 MPa 58776 
Stress Relaxation Aged2 550 °C 300 MPa 58776 
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Constant load creep tests were used to construct constant load creep curves (strain versus 

time) as well as provide minimum creep rate versus stress and temperature data. The duration 

and behavior of primary and secondary creep was estimated from the constant load creep curves. 

Most specimens were interrupted at the point of minimum creep rate, or soon after, for 

microscopy considerations.  

Creep rate was determined by calculating the slope of the strain versus time curve for a 

defined time interval in Matlab®. Due to the varying amounts of noise in the constant load creep 

data, the time interval used to calculate the average strain rate varied. The time interval was 

chosen as the smallest value that resulted in acceptable noise in the strain rate data. The same 

time interval could not be used for all the constant load creep tests to avoid incorporating the 

tertiary creep regime into the analysis. The MatLab® code used to calculate the minimum creep 

rate can be seen in Appendix A. 

3.1.2 Stress Dip Tests 

Stress dip tests were carried out at INL. Stress dip tests were identical to constant load 

creep tests up to the point of minimum creep rate. The tests were conducted on the same Applied 

Test Systems frames as described in section 3.1.1 for constant load creep tests. Stress dip tests 

used the same heating and loading procedures as the constant load creep tests. Two externally 

mounted linear encoding Heidenhain strain gages were used to measure strain during the tests. 

An identical extensometer as describe in section 3.1.1 linked the strain gages to the specimen. 

During the stress dip test, load was lowered when the minimum creep rate was achieved [39, 63]. 

The test requires the specimen to not experience any tertiary creep during the initial load. The 

time and value of the minimum creep rate expected during the initial load was estimated from a 

previous constant load creep test conducted at the same temperature, initial stress, and specimen 
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condition as the stress dip test. When the specimen exhibited the same duration of primary creep 

and a similar creep rate as that predicted by a constant load creep test, the first stress dip was 

performed. The remainder of the stress dips were performed when the specimen established a 

constant creep rate following a stress dip.  

The stress dip specimens demonstrated several reactions following the load drop imposed 

during the stress dip test. Initially, the specimen underwent an elastic contraction as load is 

removed from the load pan of the ATS lever arm creep frame. An anelastic contraction followed 

shortly after the elastic contraction. The specimen then shows differing behavior depending on 

the size of the load drop [38]. Following the anelastic contraction, a positive strain rate could 

occur for a small load drop. Backward creep, a negative creep rate, could occur for a large load 

drop. Usually, a period of no creep occurred following the anelastic contraction [39, 64 �± 66]. 

The period of no creep deformation is referred to as an incubation period. Following the 

incubation period, the specimen resumed forward creep. Load was lowered again once a new 

constant creep rate established �R�U���W�K�H���P�D�W�H�U�L�D�O�¶�V���F�U�H�H�S���U�D�W�H���P�R�Y�Hd through a minimum. The load 

drops were chosen to be about 10 pct of the initial applied load.  

The duration of the incubation period of a precipitation strengthened alloy is thought to 

�E�H���U�H�O�D�W�H�G���W�R���W�K�H���G�L�I�I�H�U�H�Q�F�H���E�H�W�Z�H�H�Q���W�K�H���D�S�S�O�L�H�G���V�W�U�H�V�V���D�Q�G���W�K�H���P�D�W�H�U�L�D�O�¶�V���W�K�U�H�V�K�R�O�G���V�W�U�H�V�V����For 

applied stress values greater than the threshold stress, the incubation period approaches infinity 

as the applied stress approached the threshold stress. McLean showed that the threshold stress 

can be estimated by fitting the incubation durations, �û�W, to the equation: 
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�Z�K�H�U�H���*���L�V���W�K�H���V�K�H�D�U���P�R�G�X�O�X�V�����E���L�V���W�K�H���%�X�U�J�H�U�¶�V���Y�H�F�W�R�U�����.���L�V���D���N�L�Q�H�W�L�F���I�D�F�W�R�U���� �1�5 is the stress 

remaining on the specimen following a load drop, �1�� �L�V���W�K�H���P�D�W�H�U�L�D�O�¶�V���W�K�U�H�V�K�R�O�G���V�W�U�H�V�V�����D�Q�G�� �1�L is 
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the initial stress placed on the specimen [39, 67]. The incubation periods were determined by 

visual inspection of the strain rate versus time figures as the time required to achieve a constant 

forward creep rate after the load drop.  

3.1.3 Stress Relaxation Tests 

Stress relaxation tests monitored load on a specimen at a constant strain at elevated 

temperatures. A load frame raised the temperature of a specimen. The specimen was then loaded 

to a load or strain of interest and held at a constant strain. The load on the specimen lowered as 

thermally activated processes transform elastic strain to creep strain.  

Stress relaxation tests were conducted at Idaho National Laboratory. An augmented ATS 

creep lever arm frame was used as the load frame for the tests. The lever arm was fixed with a 

load cell to monitor load placed on the lever arm. The testing system had a three zone furnace to 

raise specimen temperature to the temperature of interest. A tensile specimen was placed within 

the furnace linking the crosshead to the fixed lever arm. The crosshead lowered to place a load 

on the specimen.  

The system used four thermocouples to monitor temperature and minimize thermal 

gradients. Three thermocouples were welded to the specimen gage length: one at the top, one in 

the middle, and one at the bottom of the gage length. The fourth thermocouple monitored furnace 

air temperature in the vicinity of the specimen gage length. The testing system raised 

temperature over the course of 2 to 3 hours. Temperature was then held constant for 2 hours to 

establish steady state conditions, identically to the constant load creep tests and stress dip tests. 

Following the temperature hold, the frame lowered the crosshead while monitoring load and 

strain. The crosshead lowered at 0.001 mm/s. The strain at the user specified load set point was 

recorded and held constant following the first load reading above the setpoint.  
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Creep strain rate data was calculated from the load versus time data provided by the 

stress relaxation test. The relaxed stress at a given time was calculated by subtracting the 

measured stress at that time from the highest measured stress during the relaxation test. The 

creep strain was �F�D�O�F�X�O�D�W�H�G���E�\���G�L�Y�L�G�L�Q�J���W�K�H���U�H�O�D�[�H�G���V�W�U�H�V�V���E�\���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V of the material at 

the testing temperature. The Young�¶s modulus was obtained from literature for 316 for a range of 

temperatures, and the data were �L�Q�W�H�U�S�R�O�D�W�H�G���W�R���G�H�W�H�U�P�L�Q�H���D�Q���H�V�W�L�P�D�W�H���R�I���$�O�O�R�\���������¶�V���<�R�X�Q�J�¶�V��

modulus at the testing temperatures [68]. Creep strain rate was then calculated from the strain 

versus time data by taking the slope of the data over a range of data points. The range of data 

used increases as strain rate lowers. The noise in the load-time data was larger at lower strain 

rates, and a larger range of data was required to calculate an observable trend in the strain rate 

versus stress data.  

The strain rate data were compared in a two step process. Initially, strain rate versus 

stress was plotted in a log-log plot. The slope of this curve was the strain rate sensitivity. The 

activation volume was then calculated from the expression presented by Champion et al. [69]: 

 
�Y�
� �0�N�7�F

�G�O�Q�:�0�6�;

�G�1
�G 

(3.2) 

where �Y�
 �L�V���W�K�H���D�F�W�L�Y�D�W�L�R�Q���Y�R�O�X�P�H�����0���L�V���W�K�H���7�D�\�O�R�U���)�D�F�W�R�U�����N���L�V���W�K�H���%�R�O�W�]�P�D�Q�Q�¶�V���F�R�Q�V�W�D�Q�W�����7���L�V��

the absolute temperature, �0�6 is the strain rate, and �1 is the applied stress [69].  

3.2 Dislocation Density Measurements 

Dislocation density was measured using the Modified Williamson-Hall method. X-ray 

diffraction experiments were performed on the gage section of interrupted creep specimens. The 

gage sections of the interrupted creep specimens were prepped to create a metallographic 

specimen. A portion of the gage section was sectioned and mounted in Bakelite. The 
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metallographic specimen was then ground with 300, 600, 800, and 1200 grit sandpaper. 

Following grinding, the specimen was polished with 3 ��m and then 1 ���P diamond suspension.  

X-ray diffraction was carried out on a Siemens XRD with a copper source. The 

specimens were scanned to capture the first four diffraction peaks for Alloy 709; an example of 

the results is shown in Figure 3.2. Each peak on the same scale is shown in Figure 3.2(a), a close 

up of the first two peaks are shown in Figure 3.2(b) and (c). The close up figure better depicts the 

data used in the analysis. The range of 2�� was chosen to balance time of scan and the ability of 

the software to accurately determine background and a Lorentzian fit for the data. The x-ray 

diffraction experiments captured diffraction peaks from 43.0° to 44.5°, 50.0° to 52°, 73.5° to 

76.0°, and 89.0° to 92.5°. The instrument has a 0.01° step and a dwell time of 5 seconds. Three 

x-ray diffraction scans were performed on each specimen, and the specimen was rotated slightly 

between each scan.  

X-ray peak broadening due to the instrument was removed from the data. The instrument 

was calibrated with a LaB6 standard. The standard had large grains and minimal strain in the 

lattice. Thus, peak broadening in the scans of the LaB6 standard resulted from the instrument 

itself. The full width half max of each peak from the LaB6 standard was plotted versus ����. The 

data was then fitted to a third degree polynomial. The polynomial was used to determine the 

broadening of a peak at a specific ���� and subtracted from the Alloy 709 data. Figure 3.3 shows 

the full width half max data collected from the LaB6 standard and the 3rd degree polynomial fit. 

Dislocation broadening and crystallite size broadening were deconvoluted by a method 

proposed by Williamson and Hall [70] and then modified by Ungar et al. [71 �± 73]. The analysis 

plots the measured broadening of a diffraction peak versus the diffraction condition and fits the 

data to the following equation: 
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where �� is the Bragg angle for the diffracting peak, �' �� is the crystallite size, M is a 

dimensionless constant equal to 2 for dislocations populating all slip systems equally [74], b is 

�W�K�H���%�X�U�J�H�U�¶�V���Y�H�F�W�R�U���� �! is the dislocation density, �ã is the wave length of the incident x-ray 

radiation, and �%�§ is the average contrast factor the diffracting plan. Equation (3.4) can be 

simplified to: 

 
�û�.��� ���%���P�.�&
%

��
�� (3.5) 

where B is the intercept of the data trend, and m is the slope of the data trend. Inspection of (3.4) 

and (3.5) shows that the crystallite size can be calculated from the intercept of the trend line, and 

the dislocation density can be calculated from the slope of the data.  

The contrast factors in equations (3.4) and (3.5) were introduced by Ungar et al. The 

contrast factors accounted for the crystallographic nature of dislocations, and their varying effect 

on diffraction peak broadening for different plans. The constants were calculated in accordance 

to a the methods presented by Ungar et al. [73]. The contrast factor for a given plane in an FCC 

crystal is given by: 

 
�&
%�K�N�O� �&
%�K����
k�����T�+��
o (3.6) 

where �&
%�K���� and q depends on the �P�D�W�H�U�L�D�O�¶�V���H�O�D�V�W�L�F���F�R�Q�V�W�D�Q�W�V���� �&����, �&����, and �&����. Elastic 

constants for 304 were used to determine the contrast factors [75].  

Edge and screw dislocations have different contrast factors due to their different 

crystallographic nature. The average contrast factor used in the modified Williamson-Hall 

analysis assumes some fraction of edge and screw dislocations between all screw or all edge 
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dislocations. This work assumed that half the dislocations are of edge character and the other half 

are screw character.  

 

 

(a) 

 

(b) 

 

(c) 

Figure 3.2 Example of diffraction results for Alloy 709 showing diffracted intensity as a 
function of 2����(a) each peak shown on the same scale, (b) a close up of the first 
peak, and (c) a close up of the second peak. 

 

 



46 

 

Figure 3.3 Full width half max data from LaB6 standard. The data were used to remove 
instrument error for the modified Williamson-Hall analysis. 

3.3 Deformation Models 

Two deformation models from literature were applied to Alloy 709 to identify the active 

creep mechanisms for a variety of temperatures and applied stresses. One model was developed 

by Friedel [47]; this model is referred to as the glide controlled creep model. The other model 

was developed my Arzt. et al. [40, 42]; this model is referred to as the climb controlled creep 

model. 

3.3.1 Glide controlled model 

The results from the glide controlled model were calculated in Excel and compared to 

experimental creep data. Shear strain rates were calculated for a range of applied shear stresses at 

two different temperatures. The model used the following equation to estimate shear strain 

rates [47]: 
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where G is the shear modulus, �'
é is the interdiffusion of solute and solvent in the alloy, �2 is the 

�D�S�S�O�L�H�G���V�K�H�D�U���V�W�U�H�V�V�����E���L�V���W�K�H���%�X�U�J�H�U�¶�V���Y�H�F�W�R�U�����N���L�V���W�K�H���%�R�O�W�]�P�D�Q�Q�¶�V���F�R�Q�V�W�D�Q�W�����D�Q�G���7���L�V���W�K�H���D�E�V�R�O�X�W�H��

temperature. The parameter �.���L�V���D���X�Q�L�W�O�H�V�V���F�R�Q�V�W�D�Q�W���W�R���I�L�W���G�L�V�O�Rcation density to the applied shear 

stress [22, 47, 60]. In this study, �. is set to 3 based off dislocation density measurements of 

similar material subjected to similar creep conditions as those tested in this work [60]. 

Interdiffusion coefficients were used rather than diffusion coefficients for the substitutional 

species to account for the change in lattice parameter that may occur within a solute 

atmosphere [22]. Interdiffusivity is given by the Darken equation [76]: 

 �'
é��� ���; �D�' �E���; �E�' �D (3.8) 

where �'
é is the interdiffusivity coefficient, �; �L is the molar fraction of species i, and �' �L is the 

diffusivity coefficient of species i. The diffusion coefficients of each species were estimated 

using Thermo-Calc®. 

 The resulting shear strain rates versus applied shear stresses were converted to tensile 

stresses and strain rates with the Taylor factor of 3. The results were then compared to 

experimental data for Alloy 709. 

3.3.2 Climb controlled model 

The climb controlled model was solved in MatLab® for an assumed microstructure. 

Particle size, spacing, and incline ���W�K�H���F�X�E�L�F���S�D�U�W�L�F�O�H�¶�V���H�G�J�H���L�V���D�V�V�X�P�H�G���W�R���O�D�\���R�Q���W�K�H���V�O�L�S���S�O�D�Q�H��

with its surface at some angle to the slip plane), as discussed in section 2.5.1, were inputs into a 

MatLab® script, and the strain rate as a function of stress was calculated. The strain rate as a 

function of stress was calculated ranging from 1 pct of the Orowan bowing stress to 100 pct of 

the Orowan bowing stress.  
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The model followed the methods proposed by Arzt et al. [42]. The model simulated a 

dislocation climbing up a particle in 0.01 nm steps. The unravel distance was calculated, and 

then the chemical potential for vacancy addition was calculated. The climb rate of the dislocation 

for that 0.01 nm step was then calculated from the chemical potential for vacancy addition. The 

time required to surmount the particle by climb was calculated after acquiring the climb rate for 

each climb step. The inverse of the climb rate multiplied by 0.01 nm (the climb step in the 

model) resulted in the time required for the dislocation to climb during that step. The steps 

required to overcome the particle were all summed giving the time to climb past the particle. The 

dislocation velocity was calculated by dividing the particle spacing by the time required to 

overcome a particle by climb. The average dislocation velocity calculation assumed the time 

required to glide between the two particles is negligible with respect to the time required to climb 

past a particle, and glide time does not affect the average dislocation velocity. The shear strain 

rate was then given by the Orowan equation: 

 ���6��� ���!�E�Y�D�� (3.9) 

where �! �L�V���W�K�H���G�L�V�O�R�F�D�W�L�R�Q���G�H�Q�V�L�W�\�����E���L�V���W�K�H���%�X�U�J�H�U�¶�V���Y�H�F�W�R�U�����D�Q�G�� �Y�D is the average dislocation 

velocity. The shear stress and shear strain were then converted to tensile stress and tensile strain 

and compared to experimental creep data.  

The model included a threshold stress behavior. The calculated threshold stress was 

calculated and subtracted from the applied stress during the model simulation. The resulting 

minimum creep rates matched well with the data presented by Arzt et al. [42]. The model was 

also performed ignoring threshold behavior, and resulted in similar predictions for similar 

particle size and ramp angle. The similarity between the model results supports the claim by Arzt 



49 

et al.�¶�V���W�K�D�W���W�K�U�H�V�K�R�O�G���V�W�U�H�V�V���G�R�H�V���Q�R�W���D�F�F�R�X�Qt for creep behavior in many alloys hardened by a 

second phase [40, 42]. 

3.4 Thermodynamic Models 

Creep properties of Alloy 709 with microstructures similar to those that develop during 

sodium cooled fast reactor operation were of interest. In this work, equilibrium and kinetic 

modeling were utilized to identify stable phases and determine the volume fraction of those 

stable phases at varying times and temperatures. Thermo-Calc® was used to identify the 

equilibrium conditions for Alloy 709 at a variety of temperatures. TC-Prisma was used to 

identify the volume fraction evolution of various precipitate phases.  

Thermo-Calc® identified the equilibrium phases for Alloy 709 for a variety of 

temperatures. Thermo-Calc utilized CALPHAD to determine the most stable phases for given 

composition as well as temperature and pressure. Comparing the phases present as well as 

equilibrium volume fraction predicted by Thermo-Calc® identified a range of possible aging 

temperatures for Alloy 709. 

TC-Prisma® identified volume fraction, size distribution, and mean radius of varying 

precipitating phases for a given composition, temperature, and pressure. Aging times were 

chosen by determining temperatures and times that are expected to produce similar volume 

fractions of precipitating phases to those expected during long term application.  

The software used a Kampmann-Wagner numerical method to simulate nucleation. 

Several rate equations were solved to give the volume fraction, mean radius, and size distribution 

of a precipitating phase, among other parameters [77]. To describe growth of precipitating 

phases, a model proposed by Chen, Jeppsson, and Agren was used in TC-Prisma®. Here, the 

velocity of the interface between the precipitating phase and the matrix phase was modeled as a 
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set of flux balance equations that predicts volume fraction, mean radius, and size distribution of a 

growing phase as a function of time, among other parameters [77]. 

3.5 Aging of Alloy 709 

Alloy 709 was aged at 650 °C for 2,500 hrs as well as 750 °C for 150 hrs. The aging at 

650 °C and 2,500 hrs will be referred to the aged1 condition, and the aging at 750 °C at 150 hrs 

will be referred to as the aged2 condition.  

The aged conditions were chosen based off the results of the thermodynamic and kinetic 

modeling, which are discussed further in Chapter 6. Temperature and times were chosen to 

produce similar volume fractions of similar precipitates predicted to develop during service 

conditions in a sodium cooled fast reactor.  

Specimens of Alloy 709 were aged in quartz tubes filled with argon gas to limit surface 

oxidation or in plates that were later machined into tensile specimens. Furnaces were turned on, 

and specimens or plates were placed in the furnaces once the furnace had reached the 

temperature setpoint. Once the specimen had been at temperature for the required time, the 

furnaces were shut off and door opened. The specimens were then allowed to air cool until safe 

to handle.  

3.6 Microscopy 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were 

performed on specimens of Alloy 709 in the solution annealed condition as well as the aged and 

interrupted creep specimens. SEM provided insights into the precipitation behavior, and 

channeling contrast images showed substructure behavior of Alloy 709. TEM provided phase 

identification as well as dislocation substructure. 
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Specimens for SEM were processed using a variety of grinding and polishing steps. 

Interrupted creep specimens were sectioned at the center of the gage length. Specimens taken to 

rupture were sectioned far from the neck, which developed during tertiary creep. Sections were 

mounted in Bakelite and ground flat. Metallographic specimens were ground with 300, 400, 800, 

and 1200 grit silicon carbide sandpaper. Specimens were then polished with 6, 3, and 1 ���P 

diamond suspension. The metallographic specimens were then placed on a Vibromet with 

colloidal silica until a scratch free surface was obtained, which required 4 to 8 hours. SEM 

imaging was performed on a JEOL 7000 field emission scanning electron microscope. A 20 kV 

accelerating voltage and a working distance of 6 mm was used during investigation.  

Thin foils were produced from interrupted gage specimens and aged Alloy 709 for TEM 

investigation. 1 mm thick sections were removed from the center of the gage of interrupted creep 

specimens. 1 mm thick sections were removed from the gage far from the necked region for 

creep specimens taken to rupture. The section was mounted on an Aluminum puck with Crystal 

bond. Specimens were then ground with 300, 600, and 1200 grit carbide sandpaper. The 

specimen was then removed from the aluminum puck and flipped and ground with the same 

grits. The thin foils were then electro-polished using a solution of 10 pct sulfuric acid and 90 pct 

methanol. The solution was cooled to between -40 and -30 °C. A potential between 15 and 

30 mV was used.  

TEM imaging was performed on a Phillips CM12 TEM with an accelerating voltage of 

120 kV or an FEI Talos F200X TEM with an accelerating voltage of 200 kV. A double tilt 

holder was used in both microscopes to facilitate diffraction experiments. 
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CHAPTER FOUR �± ALLOY 709 SOLUTION ANNEALED BEHAVIOR 

High temperature mechanical tests and microscopy were performed on Alloy 709 to 

investigate creep behavior. Constant load creep tests, stress dip tests, and stress relaxation tests 

were performed to study the mechanical behavior at temperatures ranging from 550 to 650 °C 

and applied stresses up to 300 MPa. Microscopy of interrupted creep specimens showed the 

physical changes occurring in Alloy 709 during creep conditions. Scanning electron microscopy 

(SEM) identified physical behavior on larger length scales. Transmission electron microscopy 

(TEM) was used to characterize dislocation substructure and precipitates.  

4.1 Constant Load Creep Tests 

Constant load creep testing was performed on Alloy 709 in the solution annealed 

condition. The minimum creep rate exponents of Alloy 709 were compared to the minimum 

creep rate exponents of NF709 at similar creep conditions. The constant load creep curve 

produced by specimens of Alloy 709 were examined for indications of underlying deformation 

mechanisms. The minimum creep rate exponents were determined for creep conditions that 

produced similar constant load creep curves. Also, the activation energy for creep was 

determined for different stresses and compared to values expected for different mechanisms [78]. 

Figure 4.1 shows the minimum creep rates of Alloy 709 collected during this work and 

reported values of NF709 at a test temperature of 650 °C [7] on a log-log plot. NF709 specimens 

were obtained from seamless tubes, while Alloy 709 specimens were obtained from forged and 

hot rolled plate. NF709 has an identical composition as Alloy 709 except higher titanium content 

is found in NF709 [3]. The data between the two slightly different compositions and product 

form overlap at 650 °C. Figure 4.2 shows the minimum creep rate as a function of testing 

temperature for NF709. The minimum creep rate exponents of NF709 show a general downward 
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trend as temperature lowers from 900 °C to 600 °C. The exponent transitions from 10 at the 

higher temperatures tested to a 6 for the lower temperatures tested. Alloy 709 has a minimum 

creep rate exponent that falls slightly below this trend but not significantly. Overall, there 

appears to be little difference in creep behavior between the Alloy 709 tested in this work and the 

reported properties of NF709 despite differences in product form and slight differences in 

composition. 

 

 

Figure 4.1 Minimum creep rates of NF709 and Alloy 709 at 650 °C [7]. 
 

 

Constant load creep tests of Alloy 709 were carried out at 550 and 650 °C. Stress ranges 

from 110 to 300 MPa for tests conducted at 650 °C (shown alongside NF709 data in Figure 4.2), 

and stresses range from 180 to 300 MPa for tests conducted at 550 °C. Figure 4.3 shows the 
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minimum creep rate data as a function of applied stress for the constant load creep tests 

conducted at 550 and 650 °C. The minimum creep rate exponent of Alloy 709 during creep at 

650 °C with an applied stress between 110 and 300 MPa is calculated to be 5.11. A creep rate 

exponent of 5 is expected during power law creep, and is seen in many metals and alloys [79]. 

This exponent is slightly lower than that of NF709 at the same temperature. The minimum creep 

rate exponent of Alloy 709 during creep at 550 °C is 3.13. Many alloys show a minimum creep 

rate exponent of 3 when dislocation glide controls deformation [19], and further discussion 

supporting dislocation glide as a deformation mechanism will be presented later.  

 

 

Figure 4.2 Minimum creep rate exponent of NF709 as a function of temperature. The 
minimum creep rate exponent shows a downward trend as temperature lowers 
from 900 °C to 600 °C 

 

The shapes of the constant load creep curves were inspected for duration of primary 

creep, presence or absence of a steady state region of creep, and the presence or absence of 

inverted or sigmoidal primary creep. Figure 4.4 shows an example of three of the different 

behaviors observed for Alloy 709. Specimen of Alloy 709 tested at 650 °C and applied stress of 
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300 MPa and 220 MPa produced constant load creep curves similar to Figure 4.4(a). The creep 

curves have a pronounced primary creep region and lack a steady state region of creep. The 

�V�S�H�F�L�P�H�Q�¶�V���P�L�Q�L�P�X�P���F�U�H�H�S���U�D�W�H���R�F�F�X�U�U�H�G���D�W���D�Q���L�Qflection point. Constant load creep tests tested 

with an applied stress of 145 MPa and 175 MPa at 650 °C produced constant load creep curves 

similar to Figure 4.4(b). The creep curves showed a short primary creep region and inverted 

primary creep before establishing a constant creep rate. A material is said to undergo inverted 

primary creep when its creep rate increases before establishing a steady state creep rate. 

Figure 4.4(c) shows the constant load creep curve for Alloy 709 tested at 650 °C with an applied 

stress of 110 MPa. The specimen exhibits sigmoidal creep for the first 1000 hrs of the constant 

load creep tests. A material is said to undergo sigmoidal creep when creep rate initially starts at a 

low value and increases as time progresses and after a period of time the creep rate starts to 

decrease before establishing a constant value. The creep strain versus time curve resembles a 

sigmoidal curve. Short primary creep regions, inverted primary creep, and sigmoidal creep are 

associated with glide controlled creep, also known as Class A creep behavior [24, 25, 49 �± 50, 

80 �± 82]. Constant load creep tests conducted at 650 °C and with an applied stress below 

180 MPa show behavior often associated with glide controlled creep.  

Constant load creep curves tested for Alloy 709 at 550 °C were also inspected for 

duration of primary creep, presence or absence of steady state creep, and the presence or absence 

of inverted or primary creep. Figure 4.5 shows the constant load creep curves for Alloy 709 

tested at 550 °C and an applied stress between 250 MPa and 300 MPa. Figure 4.5(a) shows the 

constant load creep curve for 550 °C and an applied load of 250 MPa. The specimen exhibited a 

short period of primary creep and inverted primary creep before establishing a constant creep 

rate. While hard to see in the strain rate data presented in the figure, the slope of the creep strain 
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increases after roughly 300 hrs. The measured strain rate between 200 and 400 hrs is 5.2x10-11 s-1 

and the strain rate between 400 hrs and the end of the test is 7x10-11 s-1. The slope of the strain 

versus time curve then appears to remain constant for the remainder of the test. Figure 4.5(b) 

shows the constant load creep curve for Alloy 709 tested at 550 °C and 300 MPa. The specimen 

exhibited a pronounced region of primary creep that lasts about 450 hrs. The primary region of 

the constant load creep curve resembles the primary creep region of the creep curve produced by 

a specimen of Alloy 709 tested at 650 °C with an applied stress of 220 or 300 MPa. The 

specimen then reached a minimum creep rate. The slope of the strain versus time data increased 

at 750 hrs and then decreased after 1500 hrs. The change in creep rate is believed to be a result of 

several power outages during the test. During the power outages the specimen was subjected to 

varying loads and falling temperature. The amount of cooling depended on the duration of the 

power outage. Upon reestablishment of power, the specimen was unloaded and heated to the test 

temperature before being reloaded. It is believed that several cycles of heating and cooling 

resulted in the behavior shown in Figure 4.5(b).  

The minimum creep rate exponents were determined using the minimum creep rate data 

for the two sets of behavior observed in the constant load creep curves. The minimum creep rate 

exponent was determined for applied stresses of 220 MPa and 300 MPa, and another minimum 

creep rate exponent was determined for applied stresses of 110 MPa, 145 MPa, and 175 MPa. It 

is estimated that at stresses above 180 MPa, Alloy 709 has a minimum creep rate exponent of 

6.42. At stresses below 180 MPa, Alloy 709 has a minimum creep rate exponent of 3.95. 

Figure 4.6 shows the minimum creep rates for Alloy 709 at 650 °C with stresses ranging from 

110 to 300 MPa with trend lines added to highlight the different minimum creep rate exponents. 

Fits to the two ranges of data indicate the fits intercept at approximately 180 MPa.  
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Figure 4.3 The minimum creep rate versus applied stress for Alloy 709 during constant 
load creep tests conducted at 650 °C and 550 °C. 

 

The minimum creep rate exponents calculated for the two stress ranges discussed fall 

outside ideal behavior for power law creep. Class A alloys exhibit a minimum creep rate 

exponent of 3, and Class M alloys exhibit a minimum creep rate exponent of 5 while in the 

power law region of creep [19, 33]. The minimum creep rate exponent calculated at 650 °C and 

for stresses greater than 180 MPa is above the minimum creep rate exponent expected for 

Class M behavior. However, literature has reported minimum creep rate exponents larger than 5 

for materials similar to Alloy 709 at similar creep conditions [6, 55]. The minimum creep rate 

exponent calculated at 650 °C and stresses below 180 MPa falls between the minimum creep rate 

exponents expected during power law creep for Class A and Class M alloys.  
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(a) 

 

(b) 

 

 

(c) 

Figure 4.4 The constant load creep curves produced by Alloy 709 when tested at 650 °C 
with an applied stress of (a) 300 MPa, (b) 175 MPa, and (c) 110 MPa. (a) shows 
a distinct primary creep region and no steady state creep region. (b) shows a 
short to non-existent primary creep region and inverted primary creep before 
establishing a steady state creep rate at 400 hrs. (c) shows sigmoidal creep for 
the first 1000 hrs.  

  



59 

(a) (b) 

Figure 4.5 Constant load creep curves and creep rates for Alloy 709 tested at 550 °C and a 
stress of (a) 250 MPa, and (b) 300MPa.  

 

 

Figure 4.6 Minimum creep rates for Alloy 709 tested at 650 °C. Trend lines are added to 
highlight the change in minimum creep rate exponent. The minimum creep rate 
exponent is 6.4 at stresses above 180 MPa and is 3.95 at stresses below 
180 MPa. 
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The activation energy for creep in NF709 was calculated at various temperatures and 

stresses. The activation energy of creep determines the temperature dependence of creep, and 

different controlling mechanisms often have different activation energies [19, 79]. The activation 

energy for creep is often assumed to be close to the activation energy for self-diffusion in power 

law creep, but the activation energy of creep can also be close to the activation energy of solute 

diffusion [19]. Activation energy was determined by plotting the minimum creep rates at a 

constant stress and varying temperature [83]. The creep data presented in Figure 4.1 were not 

obtained at the same stresses. To estimate the minimum creep rate at different stresses and 

varying temperature, the data for each temperature were fit to: 

 �0�6�P��� ���.�1�Q (4.1) 

where �0�6�P is the minimum creep rate, K is a temperature dependent term, �1 is the applied stress, 

and n is the creep rate exponent. Three stresses were analyzed: 50, 150, and 250 MPa. The 

stresses were chosen to limit the amount of required extrapolation. Figure 4.7 shows the three 

stresses used to determine activation energy superimposed on a plot of minimum strain rate 

versus applied stress. Data from 750 and 650 °C were extrapolated slightly to the selected stress 

levels while all other data were interpolated. The resulting minimum creep rates were plotted on 

an Arrhenius plot to determine the activation energy. Figure 4.8 shows the Arrhenius plot for the 

minimum creep rates determined in Figure 4.7. A least squares regression was performed to 

determine the slope of the strain rate versus inverse temperature data. The slopes of the trends 

are proportional to the negative of the activation energy. Activation energy for data on the left 

side of the figure, which corresponds to higher temperatures and lower stresses, is lower than 

data on the right side of the figure. The measured activation energy of creep for NF709 ranges 

from 312 kJ/mol to 860 kJ/mol. The activation energy for self-diffusion of similar alloys ranges 
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from 229 kJ/mol to 281kJ/mol [84, 85]. The measured activation energies are higher than self-

diffusion, which is commonly seen in particle strengthened materials [35, 36, 40, 42]. 

 

 

Figure 4.7 Minimum creep rate data of NF709 with vertical lines showing the 
temperatures used to determine activation energy at 50 MPa, 150 MPa, and 
250 MPa.  

 

 The activation energy for creep of Alloy 709 was determined using the creep data 

collected between 550 and 650 °C. These results were compared to NF709 results. The activation 

energy is measured for an applied stress of 300 MPa and 180 MPa. Figure 4.9 shows the 

Arrhenius plot for Alloy 709 showing the minimum creep rate data versus inverse absolute 

temperature for the two applied stresses of 300 MPa and 180 MPa. The activation energy for 

creep at 300 MPa was calculated to be 292 kJ/mol, while the activation energy for creep at 

180 MPa was calculated to be 190 kJ/mol. The activation energy at 300 MPa is slightly above 

the activation energy for self-diffusion reported for similar alloys [84, 85]. The activation energy 

of creep for Alloy 709 with an applied stress of 300 MPa fell closer to the value accepted for 
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self-diffusion in similar alloys than NF709 at similar temperatures. The activation energy at 180 

MPa is below the activation energy for self-diffusion and falls between the values for chromium 

and molybdenum diffusion in 316 [85]. The activation energy of creep for Alloy 709 with an 

applied stress of 180 MPa fell well below the range of values for NF709 and may indicate self-

diffusion is not controlling deformation.  

 

 

Figure 4.8 Arrhenius plot for NF709 for minimum strain rate as a function of temperature 
for three applied stress levels. NF709 showed activation energies of 311 kJ/mol 
at 60 MPa, 587 kJ/mol at 150 MPa, and 860 kJ/mol at 250 MPa. 

4.2 Stress Dip Tests 

A stress dip test was carried out on Alloy 709 in the solution annealed condition to 

estimate the threshold stress of Alloy 709. The stress dip test also provides another set of strain 

rate versus stress data to complement constant load creep rate data. 
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Figure 4.9 Arrhenius plot of Alloy 709 for 300 MPa and 180 MPa. Activation energy for 
creep drops between the two stresses. 

 

Figure 4.10 shows the creep strain versus time for Alloy 709 during the stress dip test 

with the stress drops labeled on the figure. The specimen was heated to 650 °C and loaded to 

296 MPa. After allowing the specimen to pass through primary creep and achieve the minimum 

creep rate, the load was lowered in 30 MPa increments until about 155 MPa. After the applied 

stress was below 155 MPa, load was lowered in 10 pct increments of the previous applied load. 

The load schedule was chosen for safety concerns and simplicity while performing the load 

drops. The specimen underwent a total of 12 stress dips during the test.  

 The strain versus time curve was inspected to determine the incubation time following 

each stress dip. Figure 4.11 shows examples of the two different behaviors observed during the 

stress drop test. At high stresses, the Alloy 709 specimen elastically contracted, anelastically 
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contracted, experienced an incubation period where no creep strain is accumulated, and then the 

specimens resumed creep with a constant rate. At lower stresses, the Alloy 709 specimen 

elastically contracted but then showed different behavior. The specimen experienced a strain 

transient resembling primary creep prior to experiencing an incubation period where no creep 

strain occurs. Following the incubation period, the specimen resumed creep with a constant rate.  

 

 

Figure 4.10 Creep strain for Alloy 709 during a stress dip test conducted at 650 °C with an 
initial stress of 300 MPa. 12 stress dips are carried out during the test and are 
labeled. 

 

 The threshold stress of Alloy 709 in the solution annealed condition was estimated by 

first determining the incubation time following each stress dip; this time was estimated as the 

time between the stress drop and the establishment of a new constant creep rate. The sum of the 

incubation times was plotted against the applied stress and fit to the following equation [65]: 
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�™�û�W� 

�����E��

�.
�>�:�1�U���1���;�������:�1�L���1���;�����? (4.2) 

where �� �L�V���W�K�H���V�K�H�D�U���P�R�G�X�O�X�V�����E���L�V���W�K�H���%�X�U�J�H�U�¶�V���Y�H�F�W�R�U�����.���L�V���D���N�L�Q�H�W�L�F���F�R�Q�V�W�D�Q�W���� �1�U is the applied 

stress after the stress drop, �1�� is the initial applied stress, �1�U is the remaining stress applied to 

the specimen following a load drop, �1�� is the threshold stress, and �™�û�W is the summation of the 

measured incubation time and all previous incubation times. Figure 4.12 shows the measured 

incubation times along with the fit for equation 4.2, which provides an estimated threshold stress 

of 33 MPa. 

 

 

(a) 

 

(b) 

Figure 4.11 The strain versus time figures for Alloy 709 showing the two types of behavior 
seen during a stress drop test at 650 °C. The applied stress following a drop is (a) 
155 MPa and (b) 90 MPa 

 

The minimum creep rate exponents of Alloy 709 were determined considering the 

estimated threshold stress measured during the stress relaxation test. Considering threshold stress 

leads to minimum creep rate exponents believed to better reflect matrix behavior [35, 37, 39]. 

The minimum creep rate exponent of the matrix, adjusted for threshold stress due to 
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precipitation, can be estimated by fitting minimum creep rate data from constant load creep tests 

to the following equation [26]: 

 �0�6�P��� ���$�
�:�1���1�W�K�;�Q (4.3) 

where �$�¶ is a constant containing crystallographic and elastic information, �1 is the applied 

stress, �1�W�K is the threshold stress as calculated in (4.2), and n is the minimum creep rate 

exponent. The creep rate exponent, adjusted for threshold stress, is 3.7 for applied stresses 

between 110 and 300 MPa and a test temperature of 650 °C. The minimum creep rate falls 

between the class A and class M values expected for power law creep. Figure 4.13 shows the 

minimum creep rate data versus applied stress minus the estimated threshold stress for Alloy 709 

at 650 °C. If the creep rate exponent is determined between 220 MPa and 300 MPa, constant 

load creep tests that show similar constant load creep curve characteristics, the minimum creep 

rate exponent is 5.26, close to the expected value of 5 for Class M alloys. The minimum creep 

rate exponent determined between 175 MPa and 110 MPa is 2.73, close to the expected value of 

3 for Class A alloys. It is possible that Alloy 709 exhibits threshold stress behavior at 650 °C as 

has been seen at higher temperatures [41]. The source of the threshold stress during creep with a 

minimum creep rate exponent of 3 is of debate in literature [19]. 

The creep rates measured during the stress dip tests were compared to the minimum creep 

rates measured during constant load creep tests. Figure 4.14 shows the constant creep rates 

measured from the stress dip conducted at 650 °C along with the minimum creep rates measured 

during constant load creep tests at 650 °C. The estimated threshold stress is not considered in this 

figure. The measured creep rates in both sets of tests overlap with each other. Thus, it is 

interpreted that the constant creep rates measured during the stress dip test provide data 
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analogous to the minimum creep rates obtained from constant load creep tests at the same 

temperature and stress.  

 

 

Figure 4.12 Incubation time versus remaining stress for Alloy 709 during a stress dip test at 
650 °C. The model predicts a threshold stress of 33 MPa. 

 

 

Figure 4.13 Minimum creep rate versus applied stress minus threshold stress for Alloy 709 
at 650 °C. The data shows a transition in minimum creep rate from 5.3 at high 
stress to 2.7 at low stress. These values are close to the minimum creep rate 
exponents expected for Class M or Class A behavior. 
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Figure 4.14 Minimum creep rates of constant load creep tests and constant creep rates 
measured during a stress dip test of Alloy 709 at 650 °C. Data between each 
test correlated well between each other.  

 

Considering both the stress dip and constant load creep data, the minimum creep rate 

exponent for all stresses above 180 MPa is 7.1, as opposed to 6.4 for the constant load creep data 

alone. The minimum creep rate exponent for all data below 180 MPa is 3.9, identical to the 

constant creep data alone. Overall, the stress dip data had a similar minimum creep rate exponent 

at stresses below 180 MPa. 

4.3 Stress Relaxation 

Five stress relaxation tests were carried out on solution annealed Alloy 709. Three tests 

had an initial stress of 300 MPa and test temperatures of 550, 600, and 650 °C. Two tests had an 

initial stress of 180 MPa and test temperatures of 600 and 650 °C. Figure 4.15 shows the relaxed 

stress versus time for Alloy 709. Specimens of Alloy 709 initially had a high relaxation rate, but 

the rate was reduced as time progressed. No testing condition reached a time where no relaxation 

occurred, corresponding to the athermal component of follow stress. Thus, the athermal 
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component of stress is less than 110 MPa, the lowest stress measured during stress relaxation 

testing [86, 87].  

 

 

(a) 

 

(b) 

Figure 4.15 The relaxed stress versus time for solution annealed Alloy 709 at an initial 
stress of (a) 300 MPa and (b) 180 MPa.  

 

The strain rate as a function of stress for Alloy 709 was determined from the stress 

relaxation tests. Figure 4.16 shows the strain rate versus stress for Alloy 709 measured during 

stress relaxation tests with an initial stress of 300 MPa. A least squares regression was used to 

estimate the slope of the data, and strain rate sensitivity is the inverse of the slope of the data. 

Each test had increasing noise at lower strain rates. The number of data points needed to 

determine a reliable strain rate from a least squares regression was increased and resulted in two 

groupings of data. Data at 600 and 550 °C show a clear change in behavior. The slope of the 

strain rate versus stress data for the 600 °C test changes around 210 MPa, after 13 hours of 

testing. The slope of the strain rate versus stress data for the 550 °C test transitions around 

270 MPa, after 6 hours of testing. Data at 650 °C does not show a clear change in slope. From 

the constant load creep data and stress relaxation data, the creep behavior is expected to change 
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around 180 MPa. Projecting a slope determined from about 300 MPa to about 210 MPa on the 

650 °C data shows that the predicted strain rate starts to fall away below 200 MPa. A slope from 

the lower stress levels of the test could not be reliably determined due to the noise at the lower 

levels of stress. The data at 650 °C does not refute a transition at 180 MPa, but it does not 

conclusively support a transition. 

 

 

Figure 4.16 Strain rate versus applied stress for Alloy 709 during stress relaxation tests with 
an initial stress of 300 MPa on a log-log plot. The slopes are the inverse of the 
strain rate sensitivity of the alloy.  

 

Figure 4.17 shows the strain rate versus applied stress for Alloy 709 measured during 

stress relaxation tests conducted at 650 °C. The results for the tests with an initial stress of 

300 MPa and an initial stress of 180 MPa are presented. While the bottom half of the stress 

relaxation test with an initial stress of 300 MPa is too noisy to determine a trend, a trend was 

determined from the data for the stress relaxation test with an initial stress of 180 MPa. A 

transition in strain rate sensitivity can be seen when comparing the data from the two stress 

relaxation tests with differing initial stresses. The 180 MPa test has a lower slope compared to 
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the 300 MPa test. The trend for the stress relaxation with an initial stress of 180 MPa and the 

trend from the relaxation test with an initial stress of 300 MPa intersect at about 180 MPa.  

 

 

Figure 4.17 The strain rate versus applied stress for Alloy 709 tested at 650 °C on a log-log 
plot. Tests with an initial stress of 180 MPa and 300 MPa are shown. A 
transition between the strain rate dependence on stress between the two starting 
stresses can be seen. 

 

 A comparison for stress relaxation tests conducted at 600 °C was also done. Figure 4.18 

shows the strain rate versus applied stress measured during stress relaxation tests conducted at 

600 °C with an initial stresses of 180 MPa and 300 MPa. Extrapolation from the first half of the 

stress relaxation test with an initial stress of 300 MPa predicts lower strain rates than those 

measured during a relaxation test with an initial stress of 180 MPa. However, the strain rates 

from the 180 MPa initial stress test fell below those predicted from extrapolation from the 

bottom half of the 300 MPa stress relaxation test, which was unexpected.  
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Figure 4.18 The strain rate versus applied stress for Alloy 709 tested at 600 °C on a log-log 
plot. Tests with an initial stress of 180 MPa and 300 MPa are shown. Strain 
rates measured during the lower stress tests fall below that expected from 
extrapolation from the bottom half of the high stress test and above the values 
expected from the extrapolation from the top half of the high stress test.  

 

The activation volume of Alloy 709 was determined for each region of the stress 

relaxation data. In the thermally activated model of glide, there is a thermal and a mechanical 

contribution to energy while overcoming a short range energy barrier to dislocation glide. The 

activation volume represents the mechanical contribution to overcoming a short range barrier and 

is estimated with the equation: 
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where �û�1 is the change in applied stress, �0�6 is the strain rate, M is the Taylor factor, k is the 

Bol�W�]�P�D�Q�Q�¶�V���F�R�Q�V�W�D�Q�W�����7���L�V���W�K�H���D�E�V�R�O�X�W�H���W�H�P�S�H�U�D�W�X�U�H�����D�Q�G�� �Y�
 is the apparent activation 

volume [69]. Plotting the data presented in Figure 4.16 on a semi-log plot rather than a log-log 

plot results in the slope of the data being proportional to the activation volume of Alloy 709. A 
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least squares regression is performed on each region of behavior discussed above, and the 

activation volume is calculated form the resulting slope. The activation volume of Alloy 709 

transitions from 111 �“ 6x10-5 b3 at higher stresses to 42 �“ 4x10-4 b3 at lower stresses at 600 °C 

or from 136 �“ 4x10-4 b3 at higher stresses to 33 �“ 1x10-4 b3 at lower stresses at 550 °C.  

The stress relaxation data at 650 °C with an initial stress of 300 MPa did not indicate a 

change in activation volume over the range of stresses evaluated. However, comparing stress 

relaxation data with an initial stress of 180 and 300 MPa allowed for an estimation of the 

activation volumes at the two regions of applied stresses. The activation volume of Alloy 709 is 

calculated to transition from 102 �“ 3x10-5 b3 when tested with an initial stress of 300 MPa and 

58 �“ 8x10-5 b3 when tested with an initial stress of 180 MPa. The measured activation volume 

for these two tests resemble the activation volumes measured at the other two test temperatures.  

 The results of the stress relaxation tests are summarized in Table 4.1. Activation volumes 

are generally in excess of 100b3 at higher stresses and less than 60b3 at lower stresses. The stress 

at which Alloy 709 transitioned from one activation volume to another was estimated by 

extrapolating the trend lines calculated by the least squares regression of the strain rate versus 

stress data on a semi-log plot and determining the stress where the fits intersect. The transition 

stress between the two activation volumes increases with lowering temperature.  

 The activation enthalpy of deformation from stress relaxation was determined by 

comparing the time required to reach different strains at different temperatures [88]. The 

activation energy is given as: 
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where �û�+�V�U is the activation enthalpy for stress relaxation, R is the ideal gas constant, t is the 

time to reach a given strain, and T is the absolute temperature. This analysis ignores the stress 

contribution to overcoming a short range energy barrier, and the activation enthalpy is a 

decreasing function of stress [87]. The activation enthalpy for relaxation was determined by 

comparing the time required to reach a certain strain while at 650 °C or 600 °C for initial stresses 

of 180 MPa and 300 MPa.  

 

Table 4.1 Activation Volumes and Transition Stressed Measured in Alloy 709 during 
Stress Relaxation 

 650 °C * 600 °C 550 °C 

High stress activation 
volume  

102 �“ 3x10-5 b3 111 �“ 6x10-5 b3 136 �“ 4x10-4 b3 

Low stress activation 
volume 

58 �“ 8x10-5 b3 42 �“ 4x10-4 b3 33 �“ 1x10-4 b3 

Transition Stress  180 MPa 210 MPa 270 MPa 

* results determined from two tests with different initial stresses. 

 

 Figure 4.19 shows the strain versus time data used in the activation enthalpy calculation. 

Four strains were used to determine the activation energy while for a starting stress of 300 MPa. 

The strains are shown in Figure 4.19(a) as horizontal lines. The strains were taken from regions 

of constant activation volume to eliminate any errors introduced by changing mechanisms. Three 

strains were used for a starting stress of 180 MPa due to the limited amount of relaxation that 

occurred during the 600 °C test. The strains are shown in Figure 4.19(b) as horizontal lines.  

Figure 4.20 shows the Arrhenius plot for the two sets of stress relaxation tests conducted 

at 600 °C and 650 °C with an initial stress of 300 MPa (open symbols) and 180 MPa (closed 

symbols). The slope between the two data points for a given strain is proportional to the negative 

of the activation enthalpy over the ideal gas constant. The activation enthalpy for Alloy 709 
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between 600 °C and 650 °C with a starting stress of 300 MPa was calculated to be 

268 �“ 16 kJ/mol. The activation enthalpy for Alloy 709 for the same temperature range with a 

starting stress of 180 MPa is calculated to be 130 �“ 17 kJ/mol. These data are lower than 

activation energy calculated from the constant load creep data, 292 kJ/mol for the creep test 

conducted at 300 MPa and 190 kJ/mol for the creep test conducted at 180 MPa; however, the 

values show a similar change from a high value at stresses close to 300 MPa to a lower value at 

stresses below 180 MPa. The values measured during stress relaxation fall below the activation 

energy measured during creep due to the mechanical contribution to deformation being ignored 

during the stress relaxation analysis.  

 

 

(a) 

 

 (b) 

Figure 4.19 Relaxed strain versus time for Alloy 709 at two different temperatures with an 
initial stress of (a) 300 MPa, and (b) 180 MPa. Times to each strain for each 
temperature were used to determine the activation energy for deformation at the 
testing conditions. 
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4.4 Microscopy 

Specimens of Alloy 709 were interrupted close to the point of minimum creep. The gage 

sections of the interrupted creep specimens were studied with scanning electron microscopy 

(SEM) and transmission electron microscopy (TEM). The presence or absence of dislocation 

cells or subgrains as a function of applied stress during creep was studied. Precipitate crystal 

structure and dislocation behavior were studied as a function of test temperature and applied 

stress.  

 

 

Figure 4.20 Arrhenius plot for Alloy 709 for all strains shown in Figure 4.19. Open symbols 
correspond to stress relaxation tests with an initial stress of 300 MPa; closed 
symbols correspond to stress relaxation tests with an initial stress of 180 MPa. 
The difference in slope results from a different activation energy.  

4.4.1 Scanning Electron Microscopy 

Electron channeling contrast was used to investigate substructure formation in Alloy 709 

during creep. Channeling contrast results from slight variations in crystal orientation with respect 

to the incident electron beam. Substructure formation causes slight changes in crystal orientation 



77 

and results in contrast due to the electron channeling effect. Figure 4.21 shows an example of 

channeling contrast and its ability to image subgrain formation during creep of 316 stainless 

steel [89]. The SEM image shows a complete grain denoted by carbide precipitation at the grain 

boundary and differing contrast across the boundary. Within the complete grain shown in the 

center of the micrograph, varying contrast can be seen with sharp boundaries denoting the 

boundaries of the subgrains present in the material.  

 

 

Figure 4.21 SEM image using channeling contrast to show subgrain formation in 316 
during creep conditions [89].  

 

Channeling contrast images were obtained from the gage section of creep specimens 

interrupted once the specimen had established a constant creep rate or minimum creep rate. The 

normal direction of each micrograph is parallel to the tensile direction of the specimen. 

Figure 4.22 shows SEM backscattered electron images of the gage section of two interrupted 

constant load creep specimens. One specimen was tested at 650 °C and an initial stress of 

110 MPa, and the other specimen was tested at 650 °C and an initial stress of 145 MPa. Two 
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magnifications are shown. The figure show carbide precipitation at grain boundaries. The figure 

also shows a change in contrast across those grain boundaries indicating the change in crystal 

orientation between grains. Within the grains there are changes in contrast that show long, 

sometimes parallel boundaries, indicative of twin boundaries. There is no contrast within the 

presented grains that can be attributed to substructure.  

 

 

(a) 

  

(b) 

 

(c) 

 

(d) 

Figure 4.22 SEM image showing lack of substructure formation for constant load creep 
tests conducted at 650 °C and a stress of (a), (b) 110 MPa and (c), (d) 145 MPa. 
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The micrographs in Figure 4.22 show the two precipitate behaviors that develop during 

creep. Grain boundary precipitation, similar to the precipitation seen in Figure 4.21, developed in 

both conditions. The grain boundary precipitation is believed to be M23C6. Smaller precipitates 

within the grain can be seen in Figure 4.22(a) and Figure 4.22(c). These smaller precipitates are 

also believed to be M23C6.  

Figure 4.23 shows the substructure present at the moment of minimum creep when 

Al loy 709 is subjected to creep at 650 °C with an applied stress greater than 180 MPa. 

Figure 4.23(a) shows the SEM backscattered electron images of the gage section of a creep 

specimen interrupted at minimum creep rate tested at 650 °C with an initial stress of 220 MPa. 

Figure 4.23(b) shows the SEM backscattered image of the gage section of a creep specimen 

taken to rupture at 650 °C and 300 MPa. The section used for the micrograph in Figure 4.23(b) is 

taken far from the necked region to limit the contribution from strain developed during tertiary 

creep. Figure 4.23(b) shows varying contrast within grains, much like Figure 4.21. Grain 

boundaries are denoted by grain boundary precipitation and a change in contrast across the 

boundary. Regions of constant contrast with sharp boundaries can be seen within some grains in 

the micrograph. Several grains in Figure 4.23(b) show more evidence of substructure formation 

than other grains. Figure 4.23(a) shows less evidence of substructure formation, but bands of 

constant contrast with sharp boundaries can be seen in several regions of the micrograph. 

Figure 4.24 shows a higher magnification image of the region shown in Figure 4.23(a). 

Regions of constant contrast with sharp boundaries indicate substructure formation. The 

substructure developing at 220 MPa shown in Figure 4.23(a) and Figure 4.24 is not as clearly 

defined as the substructure developed at 300 MPa shown in Figure 4.23(b), but it is still present.  
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(a) 

 

(b) 

Figure 4.23 SEM backscattered electron image showing possible substructure formation for 
interrupted constant load creep specimens tested at 650 °C and applied stresses 
(a) 220 MPa and (b) 300 MPa. 

 

 

Figure 4.24 A higher magnification image of the SEM backscattered image in 
Figure 4.23(a). There is varying contrast within the grain, indicating possible 
substructure formation. 

 

The precipitation behavior seen in Figure 4.24 is believed to be the same behavior seen in 

Figure 4.23. The white dots are believed to be M23C6. The grain boundary precipitates are also 

believed to be M23C6. Diffraction experiments performed during transmission electron 

microscopy (TEM) investigation indicated that these precipitates are M23C6. More discussion of 

TEM results are presented in the next section. 
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4.4.2 Transmission Electron Microscopy 

 Figure 4.25 shows the three types of precipitates that develop in the gage section of a 

creep specimen subjected to 110 MPa and 650 °C. The three morphologies of precipitates are 

labeled on the micrograph. Needles can be seen that stretch diagonally across the micrograph. 

Larger globular precipitates can also be seen that are several hundred nanometers across. Smaller 

precipitates are present on dislocations. The larger needles and globular precipitates are M23C6. 

Figure 4.26(a) shows a bright field micrograph focusing on one of the needles in 

Figure 4.25. Figure 4.26(c) shows the selected area diffraction pattern (SADP) of the needles in 

the bright field image. The diffraction pattern shows the needle like precipitate has an FCC 

crystal structure with a cube on cube orientation relationship with the austenite and matches the 

expected diffraction pattern for M23C6 [90] . The measured lattice parameter of the precipitates in 

the SADP ranges from 1.031 nm to 1.124 nm. The expected lattice parameter for M23C6 ranges 

from 1.057 nm to 1.068 nm [10]. Figure 4.26(b) shows the dark field image from the indicated 

diffraction spot shown in Figure 4.26(b). The dark field image shows that the needles and 

globular precipitates are all M23C6. The dark field image also shows some smaller precipitates 

that may be M23C6, but the appearance of the smaller precipitates may be due to diffraction by 

another crystal structure with a reciprocal lattice point in the same vicinity as the M23C6. These 

precipitates may also be newly formed M23C6 that have not had a chance to grow similar sizes as 

the rest of the M23C6. Most of the smaller precipitates appearing on dislocations do not appear in 

the dark field image because the precipitates are a different crystal structure.  

Figure 4.27 shows a TEM bright field micrograph showing the precipitate morphology 

which developed in Alloy 709 during creep at 650 °C and an applied stress of 220 MPa. 

Specimens show the same M23C6 morphology and evolution while subjected to creep conditions 
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at stresses above 180 MPa and the same temperature, 650 °C. Needle like precipitates can be 

seen along with globular like precipitates. The needles appear to be comprised of individual 

precipitates. Figure 4.28(a) shows a magnified bright field image of the needle like precipitates 

which form at 110 MPa applied stress. Figure 4.28(c) shows the SADP of the needles. The 

SADP is taken off zone resulting in a single row of diffraction spots being illuminated. The rods 

have the same SADP as seen in Figure 4.26(c), and the precipitate are believed to be M23C6 as a 

result. The dark field image shown in Figure 4.28(b) show the rods and larger globular type 

precipitates are M23C6 and match the morphology that develop during creep at 110 MPa and 

650 °C. The needles presented in Figure 4.28 appear to be composed of discrete precipitates, 

similar to the precipitates in Figure 4.27.   

 

 

Figure 4.25 TEM bright field image showing the microstructure of the gage section of a 
creep specimen interrupted at the minimum creep rate with an applied stress of 
110 MPa at 650 °C. Three precipitate morphologies are present: rod like 
precipitates, globular precipitates, and smaller precipitates on dislocations.  

 

rod 

globular 

precipitates on 
dislocations 
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MX phase was seen to form on dislocations. Figure 4.29 shows a SADP matching the 

expected pattern for MX [10]. The lattice parameter of the MX precipitates was measured from 

the SADP shown in Figure 4.29(d). The measured lattice parameter from the SADP is about 

0.425 nm. The reported lattice parameter for TiN is 0.424 nm [10]. The lattice parameter 

reported for NbN, NbC, and TiC are 0.440, 0.447, and 0.433 nm respectively. It is interpreted 

that these precipitates mixed microalloy carbonitrides. 

 

 

(a) 

 

(b) 

  

(c) 

Figure 4.26 TEM image showing the (a) bright field, (b) dark field, and (c) selected area 
diffraction pattern for rod like precipitates that form in Alloy 709 during creep 
at 650 °C and 110 MPa. 
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Figure 4.27 TEM bright field image showing the microstructure of a creep specimen 
interrupted at minimum creep while subjected to creep conditions of 650 °C 
and 220 MPa. Needle like precipitates can be seen. Dislocations can also be 
seen to have possibly formed tangles.  

 

MX behavior during creep at 650 °C and varying applied stresses was also investigated 

with TEM. Figure 4.30(a) shows a TEM bright field micrograph of an interrupted creep 

specimen subjected to 220 MPa at 650 °C, focusing on dislocations. Precipitates present on 

dislocations are hard to see at this magnification; however, a SADP shows MX phase present on 

dislocations. A dark field image constructed with the labeled MX reflection shows the MX phase 

decorates the dislocations in these higher stress creep conditions similar to lower stress creep 

conditions.  

The MX that forms during creep at 650 °C and 220 MPa applied stress was measured 

using the SADP shown in Figure 4.30(c). The measured lattice parameter was approximately the 
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same as those measured for 650 °C and a stress of 145 MPa, 0.428 nm at 650 °C with an applied 

stress of 220 MPa.  

 

 

(a) 

 

(b) 

 

(c) 

Figure 4.28 TEM image showing the (a) bright field, (b) dark field, and (c) selected area 
diffraction pattern for rod like precipitates that form in Alloy 709 during creep 
at 650 °C and 110 MPa. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4.29 TEM image showing the (a) bright field, (b) dark field, (c) selected area 
diffraction pattern used to construct the dark field image for smaller particles 
that form on dislocations in Alloy 709 during creep at 650 °C and 145 MPa, 
and (d) a clearer SADP of the particles on dislocations. 

 

The size of MX precipitates as a function of applied stress was examined using TEM 

imaging. Figure 4.31 shows TEM bright field images focusing on dislocations and the 

precipitates that form on them during creep. Micrographs show the MX precipitates developing 

during creep at 650 °C and an applied stress of 110, 145, 220 , or 300 MPa. These tests were 

interrupted at the point of minimum creep, or after rupture for the 300 MPa constant load creep 
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test. MX precipitates are smaller in size as applied stress rises. The difference in size is likely 

due to differing time at temperature. Specimens were interrupted at shorter times as the stress 

increased. The difference in time at temperature ranges from a couple hundred hours to several 

thousand hours. 

 

 

(a) 

 

(b) 

 

(c) 

Figure 4.30 TEM image showing the (a) bright field, (b) dark field, and (c) selected area 
diffraction pattern used to construct the dark field image for smaller particles 
that form on dislocations in Alloy 709 during creep at 650 °C and 220 MPa.  
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Dislocation behavior was studied along with precipitate identity with TEM. Figure 4.32 

shows a TEM bright field image from a thin foil taken from the gage section of a creep specimen 

crept at 145 MPa and 650 °C interrupted near the point of minimum creep rate. Dislocations are 

randomly spaced throughout the specimen. There is no evidence of dislocation organization into 

lower energy structures. Creep at stresses below 180 MPa and at 650 °C results in a random 

array of dislocations as expected during minimum creep for Class A alloys [19].   

 

 

(a) 

 

(b) 

 

(b) 

 

(c) 

Figure 4.31 TEM bright field images focusing on MX precipitation on dislocations during 
creep at 650 °C and (a) 110 MPa, (b) 145 MPa, (c) 220 MPa, and (d) 300 MPa. 
Precipitates are smaller in size with increasing applied stress.  
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Figure 4.32 TEM bright field image showing dislocation behavior in thin foil taken from 
the gage section of a tensile specimen interrupted near the moment of minimum 
creep rate during creep at 650 °C and an applied stress of 145 MPa. No 
substructure can be observed. 

 

Creep of Alloy 709 at higher stresses above 180 MPa and at 650 °C was also studied with 

TEM. Figure 4.33(a) and (b) show TEM bright field images from a thin foil taken from the gage 

section of Alloy 709 subjected to 220 MPa at 650 °C. The specimen was interrupted near the 

point of minimum creep rate. Figure 4.33(a) shows high dislocation density as well as bands of 

contrast. A higher magnification of the band is shown in Figure 4.33(b). Dislocation tangles line 

the bands, and the appearance of the band may be due to dislocation substructure. Slight 

orientation differences between the cell and the neighboring cell results in a change of the 

diffraction condition and results in contrast. Figure 4.34 shows another TEM bright field image 

of the same thin foil shown in Figure 4.33(a) and (b). A light band exists spanning the center of 

the micrograph suggesting dislocations have organized into low angle boundaries. The boundary 

changes the diffraction condition for the regions above and below the light band resulting in 

darker contrast. The presence of a low angle boundary suggests a loose dislocation substructure 

�t�r�r 
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being present at the point of minimum creep when Alloy 709 is crept at 650 °C and with an 

applied stress of 220 MPa. This substructure is absent during creep at lower applied stresses. 

 

 

(a) 

 

(b) 

Figure 4.33 TEM bright field image of a thin foil taken from the gage section of an Alloy 
709 creep specimen interrupted at the point of minimum creep showing (a) 
bands of alternating contrast not believed to be bend contours, and (b) a higher 
magnification of the bands of alternating contrast showing possible dislocation 
tangles. Specimen subjected to 220 MPa at 650 °C.  

4.5 Dislocation Density Measurements 

The dislocation density as a function of applied stress during creep was studied using the 

modified Williamson-Hall method of X-ray diffraction scans. Dislocation density for each 

interrupted creep condition was compared versus their applied stress, and the data are shown in 

Figure 4.35. The error bars show the 95 pct confidence interval of the data collected. The 

dislocation density followed applied stress raised to the power of 1.93 for stresses ranging from 

110 to 300 MPa. Literature reports that dislocation density during creep depends on stress raised 

to the power of 2, which closely matches the trend predicted by the Taylor hardening model valid 

at lower temperatures [81].  
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Figure 4.34 TEM bright field image of a thin foil taken from the gage section of an Alloy 
709 creep specimen interrupted at the point of minimum creep. Specimen crept 
at 220 MPa and 650 °C. A band of light contrast is bordered by darker contrast 
above and below suggesting a differing diffraction condition as a result of 
dislocations organizing into a low angle boundary.  

 

 

Figure 4.35 A log- log plot showing the measured dislocation density determined by mWH 
and XRD scans of gage sections from interrupted creep specimens of Alloy 
709. The error bars shown are the 95 pct confidence interval from the data. The 
slope of the line is 1.93, meaning dislocation density depends on the applied 
stress raised to the power of 1.93.  

 



92 

It is possible that the dislocation density measurements show two different trends above and 

below 170 MPa. The dislocation density data depend on stress raised to a power of 0.51 for 

applied stresses of 175 MPa to 300 MPa, and 0.81 for an applied stress between 110 MPa and 

145 MPa.  

4.6 Discussion 

Alloy 709 is believed to exhibit climb controlled creep at high stresses and glide 

controlled creep at low stresses. The stress at which the alloy transitions from one controlling 

mechanism to the other is the stress required to break dislocations away from attached solute 

atmospheres. Specimens of Alloy 709 undergoing constant load creep testing at low stresses 

produced microstructures and constant load creep curves with shapes associated with glide 

controlled creep. Likewise, the minimum creep rate exponent and activation energy for creep 

calculated from constant load creep tests and stress dip tests below 180 MPa were close to values 

associated with glide controlled creep. Specimens of Alloy 709 undergoing constant load creep 

testing at high stresses produced microstructures and constant load creep curves with shapes 

associated with climb controlled creep. Additionally, the minimum creep rate exponent and 

activation energy for creep from constant load creep tests and stress dip tests at applied stresses 

above 180 MPa were close to values associated with climb controlled creep.  

4.6.1 Effect of Deformation Mechanism on Constant Load Creep Curves 

Constant load creep curves produced by material undergoing glide controlled creep have 

several features that differentiate them from other deformation mechanisms. Glide controlled 

creep produces short, inverted, or sigmoidal primary creep regions. Inverted primary creep 

occurs when the creep rate is initially low at the start of the constant load creep test. The creep 
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rate then increases to a value that remains constant during secondary creep. Sigmoidal creep 

resembles inverted primary creep. However, during sigmoidal primary creep the material hits a 

maximum creep rate before lowering to a rate which then remains constant during secondary 

creep. The creep curve resembles a sigmoidal curve during sigmoidal primary creep [19, 22, 91]. 

In contrast, climb controlled creep produces well defined primary creep regions [33].  

Comparing the duration of primary creep for different creep conditions determines if any 

creep condition had what can be considered short primary creep. The two creep conditions at 

650 °C believed to be undergoing climb controlled creep have primary creep that lasts for 50 hrs 

with an applied stress of 300 MPa, and 200 hrs with an applied stress of 220 MPa. The duration 

of primary creep increased as applied stress lowers as is commonly reported for metals and 

alloys [92]. The two creep tests believed to be undergoing glide controlled creep exhibit short 

primary creep with primary creep that lasts 75 hrs with an applied stress of 175 MPa and 50 hrs 

with an applied stress of 145 MPa. While primary creep at 650 °C with an applied stress of 175 

MPa is longer than the primary creep at the same temperature and an applied stress of 300 MPa, 

it is much shorter than the primary creep with an applied stress of 220 MPa. The test performed 

at 145 MPa has the shortest primary creep of any constant load creep tested. This comparison 

shows that the conditions tested at 650 °C with an applied stress of 175 and 145 MPa have 

relatively short primary creep regions, as expected for glide controlled creep. At 550 °C, an 

applied stress of 300 MPa leads to a primary creep region that lasts 250 hrs, likely corresponding 

to climb controlled creep. At 250 MPa and the same test temperature, the alloy is believed to 

undergo glide controlled creep. The test has a primary creep region lasting 100 hrs, shorter than 

the primary creep region at 300 MPa and similar to the trend in the tests performed at 650 °C.  
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The creep curves were also inspected for characteristics of sigmoidal or inverted primary 

creep. Creep at 650 °C with an applied stress of 220 and 300 MPa, creep conditions believed to 

undergo climb controlled creep, exhibit a creep rate that reaches a minimum value following a 

well-defined region of primary creep. The creep rate then starts to increase continuously. There 

is no region of constant creep rate and it is believed that the specimens transitioned directly into 

tertiary creep from primary creep. These creep tests show primary creep behavior associated with 

climb controlled creep. Creep tests conducted at 650 °C with an applied stress of 175 and 

145 MPa reached a minimum strain rate following a short primary creep region. The minimum 

remains constant for 400 hrs in both tests before increasing to a value that remains constant for 

the remainder of the tests. The new higher levels of creep are believed to be in secondary creep 

since they remain constant for the remainder of the test in both cases (before the tests were 

interrupted). These two tests show inverted primary creep associated with glide controlled creep. 

Similar inverted primary creep associated with glide controlled creep just described occurs at 

550 °C with an applied stress of 250 MPa. Creep at 110 MPa at a test temperature of 650 °C 

shows sigmoidal creep rather than inverted primary creep or normal primary creep. The creep 

strain versus time curve in Figure 4.4(c) shows sigmoidal creep for the first 1500 hrs. The creep 

rate is initially low but increases to a maximum value after about 750 hrs. The creep rate then 

falls. After 1500 hrs, the creep curve resembles primary creep expected for class M behavior. 

Sigmoidal creep is associated with glide controlled creep, but it is not clear what causes the 

change from inverted to sigmoidal primary creep. 

The constant load creep curves gathered in this work support the hypothesis that 

Alloy 709 undergoes climb controlled creep at high stresses and glide controlled creep at low 

stresses. Constant load creep curves tested at 650 °C with an applied stress below 180 MPa and 
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tested at 550 °C with an applied stress of 250 MPa show constant load creep curves that have 

characteristics associated with glide controlled creep. Constant load creep curves tests at 650 °C 

with an applied stress greater than 180 MPa and tested at 550 °C with an applied stress of 

300 MPa show constant load creep curves that have characteristics associated with climb 

controlled creep.  

4.6.2 Effect of Deformation Mechanism on Creep Rate Exponent 

Alloy 709 has two different minimum creep rate exponents when tested at 650 °C due to 

two different mechanisms controlling creep rate over the stresses tested. The alloy has a 

minimum creep rate exponent between 6 and 7 when tested at 650 °C and an applied stress 

between 180 and 300 MPa. It is interpreted that this creep rate exponent originates from 

dislocation climb past precipitates being the rate limiting process. The alloy has a minimum 

creep rate exponent of 4 when tested at 650 °C with an applied stress between 100 and 180 MPa. 

At these lower stresses, it is interpreted that this creep rate exponent is due to dislocation glide 

with attached solute atmospheres being the rate limiting process during creep. 

Alloys strengthened by a second phase often show a minimum creep rate exponent 

greater than 5 during climb controlled creep. Precipitates in the matrix introduce a threshold 

stress, and inclusion of the threshold stress in the semi-empirical creep rate equation (4.3) lowers 

the minimum creep rate exponent of precipitate strengthened materials to 5, the value expected 

for climb controlled creep. This behavior is consistent with that reported at higher temperatures 

and stresses by Alomari et al. which found minimum creep rate exponents of 5 with threshold 

behavior [41]. Alloy 709 has an estimated threshold stress of 33 MPa as calculated from the 

stress dip test. The threshold stress calculated by the stress dip test is close in value to the 

threshold stresses determined by Alomori et al.[41] Inclusion of the threshold stress causes the 



96 

minimum creep rate exponent to be 5, the expected value, for applied stresses greater than 

180 MPa. The sources of threshold stress are debated in literature, but most assume the rate 

limiting process is dislocation climb past second phase precipitates [26, 35 �± 37, 39]. As shown 

in literature and previous micrographs, Alloy 709 is strengthened by MX precipitates. Thus, it is 

interpreted that Alloy 709 exhibits a minimum creep rate exponent larger than 5 because it is 

undergoing climb controlled creep in the presence of these second phase precipitates.  

Alloys undergoing glide controlled creep usually have a minimum creep rate exponent 

of 3. Alloy 709 has a minimum creep rate exponent of about 4 when tested at 650 °C with an 

applied stress between 110 and 180 MPa. The exponent is larger than expected, but inclusion of 

the threshold stress measured during the stress dip tests to the semi-empirical creep rate equation, 

equation (4.3), causes the minimum creep rate exponent to fall to 2.7, a value close to that for 

glide controlled creep. If the threshold stress is applicable to glide controlled creep in 

precipitation hardened material, the minimum creep rate exponent between 110 and 180 MPa 

provides support for glide controlled creep occurring over that stress range. Literature does not 

often discuss threshold stress behavior during creep with a minimum creep rate exponent below 

5; the source of a possible threshold stress is not clear. However, the stress dip test, which is used 

to determine the threshold stress, is performed at stresses where both climb and glide controlled 

creep are believed to occur, and the test may yield a threshold stress that acts over both regions 

of creep. Constant load creep tests performed at 550 °C with an applied stress between 180 and 

300 MPa have a minimum creep rate exponent of 3.13. The minimum creep rate exponent of 

Alloy 709 at 550 °C provides strong indication that glide controlled creep is occurring during 

these creep conditions.  
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There is another possible explanation for Alloy 709 having a minimum creep rate 

exponent of 4 rather than 3 between 100 and 180 MPa when testing at 650 °C. Glide controlled 

creep is an intermediate process. Study of Al-Mg alloys show that climb controlled creep, with a 

minimum creep rate exponent of 5, occurs at stress above and below the stresses glide controlled 

creep occurs [22, 25, 49, 52, 92]. Alloy 709 may undergo climb controlled creep at the lower 

stresses tested. Including the minimum creep rates that could be undergoing climb controlled 

creep at the lower stresses would raise the minimum creep rate exponent. Data at stresses around 

110 MPa are limited, and the ability to discuss climb controlled creep occurring at the lower 

stresses is limited as a result.  

4.6.3 Effect of Deformation Mechanism on Activation Energy of Creep 

Glide controlled creep and climb controlled creep have two different activation 

energies [30, 31]. Glide controlled creep relies on the motion of solute atoms and has an 

activation energy of solute diffusion as a result. Climb controlled creep relies on the motion of 

vacancies that allow the dislocation to move non-conservatively and has an activation energy of 

self diffusion as a result.  

At 300 MPa, Alloy 709 is suspected to undergo climb controlled creep and has an 

activation energy of 292 k/mol. The activation energy of self diffusion in similar austenitic 

stainless steels is reported to be between 200 and 300 kJ/mol [78]. The activation energy for iron 

diffusion in 316 stainless steel is reported to be 229 kJ/mol, and the activation energy for 

chromium diffusion in 316 is reported to be 243 kJ/mol. In Alloy 800, a high chrome 

(20.6 wt pct), high nickel (32.3 wt pct) austenitic steel, the activation energy for diffusion of 

iron, chromium, and nickel all range between 242 to 260 kJ/mol. In 304 stainless steel, the 

activation energy for diffusion of iron and chromium, major constituents of Alloy 709, is 
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281 kJ/mol and 245 kJ/mol, respectively [78]. The close proximity of the activation energy of 

self diffusion in these alloys to the measured activation energy of 300 MPa implies the activation 

energy of creep is associated with self diffusion.  

At 180 MPa, Alloy 709 is suspected to undergo glide controlled creep and has an 

activation energy of 190 kJ/mol. The measured activation energy at 180 MPa is significantly 

lower than the energy measured at 300 MPa. The activation energy measured at 180 MPa is 

close to the range accepted for self diffusion in 316 as well as the activation energy for diffusion 

for several substitutional solutes. For example, the activation energy for diffusion for 

molybdenum is 140 kJ/mol in 316 austenitic stainless steel [78]. The activation energy of 

manganese diffusion in 316 stainless steel has been measured between 220 and 260 kJ/mol [94]. 

The effect of multiple substitutional solute species on the activation energy creep during glide 

controlled creep is not well documented in literature. It is possible self diffusion controls 

deformation at 180 MPa, but the close proximity of the measured activation energy and that of 

solute diffusion in similar alloys implies that activation energy of creep at 180 MPa is that of 

solute diffusion. The two measured activation energies show a change in the magnitude of the 

activation barrier, and the measured values indicate that self diffusion is controlling deformation 

at high applied stresses and solute diffusion is possibly controlling deformation at low applied 

stresses. 

4.6.4 Effect of Deformation Mechanism on Microstructural Development 

The two proposed deformation mechanisms controlling creep in Alloy 709 have been 

shown to produce differing substructure at the point of minimum creep in aluminum-magnesium 

alloys. Aluminum-magnesium alloys alternate between climb controlled creep and glide 

controlled creep over a range of stress levels [22, 49, 93, 95]. During creep with an applied stress 
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associated with glide controlled creep, the Al-Mg alloy produces a substructure consisting of 

randomly spaced dislocations with no organization [25, 51]. SEM and TEM microcopy of 

Alloy 709 that had undergone creep with an applied stress between 110 and 180 MPa at 650 °C 

or at an applied stress of 250 MPa at 550 °C produced a similar microstructure seen in Al -Mg 

alloys undergoing glide controlled creep. Dislocations are randomly spaced. No tangles, cell 

walls, or subgrains can be seen in TEM micrographs. Channeling contrast shows very little strain 

in most grains, and the grains that do show strain do not show subgrains or dislocation cells. The 

lack of dislocation organization supports dislocation glide controlled creep as the controlling 

mechanism for these creep conditions. The same aluminum magnesium alloys produce 

substructures with subgrains and dislocation cells when subjected to creep conditions associated 

with climb controlled creep [25]. Alloy 709 produces some substructure with dislocation cells 

when subjected to an applied stress of 220 and 300 MPa and a test temperature of 650 °C. A 

creep test at 550 °C and an applied stress of 300 MPa also produced some substructure visible in 

SEM channeling contrast. The presence of a substructure at the higher stress creep conditions 

support climb control creep as a controlling mechanism at the higher stresses tested during this 

work. Substructure formation in Alloy 709 also reported by M. Taylor et al. while studying creep 

at 700 °C. Electron back scatter detection and TEM investigation showed substructure formation 

at all stresses tested. The constant load creep curves produced by the work also all indicated 

climb controlled creep to be the controlling deformation mechanism [96].  

Whereas the Al -Mg alloy is a solid solution strengthened material, Alloy 709 contains 

strengthening precipitates. Particle strengthened alloys have been reported to not produce 

substructure at low stresses [26]. Little discussion of why particle strengthened alloys do not 

exhibit subgrains or cells at lower applied stress during creep is presented in literature. These 
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alloys may be subjected to the same behavior as Alloy 709. These alloys, including Alloy 709, 

may also not develop sufficient creep strain to drive recovery. The presence of precipitates may 

slow recovery rate enough that cells do not have time to form during the creep test.  

4.6.5 Effect of Deformation Mechanism on Stress Relaxation Behavior 

Alloy 709 shows two different activation volumes at lower and higher stresses. It is 

interpreted that the lower stress activation volume is due to glide controlled creep. Glide 

controlled creep results from dislocation glide being controlled by the diffusion of solute atoms. 

The strain fields associated with dislocations and solute atoms are short range and able to be 

characterized by a stress relaxation test [17, 44]. As stated in previous sections, the experimental 

data largely support climb controlled creep being operative at higher stresses. In Alloy 709, 

climb controlled creep results from the interaction between dislocations and second phase 

precipitates. The strain fields associated with second phase precipitates are long range, and they 

will not be able to be characterized by a stress relaxation test. However, the transition between 

glide controlled creep and climb controlled creep is believed to involve the stress required to 

break dislocations away from their attached solute atmospheres. The stress relaxation tests show 

the breakaway stress as a change in activation volume and energy as it approaches stresses 

controlled by solute diffusion.  

Stress relaxation tests with an initial stress of 300 MPa show two activation volumes, one 

occurring at high stresses and another at lower stresses. The high stress activation volume ranges 

from 110 b3 to 130 b3. The calculated activation enthalpy of relaxation is 268 �“ 16 kJ/mol. The 

activation enthalpy falls close to that of self diffusion in similar austenitic stainless steels [78]. 

The accepted deformation mechanisms in literature for an activation volume around 100 b3 and 

an activation energy of relaxation similar to that of self diffusion are the following [30, 31]: 
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�x Point defect-dislocation interaction, 10 �± 1,000 b3 

�x Forest dislocation interactions, 100 �± 10,000 b3 

�x Non-conservative motion of jogged dislocations, 10 �± 1,000 b3 

These mechanisms likely do not control the minimum creep rates occurring above an applied 

stress of 180 MPa at 650 °C, since it is believed a long range strain field associated with 

precipitates controls creep in those conditions. However, these mechanisms may be occurring in 

parallel or in series with climb controlled creep.  

The activation volume of Alloy 709 at lower stresses ranges from 25 to 60 b3. The 

activation enthalpy for relaxation was measured from stress relaxation tests with an initial stress 

of 180 MPa and is 130 �“ 17 kJ/mol, significantly lower than that of self diffusion. Several 

substitutional solute atoms present in Alloy 709 have activation energy of diffusion lower than 

that of self diffusion in austenitic stainless steels [78]. The accepted deformation mechanism that 

has a combination of activation volume of 25 to 60 b3 and an activation energy of close to that of 

solute diffusion is glide controlled creep, also labeled as point defect drag in literature [30].  

 The stress relaxation tests with an initial stress of 300 MPa often show a sharp change in 

activation volume as stress decreases indicating a change in mechanism. However, some 

relaxation tests with an initial stress of 300 MPa show a gradual change from about 100 to 50 b3 

as creep strain accumulates. The cause of the different behavior is not known at this time. 

Dislocation forest interactions controlling deformation could explain the gradual change since 

the activation volume of the mechanism depends on dislocation density. The activation volume 

while dislocation forest interaction controls deformation is expected to slowly lower as creep 

strain raises dislocation density [31]. However, the stress relaxation test conducted at 180 MPa 

indicates that dislocation forest interactions do not control deformation. At lower stresses during 
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the stress relaxation tests, the activation volume of Alloy 709 ranges from 25 to 60 b3 for the 

three test temperatures. Stress relaxation tests carried out at identical test temperatures and an 

initial stress of 180 MPa agree with the lower stress portion of stress relaxation tests with an 

initial stress of 300 MPa. The dislocation density during a stress relaxation test with an initial 

stress of 180 MPa is much lower than a stress relaxation test with an initial stress of 300 MPa. If 

dislocation forest interactions were controlling deformation, the measured activation volumes 

would not agree between the low stress portion of the 300 MPa initial stress relaxation tests and 

the 180 MPa initial stress relaxation tests. The agreement between the activation volumes 

measured during the lower portion of the stress relaxation tests with an initial stress of 300 MPa 

and the activation volume measured during the entirety of the stress relaxation tests with an 

initial stress of 180 MPa support a mechanism change from point defect interaction or the non-

conservative motion of jogs at high stresses to glide controlled creep at low stresses.  

It is hypothesized that Alloy 709 transitions from glide controlled creep to climb 

controlled creep (constant load creep tests) or another controlling mechanism (stress relaxation) 

at the stress required to break a dislocation away from a solute atmosphere. At stresses below the 

breakaway stress, mechanical forces lower the energy barrier for solute diffusion in one direction 

and raise the energy barrier for solute diffusion in the other. A favored diffusion direction for the 

solute atmosphere results, and the dislocation travels with the diffusion solute atoms. The 

dislocation glides at a speed lower than it would in a solute free matrix. Above the breakaway 

stress, the dislocation glides away from the atmosphere at speeds closer to the glide speed of a 

solute free matrix, thus limiting the effect of the solute atoms.  

Stress relaxation tests provide an estimation of the stress Alloy 709 is believed to change 

between glide controlled creep and climb controlled creep or another controlling deformation 
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mechanism. As shown in Figure 4.16, trend lines were fit to the low and high stress data from 

stress relaxation tests for tests with an initial stress of 300 MPa. The stress where the trends 

intersect is the estimated transition stress between deformation mechanisms. The transition stress 

is 180 MPa at 650 °C, 210 MPa at 600 °C, and 270 MPa at 550 °C. 

The stress required to break dislocations away from solute atmospheres vary inversely 

with temperature. The breakaway stress for a given solute can be predicted by the following 

equation [47]: 
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where W is the maximum interaction energy between a solute atom and dislocation, c is the 
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absolute temperature. The predicted break away stress increases with lowering temperature as 

does the observed transition stress. 

The predicted breakaway stress can be determined using information provided in 

literature and can be compared to the observed transition stresses. The maximum interaction 

energy is estimated with the following equation [47]: 
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where �� �L�V���3�R�L�V�V�R�Q�¶�V���U�D�W�L�R�Q�����*���L�V���W�K�H���V�K�H�D�U���P�R�G�X�O�X�V�����D�Q�G�� �û�9 is the difference in volume 

between the solute and solvent atom. The elastic constants from 316 at the test temperatures are 

used in the calculation [68]. The change in volume is estimated with atomic radii found in 

literature presented in Table 4.2. The calculated breakaway stress for each substitutional atom in 

Alloy 709 is presented in Table 4.3. Each calculated stress is significantly lower than the 

observed transition stress, but a linear sum of all the stresses approaches the observed values. 
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The sum of the calculated breakaway stress values and the observed transition stress at each test 

temperature are: 

�x 650 °C: calculated break away = 185 MPa, observed transition stress = 180 MPa 

�x 600 °C: calculated break away = 207 MPa, observed transition stress = 210 MPa 

�x 650 °C: calculated break away = 232 MPa, observed transition stress = 270 MPa 

The summation of all the breakaway stresses and the observed transition stresses are close to 

each other and provide support of glide controlled creep happening at stresses below the listed 

break away stresses, and the transition away from glide controlled creep to be the stress required 

to break away from solute atmospheres.  

 

Table 4.2 �± Atomic Radii of Substitutional Elements in Alloy 709 [2] 
 Mn Si Ni Cr Mo Nb Fe 

Radius (nm) 0.126 
-or- 

0.131* 

0.133 0.125 0.129 0.141 0.147 0.128 

 

 *Mn radius varies depending on valence state, 0.126 nm is used in this analysis [2] 

 

It is assumed in the above analysis that the transition stress values for individual atoms 

can be summed. Most data presented in literature for alloys transitioning between climb 

controlled creep and glide controlled creep are binary alloys [21, 22, 49, 93, 95], or engineering 

alloys with predominantly two alloying elements [24]. The interaction between different solute 

atoms during glide controlled creep is not well documented in literature. Also, the composition 

used while calculating the breakaway stress is the nominal composition. The matrix composition 

is expected to vary at high temperatures as second phase precipitates form. The matrix 

composition at each temperature differs as well as the equilibrium volume fraction of each phase 
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and possible phase stability varies between the test temperatures. The atomic radii shown in 

Table 4.2 are values assumed at room temperature. The radii of the substitutional atoms between 

650 and 550 °C are unknown but expected to vary with temperature. Due to the above 

discussion, the calculated break away stresses should be considered as an approximation rather 

than an expected value. The results indicate that the transition stress could possibly be due to the 

stress required to break dislocations away from solute atmospheres. 

 

Table 4.3 �± Break away stress in MPa calculated for Substitutional Alloying Elements in 
Alloy 709 

Temperature 
(°C) 

Mn Si 
 

Ni Cr Mo Nb Fe 

650 1.3 5.6 79 6.6 65 27 0 
600 1.4 6.2 91 7.4 71 30 0 
550 1.5 6.8 103 8.2 79 33 0 

 

4.6.6 Alternative Interpretations of Changing Creep Behavior 

Four other explanations were considered that explain some of the observed behavior in 

Alloy 709, but each explanation fails to explain the entirety of the behavior described above. 

Alloy 709 may be undergoing vacancy diffusional creep at low stresses and then power law 

creep at high stresses. Another possibility is that the alloy may be undergoing power law creep at 

low stresses and power law breakdown at higher stresses. The third possible explanation for the 

change in minimum creep rate exponent is the dislocation density of Alloy 709 may not vary 

with stress as expected. The fourth explanation for the observed change in behavior could be a 

result of testing above and below the yield point of the material.  

Vacancy diffusional creep at low stresses and power law creep at high stresses can 

explain why the minimum creep rate exponent of Alloy 709 changes, the differing shapes of the 

constant load creep curves, and the lack of substructure formation at low stresses. Figure 4.36 
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shows the deformation mechanism map for 316 stainless steel. A black box outlines the creep 

conditions tested in this work. The lower left hand corner of the box dips into the vacancy 

diffusional creep field. The rest of the creep conditions are in the power law creep field. Thus, it 

is possible that vacancy diffusional creep is occurring at low stresses at the temperatures tested.  

The minimum creep rate exponent of vacancy diffusional creep is one, while power law 

creep is usually between 3 and 5 [97]. A change from vacancy diffusional creep at low stresses to 

power law creep at high stresses explains the change in minimum creep rate exponent, though 

the measured creep rate exponents at low stresses are higher than what is expected for vacancy 

diffusional creep. Vacancy diffusional creep produces constant load creep curves that do not 

have a primary region of creep [98]. The abnormal constant load creep curves produced at low 

temperatures could be a result of vacancy diffusional creep as opposed to glide controlled creep. 

Vacancy diffusional creep also does not produce a substructure at the point of minimum creep 

and can explain the lack of substructure formation at low applied stresses. Vacancy diffusional 

creep could explain the measured activation energy of creep at 180 MPa. Vacancy diffusional 

creep has an activation energy of self diffusion or grain boundary diffusion [83, 97, 98]. Several 

studies have found the activation energy of chromium and iron along the grain boundaries and 

dislocations of 316 to be between 171 and 207 kJ/mol [99, 100]. The measured activation energy 

of creep at 180 MPa is 190 kJ/mol. The low activation energy of creep could be a result of the 

diffusion of vacancies along the grain boundaries controlling creep.  

However, vacancy diffusional creep has an expected minimum creep rate exponent of 

one. Alloy 709 has a minimum creep rate exponent of 3 at 550 °C and about at 4 at 650 °C. 

While vacancy diffusional creep occurring at low stresses and power law creep occurring at high 

stresses would result in a change in minimum creep rate exponent, it cannot explain the 
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minimum creep rate exponents measured. Vacancy diffusion would also have different activation 

volumes than those measured during stress relaxation [40, 42]. Vacancy diffusion is expected to 

have small activation volume on the order of 1 b3 or less [101]. The smallest activation volume 

measured during the stress relaxation was 33 �“ 1x10-4 b3, an order of magnitude larger than the 

accepted activation volume for vacancy diffusion.  

Another possibility is that power law creep occurs at low stress and power law 

breakdown occurs at high stress; this interpretation can explain the change in minimum creep 

rate exponent observed during constant load creep testing but cannot explain the measured 

activation energies of creep. During power law breakdown, the minimum creep rate exponent 

increases with increasing stress and activation energy lowers [33]. Alloy 709 shows an 

increasing minimum creep rate, but the activation energy of creep increases at high stresses 

rather than decreases as expected for power law breakdown. Minimum creep rates versus stress 

during power law breakdown often have exponential relationships rather than a power 

relationship. As a result, the minimum creep rate versus stress is not linear on a log-log plot [33]. 

There is limited data, but it appears that the minimum creep rate versus stress data of Alloy 709 

during the stress dip test is linear on the log-log plot and refutes power law breakdown occurring 

at high stresses during constant load creep testing. 

A change in dislocation density dependence on stress is a simple hypothesis to explain 

the two observed minimum creep rate exponents measured during constant load creep testing. 

The movement of dislocations causes creep strain during power law creep. The strain rate is a 

result of movement of all the mobile dislocations present in the material, and the relationship is 

represented in the Orowan equation [44]: 

 ���6� �!�E�Y
$ (4.8) 
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where ���6 is the shear strain rate, �! is the dislocation density, �E���L�V���W�K�H���%�X�U�J�H�U�¶�V���Y�H�F�W�R�U�����D�Q�G�� �Y
$ the 

average dislocation velocity. Dislocation density is often assumed to vary directly with the 

square of applied stress [101], but some have found that the relationship breaks down at low 

applied stresses [22]. The result of such a change in dislocation behavior would manifest as a 

change in minimum creep rate exponent as observed in Alloy 709.  

 

 

Figure 4.36 Deformation mechanism map for 316 with stress and temperature conditions of 
constant load creep tests conducted on Alloy 709 displayed as a black box on the 
figure [29] 

 

However, it is believed that dislocation density measurements show that dislocation 

density varies as expected with applied stress raised to a power of 2. The stress below which the 

dislocation density is not observed to depend on an applied stress raised to a power of 2 has been 

reported to 10-6 G, with G being the shear modulus of the material [22]. Using the shear modulus 

of 316, the expected stress at which dislocation density no longer follows applied stress raised to 

Creep conditions tested 
in this work 
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a power of 2 during creep conditions is less than a single MPa. There is also a lack of reports of 

dislocation density following stress raised to the powers of 0.51 or 0.81. Due to the proximity of 

the ideal behavior between 110 MPa and 300 MPa, the applied stress being greater than the 

stress expected to show a change in behavior, and similar materials showing similar dislocation 

density behavior around their yield point [6, 60], it is believed that the dislocation density of 

Alloy 709 follows the expected dependency of applied stress. A change in dislocation behavior is 

not expected to explain the observed change in minimum creep rate exponent as a result.  

The yield point of the material may play a role in the observed creep behavior of 

Alloy 709. The yield point of Alloy 709 is 168 MPa at 650 °C [103]. The creep behavior of 

Alloy 709 appears to change around the similar stress. Creep specimens tested above 180 MPa at 

650 °C have plastic work performed at the beginning of the test while creep specimens below 

180 MPa do not. Table 4.4 shows the time to minimum creep rate, total strain at the point where 

the minimum creep rate is reached, and plastic strain at minimum creep rate for the constant load 

creep tests performed on the solution annealed Alloy 709. Specimens tested above the yield point 

have significantly larger total and creep strain at the minimum creep rate. The higher strain is 

expected to impart a higher dislocation density than at lower strains. The dislocations act as 

nucleation sights for MX phase, and the particle distribution is expected to be finer with the 

higher strains. The larger amount of particle strengthening could impose a larger threshold stress 

behavior, raising the calculated activation energy of creep as well as the minimum creep rate 

exponent measured at stresses above 180 MPa. 

However, the theory that specimen yielding results in the change of creep behavior fails 

to explain the stress dip results. The stress dip test initiated at 300 MPa imparted plastic strain to 

the specimen of Alloy 709. The test specimen is expected to develop a similar microstructure as 
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constant load creep testing at 300 MPa. The specimen is then subjected to creep conditions at 

lower stresses. If plastic strain is expected to play a significant role, the creep behavior would be 

expected to differ from constant load creep testing at stresses below the yield point due to the 

different amounts of plastic strain between the tests. However, this was not observed. At applied 

stresses above the yield point of Alloy 709, strain rates and the minimum creep rate exponent 

measured during the stress dip test were slightly higher than the constant load creep tests with 

similar applied stresses. At applied stresses below the yield point of Alloy 709, strain rates and 

the minimum creep rate exponent measured during the stress dip tests were identical to the 

constant load creep tests. The similarity between the stress dip tests and constant load creep tests 

indicate that plastic strain may not impact creep behavior at stresses below 180 MPa.  

 

Table 4.4 �± Comparison of Time, Total Strain, and Creep Strain at Minimum Creep Rate 
Stress (MPa)  Test Temperature (°C) Time (hrs) Total Strain Creep Strain 

110 650 6000 0.0068 0.0060 
145 650 271 0.0026 0.0006 
175 650 100 0.0035 0.0014 
220 650 150 0.0184 0.0038 
300 650 75 0.0682 0.0148 
180 550 700 0.0032 0.0006 
250 550 150 0.0224 0.0009 
300 550 500 0.0557 0.0017 

 

4.7 Summary  

Alloy 709 shows two sets of behavior during mechanical testing during this work. At 

stresses close to 300 MPa, Alloy 709 shows microstructures, constant load creep curves, 

minimum creep rate exponents, and activation energy of creep attributable to climb controlled 

creep. At lower stresses, Alloy 709 shows microstructures, constant load creep curves, a 

minimum creep rate exponent, an activation energy of creep, activation volumes, and an 
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activation enthalpy of relaxation attributable to glide controlled creep. The stress where 

Alloy 709 transitions between an activation volume associated with glide controlled creep to an 

activation volume associated with several other mechanisms falls close to those attributable the 

breakaway stress from solute atmospheres. Four other theories have been discussed that can 

describe portions of the observed behavior, but fail at describing the entirety of the behavior 

observed in each region of creep and stress relaxation.   
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CHAPTER FIVE �± ALLOY 709 COMPUTATIONAL MODELING 

 Computational modeling was used to describe mechanical behavior of Alloy 709. Two 

physical models were applied to Alloy 709 for the creep conditions tested. Each of the two 

models assumes that a single deformation mechanism controls the deformation during creep.  

5.1 Physical Modeling 

Two physical models were applied to Alloy 709 that explain the change in minimum 

creep rate exponent observed during constant load creep testing and stress dip testing at 650 °C. 

The models were developed for Alloy 709 in the solution annealed condition. One model 

assumed climb of dislocation past precipitate particles was rate limiting. The model matched 

minimum creep rate data for creep conditions believed to be undergoing climb controlled creep 

at 550 and 650 °C. Another model assumed the glide of dislocations with attached solute 

atmospheres was the rate limiting step. The model matched minimum creep rates well at stresses 

and temperatures where the climb controlled model failed to describe behavior. 

5.1.1 Glide controlled model 

The glide controlled model was developed by Friedel, and the model predicts minimum 

creep rates for Class A alloys at intermediate stresses [47]. The model assumes dislocation 

motion causes strain, and the material has substitutional atoms that gather around dislocations to 

form solute atmospheres. The minimum creep rate as a function of stress and temperature is 

given in the following expression: 
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where M is the Taylor factor, G is the temperature corrected shear modulus, D is the 

�L�Q�W�H�U�G�L�I�I�X�V�L�R�Q���F�R�H�I�I�L�F�L�H�Q�W���I�R�U���D���S�D�U�W�L�F�X�O�D�U���V�X�E�V�W�L�W�X�W�L�R�Q�D�O���V�R�O�X�W�H�����E���L�V���W�K�H���%�X�U�J�H�U�¶�V���Y�H�F�W�R�U�����N���L�V���W�K�H��

�%�R�O�W�]�P�D�Q�Q�¶�V���F�R�Q�V�W�D�Q�W�����7���L�V���W�K�H absolute temperature, and �2 is the applied shear stress. The 2/9 

factor in front of the model accounts for the dislocation density. The factor was determined using 

dislocation density measurements as a function of applied stress of similar austenitic stainless 

steels measured during creep in similar conditions [60].  

 Figure 5.1 shows both the predicted creep rate for Alloy 709 at 650 °C from the glide 

controlled model and minimum creep rate data from constant load creep tests conducted at 

650 °C. The model predicts different minimum creep rates for each of the substitutional alloying 

elements of Alloy 709. The slope of the minimum creep rate versus stress (minimum creep rate 

exponent) aligns well with the observed data at stresses below 180 MPa. Minimum creep rates 

for chromium and nickel fall closely with the measured minimum creep rates at the three lowest 

stresses: 110 , 145, and 175 MPa. Above 180 MPa, the slope of the measured minimum creep 

rates for Alloy 709 at this temperature increased, and the model no longer predicted Alloy 709 

creep behavior.  

There are multiple lines for the glide controlled model due to the different diffusion 

characteristics of the substitutional solutes shown in Figure 5.1. For example, dislocation glide 

with only silicon atoms within its solute atmosphere glides a little over an order of magnitude 

faster than a dislocation with only nickel or chrome atoms within its solute atmosphere. Most 

literature presented for glide controlled creep discusses binary alloys of aluminum and 

magnesium, iron and molybdenum, or engineering alloys that are primarily an alloy of aluminum 

and magnesium [10 - 16]. It is expected that the solute atmosphere around a dislocation in multi-
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component Alloy 709 is a combination of all the substitutional solute species and a weighted 

average between the predicted creep rates may be a better approximation of creep behavior.  

 

 

Figure 5.1 A log-log plot showing the glide controlled model predictions of minimum 
creep rate for Alloy 709 at 650 °C (solid lines) along with minimum creep rate 
data for solution annealed Alloy 709 collected at 650 °C (solid squares). Each 
line represents the minimum creep rate for a substitutional solute as predicted 
by its interdiffusion coefficient calculated with the austenite crystal lattice.  

 

The glide controlled model also fits well with experimental minimum creep rate data of 

Alloy 709 at 550 °C for all the stresses tested: 180, 250, and 300 MPa. Figure 5.2 shows the 

predictions of the glide controlled creep model for Alloy 709 at 550 °C (solid lines) along with 

the experimentally determined minimum creep rates for Alloy 709 at 550 °C (solid squares). The 

model predictions for minimum creep rate of molybdenum and niobium follow the experimental 

data closely for the two lower stresses tested at this temperature, 180 and 250 MPa. The 
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minimum creep rate for 300 MPa at 550 °C is slightly higher than expected for glide controlled 

creep with molybdenum or niobium solute atmospheres governing glide rate.  

The assumed activation energy for Alloy 709 could be a source of error. The true values 

may be different than those used in the model. The difference would result in the measured 

minimum creep rates for Alloy 709 at 550 °C to follow with the predicted values as temperature 

changes. Activation energies for solute diffusion were estimated in Thermo-Calc®, and the 

composition of Alloy 709 is close to the limiting composition the database claims to be able to 

accurately and precisely estimate thermodynamic and mobility data. A data base tailored for 

Alloy 709 may estimate activation energies such that the model fits better at 550 °C.  

 

 

Figure 5.2  A log-log plot showing the glide controlled model predictions of minimum 
creep rate for Alloy 709 at 550 °C (solid lines) along with minimum creep rate 
data for solution annealed Alloy 709 collected at 550 °C (solid squares). Each 
line represents the minimum creep rate for a substitutional solute as predicted 
by its interdiffusion coefficient calculated with the austenite crystal lattice. 
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5.1.2 Climb Controlled Model 

The climb controlled model was developed by Arzt. et al. The model invokes multiple 

equations describing the process as described in section 3.3.2. The MatLab® code used to 

generate the results is listed in Appendix B along with a brief explanation. The model determines 

the climb rate of a dislocation past a particle, and the creep rate is then calculated using 

microstructural information to determine the average velocity of the dislocation. MatLab® was 

used to numerically solve for the chemical potential for vacancy addition and determine the 

strain rate from that data.  

The model was made to fit the minimum creep rate data for Alloy 709 collected at 650 °C 

at stresses above 180 MPa. An average particle size of 12 nm and a spacing of 96 nm resulted in 

the best fit for the data. The particle incline is used as a fitting parameter. Adjusting the particle 

incline moves the minimum creep rate versus stress curve along the stress axis without affecting 

its shape, while particle size and spacing affects the slope and curvature. A particle incline of 78° 

resulted in the best fit for the data. Figure 5.3 shows the minimum creep rates predicted by the 

climb controlled model for Alloy 709 at 650 °C along with the experimentally measured 

minimum creep rates for Alloy 709 also at 650 °C. The predicted strain rate is curved due to the 

applied stress being close in value to the estimated threshold stress from this model. At higher 

stresses, the minimum creep rate versus stress curve straightens. The model matches well with 

the experimental data at 650 °C for the constant load creep tests with an applied stress between 

180 and 300 MPa. The minimum creep rate for the 175 MPa constant load creep test is close to 

the model, but the model and data deviate with the lower stress data. The minimum creep rates 

measured at the two lower stress are about half an order of magnitude (145 MPa) or a full order 

of magnitude (110 MPa) greater than the minimum creep rate predicted by the climb control 
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model. If the threshold stress is ignored in the model, the locus of minimum creep rate predicted 

by the model is straight, and the minimum creep rate measured at an applied stress of 175 MPa 

aligns with the model, but the two lower stresses, 145 MPa and 110 MPa, are still larger than 

expected based off the predictions of this climb controlled model.  

 

 

Figure 5.3 A log-log plot showing the climb controlled model predictions of minimum 
creep rate for Alloy 709 at 650 °C (solid line) along with minimum creep rate 
data for solution annealed Alloy 709 collected at 650 °C (solid squares).  

 

The climb controlled model fits well with measured minimum creep rate data for 

Alloy 709 measured at 550 °C and an applied stress at or greater than 250 MPa. Figure 5.4 

shows the minimum creep rates predicted by the climb controlled model for Alloy 709 at 550 °C 

along with experimentally determined minimum creep rates for Alloy 709 also at 550 °C. The 

model is curved again due to the proximity of the applied stress to the estimated threshold stress 

from the model. The model fits well with the minimum creep rates measured for Alloy 709 with 
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an applied stress of 250 MPa and 300 MPa. The minimum creep rate measured with an applied 

stress of 180 MPa is about 3 or 4 times larger than the minimum creep rate predicted by the 

climb controlled model.  

 

 

Figure 5.4 A log-log plot showing the climb controlled model predictions of minimum 
creep rate for Alloy 709 at 550 °C (solid lines) along with minimum creep rate 
data for solution annealed Alloy 709 collected at 550 °C (solid squares). 

 

Alloy 709 may transition between glide controlled creep and climb controlled creep at 

250 MPa at 550 °C. If the trend between the two presented models is consistent between both the 

650 °C and 550 °C data, the model predicting the faster minimum creep rate describes the 

material behavior. Assuming the model predictions are accurate at 550 °C, Alloy 709 would be 

undergoing climb controlled creep at 300 MPa, glide controlled creep at 180 MPa, and 

transitioning between the two controlling mechanisms at 250 MPa. There is limited constant load 

creep data at 550 °C and not enough resolution to indicate a change in minimum creep rate 
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exponent. However, stress relaxation testing may support a transition in deformation mechanism 

around 250 MPa, and is discussed in Chapter 4. The measured activation volume for Alloy 709 

measured during stress relaxation testing at 550 °C changes from over 100 b3 to around 50 b3 at 

270 MPa. This stress is slightly higher than 250 MPa, but it is believed that the two stresses are 

comparable and may reflect a similar value of transition stress.  

5.2 Discussion 

Two different sets of modeling are used to estimate two different behaviors of Alloy 709.  

The climb controlled model takes microstructural information as inputs, and the glide controlled 

model takes composition as an input and ignores microstructure.  

The physical modeling indicates that two different mechanisms may control deformation 

�G�X�U�L�Q�J���F�U�H�H�S���R�I���$�O�O�R�\�������������)�U�L�H�G�H�O�¶�V���P�R�G�H�O���I�R�U���G�L�V�O�R�F�D�W�L�R�Q���J�O�L�G�H��creep fits minimum creep rate 

data for Alloy 709 for tests at 650 °C and stresses ranging from 110 to 180 MPa. The model also 

fits minimum creep rate data for Alloy 709 for tests at 550 °C and stresses ranging from 

110 MPa to 300 MPa. Arzt. et al.�¶�V���P�R�G�H�O��for climb controlled creep fits minimum creep rate 

data for Alloy 709 for tests at 650 °C and with an applied stress of 180 to 300 MPa.  

The glide controlled model does not have any fitting parameters, and only measured 

values or values pulled from literature. The activation energy for solute diffusion is calculated in 

Thermo-Calc®, and crystallographic information is pulled from literature [104]. Dislocation 

density is pulled from literature, and the value was considered a fitting parameter initially [60]. 

However, the measured dislocation density from the gage sections of interrupted Alloy 709 creep 

specimens match those used in this model. The lack of fitting parameters and close matching 

between predicted and measured strain rates indicate the glide control model represents the 

processes controlling the minimum creep rate of Alloy 709 at the lower stress ranges used in this 
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study, and the agreement between the model and experimental data strongly indicate the model 

correctly describes the material behavior.  

The glide controlled creep model is usually applied to binary alloys or alloys where two 

species comprise the majority of the alloy composition [22, 24, 25, 52, 93, 105]. In multi-

component systems it is not clear if a single species controls the glide speed of a dislocation, or if 

all the species present affect the glide speed of the dislocations to varying degree. Solute 

atmospheres comprised of varying amounts of several species may create an effective lattice 

mismatch, break away stress, and effective diffusion characteristics of a solute cloud rather than 

characteristics assumed for a single solute type as assumed for the predictions in Figure 5.1 and 

Figure 5.2. The results shown in those two figures may be better predicted by an average strain 

rate weighted by composition expected at the dislocation core.  

The climb controlled creep model utilizes particle size, particle spacing, and particle 

incline as input. The particle size used in the model is 12 nm, particle spacing is 96 nm, and 

particle incline is 78°. The measured particle size was 13 �“0.5 nm for specimens subjected to 

creep at 220 and 300 MPa and 650 °C and matches reasonably well with the input for the model. 

The measured precipitate spacing does not fit as well with the model input. The measured 

precipitate spacing is 32 �“��4 nm for specimens subjected to creep at 220 and 300 MPa and 

650 °C. Inputting the measured particle spacing to the model results in a poor fit to the data. The 

model also assumes a uniform particle distribution, which TEM investigation indicates 

precipitates nucleate preferentially on dislocations and have a closer spacing in these regions as 

seen in Figure 4.31 in Chapter 4. The sensitivity to microstructural inputs and the fitting 

parameters indicates the climb controlled model may not represent all the controlling processes 

taking place in the creep test. 
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The particle incline is used as a fitting parameter. The incline is not unreasonable, but the 

fitted incline value is not the 45° as specified as expected in literature [40, 42]. The particles are 

also assumed to be cubic, and this assumption may not be an accurate representation of the true 

morphology of the MX phase precipitates. The TEM micrographs obtained from interrupted 

creep specimens of Alloy 709 are inconclusive in regard to the morphology of the particles 

decorating dislocations. An assumed spherical morphology may provide a more accurate 

�U�H�S�U�H�V�H�Q�W�D�W�L�R�Q���R�I���W�K�H���$�O�O�R�\���������¶�V���P�L�F�U�R�V�W�U�X�F�W�X�U�H���� 

The dislocation climb controlled creep model fits minimum creep rates well at the higher 

stresses tested during constant load creep at 550 and 650 °C. The agreement between the two test 

temperatures indicate the model captures some of the behavior of Alloy 709 well. The model 

assumes that shear modulus varies identically to 316 with temperature, and the activation energy 

of diffusion is identical to the activation energy of self diffusion for similar austenitic stainless 

steels. 

5.3 Summary  

Physical modeling has been made to fit constant load creep data. The dislocation glide 

controlled model fits well with data without the use of fitting parameters or unjustifiable 

assumptions. The dislocation climb controlled model has been made to fit with several 

assumptions that require more work to justify. Particle incline and particle spacing specifically 

need to be determined. The glide controlled model proves a simple explanation of creep behavior 

for lower temperature and low stress creep behavior. The climb controlled model provides a 

more complex explanation of the creep behavior of Alloy 709 at high stresses. Sensitivity of the 

microstructural inputs and use of a fitting parameter indicate that other processes may affect 

creep behavior at the higher stress constant load creep tests tested in this project. 
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CHAPTER SIX �± ALLOY 709 MICROSTRUCTURAL MODELING 

Computational modeling was used to predict microstructural evolution of Alloy 709. 

Thermo-Calc® was utilized to estimate equilibrium conditions at a variety of temperatures. 

TC-Prisma® was utilized to estimate the kinetics of Alloy 709 at a variety of temperatures. The 

volume fraction of precipitates was calculated at a variety of times and temperatures and times to 

produce a time-temperature-precipitation diagram.  

6.1  Microstructural Modeling 

Equilibrium and kinetic modeling are used to identify heat treatments of interest. 

Alloy 709 is a candidate for structural material in sodium cooled fast reactors. Sodium cooled 

fast reactors operate around 550 °C for 500,000 hours. Microstructures that developed during 

long term service are of interest in this work, and heat treatments that produce similar 

precipitates and volume fraction of those precipitates are of interest. The combination of 

equilibrium and kinetic modeling helps determine aging conditions to produce specimens of 

Alloy 709 representative of long term service. Equilibrium simulations identified the highest 

temperature Alloy 709 could be aged while developing similar precipitates expected to develop 

during service conditions. [10, 15], and kinetic simulations specified the times each temperature 

required to produce the required volume fractions. 

6.1.1 Equilibrium Modeling 

The phases of interest in Alloy 709 are austenite (the matrix phase), M23C6, sigma, 

z phase, and MX phase. These phases are often reported to develop in similar alloys between 550 

and 650 °C [10, 15]. Thermo-Calc® specified that Cr2B and Cr2N are stable between 450 and 
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1000 °C. These phases are not reported to develop in NF709, and the phases are believed not to 

form [5, 6]. 

Figure 6.1 shows the phases present in Alloy 709 with an equilibrium volume fraction 

greater than 0.1. Alloy 709 is fully austenitic, and sigma phase is a major phase predicted by 

CALPHAD at the temperatures of interest (550 °C). Other important phases are present in 

Alloy 709, but form at smaller volume fractions. The phases present with a volume fraction less 

than 0.1 are presented in Figure 6.2. Figure 6.1 and Figure 6.2 show that Alloy 709 is fully 

austenitic at 450 °C, and its liquidus is about 1350 °C. Sigma phase is also present in significant 

quantities up to about 750 °C. At 450 °C, the equilibrium volume fraction of sigma phase is over 

0.2 and tapers off to zero just below 750 °C.  

 

 

Figure 6.1 The equilibrium volume fraction of phases present in Alloy 709 from 450 °C to 
1450 °C. Phases with a volume fraction greater than 0.04 are shown. Austenite 
and sigma phase form large portions of the equilibrium volume fraction at 
550 °C. 
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The phases of interest in Figure 6.2 are M23C6, the two compositions of MX phase, and 

z phase. M23C6 has been reported to cause sensitization, and MX and z phase are believed to 

cause precipitate strengthening [10, 15, 107]. Cr2N and Cr2B were predicted in minor amounts, 

0.014 volume fraction predicted for Cr2N and less than 0.001 for Cr2N. These phases are not 

reported to develop in similar alloys, and they are not believed to develop in Alloy 709 [4, 5].  

 

 

Figure 6.2 The equilibrium volume fraction of phases present in Alloy 709 from 450 °C to 
1450 °C. Phases under 0.04 volume fraction are shown. Important phases for 
this analysis are z phase, MX, and M23C6. 

 

MX phase is present at all temperatures in varying amounts with two different 

compositions. MX in the form of niobium carbo-nitrides was predicted to be present in 

significant quantities from 1050 to 1,300 °C. At lower temperatures, z phase replaced the 
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niobium containing MX phase at 950 °C. Titanium carbo-nitrides were the other composition of 

the MX phase expected to be present in Alloy 709. The titanium containing MX phase was 

present at all temperatures shown. The titanium MX phase was predicted to form in a 

significantly less amount than the niobium containing MX phase at equilibrium.  

Z phase replaced the niobium containing MX phase at about 950 °C as temperature is 

lowered. Z phase is a precipitate with the composition of niobium, chromium, and nitrogen [12]. 

If z phase is suppressed from the equilibrium calculation in Thermo-Calc®, the niobium 

containing MX phase is stable at lower temperatures. The relative stability of z phase and the 

niobium containing MX phase indicates that MX phase could be part of the precipitation 

sequence of Alloy 709 [15].  

Equilibrium calculations of phases present in Alloy 709 specified that M23C6, z phase, 

titanium containing MX phase, and sigma phase are present at 550 °C, the service temperature 

for Alloy 709. Specimens could be aged up to 750 °C without severely affecting the phases 

predicted to be present at equilibrium besides sigma phase. The volume fraction for sigma phase 

drops to 0 at 750 °C. Besides sigma phase, the equilibrium volume fraction of secondary phases 

varied little between 550 and 750 °C. Temperatures between 650 °C and 750 °C would produce 

similar precipitates as service conditions at shorter times to achieve comparable volume 

fractions.  

6.1.2 Kinetic Modeling 

Kinetic modeling was used to specify the times to age specimens of Alloy 709 to achieve 

similar volume fractions of Alloy 709 at different temperatures. TC-Prisma solves kinetic 

problems to determine the volume fraction as a function of time using thermodynamic and 
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mobility data bases. The volume fraction as a function of time is calculated at several 

temperatures to construct a time temperature precipitation (TTP) diagram.  

The composition of the austenite in Alloy 709 was adjusted in TC-Prisma to reflect the 

microstructure of Alloy 709 at the start of the aging treatment. Simulations performed with a 

completely solutionized matrix lead to an overestimation of z phase. Alloy 709 is hot forged 

and/or hot rolled at 1100 °C. Niobium containing MX phase is stable at the forging temperature 

and forms precipitates as a result. The matrix composition of niobium was lower than the 

nominal composition as a result of the residual MX precipitates formed during forging.  

Figure 6.3 shows the calculated TTP diagram for Alloy 709. Contours of 1 pct, 10 pct, 

and 90 pct of the equilibrium volume fraction for M23C6, z phase, and sigma are shown. The TTP 

diagram shows that similar microstructures as those that are expected during long term service 

can be obtained at higher temperatures and on time scales accessible during this work. For 

example, similar volume fractions are predicted by the TTP diagram at 2,500 hrs at 650 °C and 

150 hrs at 750 °C as 250,000 hrs at 550 °C. These are the conditions utilized to study the aged 

creep condition of Alloy 709, and they are indicated on Figure 6.3 as black triangles. 

There are several weaknesses of the TTP diagram shown in Figure 6.3. MX is not 

included since the phase is not stable, but characterization of interrupted creep specimens 

showed that MX may be a transition phase. Future work should include the effects of metastable 

phases such as MX phase. TC-Prisma was only able to calculate the expected volume fractions 

of sigma phase up to 600 °C, though the reason for this limitation is not understood. It is possible 

that sigma phase has a sharp nose to the curves, and the phase did not precipitate in any 

meaningful amount in the 1,000,000 hrs allotted for the simulation at temperatures higher than 

600 °C. 
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Scanning electron microscopy (SEM) was done to qualitatively validate the TTP 

diagram. SEM was used to evaluate microstructure at a sub-micron to micron scale, but the 

investigation was unable to resolve precipitates that formed on the nano-scale. A TEM 

investigation would have elucidated such precipitates but was not done due to time constraints of 

this work. Six specimens were aged at two different temperatures and three different times. The 

times each specimen was aged to were chosen to produce a similar volume fraction as another 

specimen aged for a different temperature and time. The black dots present in Figure 6.3 

represent the aging conditions selected. Figure 6.4 shows SEM secondary electron images of 

specimens of Alloy 709 aged to the conditions indicated on Figure 6.3. Figure 6.4(a) and (d) 

show similar microstructures developed during aging at 650 °C for two hours and 750 °C for an 

hour. Figure 6.4(b) and (e) show SEM micrographs of Alloy 709 aged at 650 °C aged for 248 hrs 

and at 750 °C for 10 hrs. The two micrographs have comparable precipitates as well. Grain 

boundary precipitation is present in both of the intermediately aged specimens. These grain 

boundary precipitates are believed to be M23C6. Figure 6.4(c) and (f) show Alloy 709 aged at 

650 °C for 1,736 hrs and 750 °C for 100 hrs. The two micrographs also have comparable 

microstructures. Grain boundary precipitation is still present in both of the long term aged 

specimens. Intragranular needle like precipitates have also formed in the long term aged 

specimens. The needle like precipitates are also believed to be M23C6.  

6.2 Microstructural Evolution Modeling 

Modeling taking into account thermodynamic equilibrium and kinetic processes in 

metallic systems predicts a matrix of austenite with precipitates of M23C6, z phase, small 

amounts of titanium containing MX phase, and possibly sigma phase formation. After 

250,000 hrs at 550 °C, 90 pct of the equilibrium volume fraction of z phase and M23C6 are 
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predicted to form in addition to about 10 pct of the equilibrium volume fraction of sigma phase. 

In actual volume fraction, that is about 0.0126 volume fraction of M23C6, 0.0045 volume fraction 

z phase, and 0.12 volume fraction sigma phase. After about 2,500 hrs at 650 °C and 150 hrs at 

750 °C, about the same amount of volume fraction of each phase is expected except sigma phase.  

 

 

Figure 6.3 Time-temperature precipitation diagram for Alloy 709 between 500 and 
1200 °C. Contours specify 1, 10, and 90 pct of the equilibrium volume 
fraction of the indicated phase. Black dots specify aging conditions used in 
this study and examined by scanning electron microscopy. Black triangles 
specify aging conditions used to create aged creep specimens. 

 

Sigma phase is not predicted to precipitate at the temperatures above 600 °C by the 

kinetic model; the phase is thermodynamically stable according to Thermo-Calc®. Sigma phase 

has been reported to form at temperatures higher than 615 °C and long times but not at lower 

temperatures [106, 108]; these findings are in contrast to the Thermo-Calc® modeling results. 

Sigma phase has been found to form in NF709, an alloy similar to Alloy 709. Researchers found 

sigma phase formation on the flame side of boiler tubes and not the back side. The boiler 

operated with a steam temperature of 615 °C, and the flame side temperature is expected to be 
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higher than the steam temperature. This result indicates that higher temperatures favor sigma 

phase formation [106]. Researchers also found sigma phase formation at 650 C after 1,000 hrs of 

aging, but sigma phase was not found in this work [108]. It is not clear why the kinetic model 

predicts favorable sigma phase formation at 600 °C and not higher temperatures. 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 6.4 Scanning electron micrographs of Alloy 709 aged at (a) 650 °C for 2 hrs, 
(b) 650 °C for 248 hrs, (c) 650 °C for 1,736 hrs, (d) 750 °C for 1 hrs, (e) 750 °C 
for 10 hrs, and (f) 750 °C for 100 hrs. 

 

Figure 6.5(a) shows a transmission electron microscopy (TEM) bright field image and 

Figure 6.5(b) shows a selected area diffraction pattern for one of the particles that had 

precipitated on a dislocation for Alloy 709 in the aged1 condition, 650 °C for 2,500 hrs. The 

micrographs are from statically aged material. The diffraction pattern is taken close to the (110) 

zone, and the diffraction spots due to austenite are labeled with the �� subscript. On the bottom of 
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Figure 6.5(b), there is one reflection due to the MX precipitate, and the diffraction spot is labeled 

with a MX subscript. MX phase has a sodium chloride crystal structure with a lattice parameter 

ranging from 0.424 nm to 0.447 nm, depending on composition [10]. The measured lattice 

parameter for the precipitates present in the SADP was 0.422 nm, close to range for MX, 0.424 

to 0.447 nm [10]. 

Alloy 709 did not precipitate z phase during aging at 650 °C as Thermo-Calc® predicted. 

All the particles on dislocations produced a diffraction pattern shown in Figure 6.5(b). The 

diffraction pattern indicated MX phase rather than z phase. Z phase is predicted to be stable by 

Thermo-Calc®, and TC-Prisma predicted meaningful precipitation during the 2,500 hr aging 

period. Thermo-Calc® did predict titanium containing MX phase to be stable at 650 °C.  

Aging Alloy 709 produces M23C6 as predicted by Thermo-Calc® and TC-Prisma. 

Figure 6.6(a) shows a TEM bright field image of a specimen of Alloy 709 aged for 2,500 hrs. 

Two morphologies of particles can be seen. A third morphology is present on the dislocations, 

but the particles cannot be resolved at the length scale presented. Small cuboidal precipitates and 

needle like precipitates can be seen. Both have been verified as M23C6 by dark field imaging. The 

cuboidal precipitates are most likely needles that point in and out of the thin foil. Figure 6.6(b) 

shows the SADP for the needles. Reflections caused by the austenitic matrix are labeled with a 

��, and reflections caused by the M23C6 phase are labeled with a M23C6 subscript. M23C6 has an 

FCC crystal structure with a lattice parameter about 3 times the size of the austenitic matrix. The 

measured lattice parameter from the SADP was 1.067 nm and the accepted range of the lattice 

parameter for M23C6 is 1.057 to 1.068 nm [10].  

Aging Alloy 709 at 750 °C for 150 hrs results in z phase forming on dislocations rather 

than MX phase. Figure 6.7(a) shows a TEM bright field image of Alloy 709 aged at 750 °C for 
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150 hrs. Figure 6.7(b) shows the corresponding SADP for the precipitates on dislocations. 

Z phase has a tetragonal crystal structure which is indicated in the SADP [10, 12]. The lattice 

parameters for z phase were measured to be 0.304 and 0.733 nm for a and c, respectively. The 

accepted lattice parameters for z phase are 0.3037 and 0.7391 nm for a and c, respectively [10]. 

 

 

(a) 

 

(b) 

Figure 6.5 (a) TEM bright field and (b) SADP of particles precipitating on dislocations 
during aging of Alloy 709 at 650 °C for 2,500 hrs.  

 

The presence of z phase at 750 °C more closely followed the predictions determined by 

TC-Prisma and Thermo-Calc®. 750 °C is close to the nose of the TTP diagram shown in 

Figure 6.3. 750 °C provided the best combination of thermodynamic driving force and largest 

growth rate to produce meaningful amounts of z phase.  

M23C6 also precipitates in Alloy 709 while aging at 750 °C. The needles in Figure 6.7(a) 

are M23C6, and the precipitates produce the diffraction pattern seen in Figure 6.7(b). The volume 

fraction is expected to be similar between the two conditions. However, the amount of M23C6 

present in the micrographs appears to be lower than after the 650 °C aging treatment. Without 

thickness measurements of the thin foil, these claims should be considered qualitative. The 
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disparity between the suspected quantity of M23C6 at 650 and 750 °C indicates potential 

weaknesses in the kinetic modeling of Alloy 709. 

 

(a) (b)  

Figure 6.6 (a) TEM bright field image of Alloy 709 aged at 650 °C for 2,500 hrs, and (b) 
SADP of needles. 

  

 

(a) 

 

(b) 

Figure 6.7 (a) TEM bright field image of Alloy 709 aged at 750 °C for 150 hrs, and (b) the 
SADP of particles forming on dislocations.  
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6.3 Summary  

Equilibrium modeling of Alloy 709 predicted z phase, MX, sigma, Cr2B, and Cr2N to 

form at 550 to 750 °C. Literature indicates that M23C6, z phase, MX, and Sigma are likely to 

form in Alloy 709. TC-Prisma predicts z phase and M23C6 to form at 550 to 750 °C in 

meaningful amounts, and sigma phase to form at lower temperatures. TEM and SEM 

investigation show that z phase forms at 750 °C, MX forms at 650 °C, and M23C6 forms at both 

temperatures.
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CHAPTER SEVEN�± ALLOY 709 AGED BEHAVIOR 

Tensile specimens of Alloy 709 were aged at two different aging conditions. The aging 

conditions are based, in part, on the time temperature precipitation (TTP) diagram presented in 

Chapter 5. Alloy 709 aged at 650 °C for 2,500 hrs, referred to as aged1, produced a 

microstructure consisting of M23C6 on the grain boundaries as well as needle like precipitates 

within the grains. MX phase formed on dislocations as a finely dispersed precipitate. Alloy 709 

aged at 750 °C for 150 hrs, referred to as aged2, produced M23C6 on grain boundaries and as 

needle like precipitates within the grain similar to aging at 650 °C. Z phase, rather than 

MX phase, formed on dislocations at 750 °C as a fine dispersed precipitate at 750 °C.  

The two aging conditions were chosen to investigate the effect of precipitate type on high 

temperature mechanical behavior. Constant load creep tests were carried out at 650 °C with an 

applied stress ranging from 110 MPa to 300 MPa. A stress dip test was carried out on aged1 

Alloy 709 at 650 °C with an applied stress ranging from 85 to 300 MPa. Stress relaxation tests 

were carried out on both aged conditions with an initial stress of 300 MPa with test temperatures 

of 550, 600, and 650 °C. Additional stress relaxation tests were carried out on both aged 

conditions with an initial stress of 180 MPa and test temperatures of 600 and 650 °C. These test 

conditions were identical to the test conditions discussed in Chapter 4 for the solution annealed 

condition. 

7.1 Constant Load Creep Tests  

Constant load creep tests of aged Alloy 709 were carried out at 650 °C with an applied 

stress ranging from 110 to 300 MPa. Figure 7.1 shows the data measured during constant load 

creep testing of Alloy 709 in the solution annealed condition as well as the two aged conditions. 
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Aging Alloy 709 increases the measured minimum creep rates during testing at 650 °C for all 

tests except for aged1 Alloy 709 at an applied stress of 110 MPa. Specimens of Alloy 709 in the 

aged2 condition had a higher minimum creep rate than both the solution annealed and aged1 

Alloy 709. 145 MPa is the lowest stress tested on the aged2 specimens, and behavior at lower 

stress is unclear.  

 

 

Figure 7.1 The minimum creep rates of Alloy 709 tested at 650 °C plotted on a log-log 
plot. Solution annealed, aged1, and aged2 minimum creep rates are shown. 
Aging increases the observed minimum creep rates of Alloy 709 and suppresses 
a transition in minimum creep rate exponent.  

 

Solution annealed Alloy 709 shows a change in slope of the minimum creep rates versus 

stress on the log-log plot shown in Figure 7.1. The change in slope is shown by the two lines 

drawn for the set of data. The two aged conditions tested during constant load creep testing do 

not show a change in slope of the minimum creep rate data versus stress data. Aged2 Alloy 709 

has an R squared value of 0.9997, and aged1 Alloy 709 is 0.995 for the trendline fit to the data. 
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The high R squared values indicate that aging suppressed the change in minimum creep rate 

exponent observed in solution annealed creep testing. 

The minimum creep rate exponents of aged1 and aged2 Alloy 709 are 8.1 and 7.9 

respectively. These two minimum creep rate exponents are higher than the minimum creep rate 

exponent determined for solution annealed Alloy 709 with an applied stress between 180 and 

300 MPa. The minimum creep rate exponent of solution annealed Alloy 709 is 6.2 with an 

applied stress between 180 and 300 MPa. However, all minimum creep rate exponents discussed 

above fall within the range expected for dislocation climb controlled creep [26, 35 �± 37, 40, 42]. 

The shapes of the constant load creep curves were inspected to determine the controlling 

deformation mechanism. Figure 7.2 shows the shape of constant load creep curves generated by 

aged1 Alloy 709. All tests on aged1 Alloy 709 produced constant load creep curves with primary 

creep unlike the curves generated by solution annealed Alloy 709. No constant load creep test of 

aged1 specimens shows periods of inverted or sigmoidal primary creep. The creep tests did not 

show any abnormally short primary creep regions when compared to each other as is the case for 

some of the constant load creep curves for solution annealed Alloy 709. The constant load creep 

curves of aged1 Alloy 709 only show features usually associated with climb controlled 

creep [26, 33]. 

Figure 7.3 shows the constant load creep curves for aged2 Alloy 709. The shapes of the 

constant load creep curves show similarities to the shape of the constant load creep curves of 

aged1 Alloy 709. The creep curves have a distinct period of primary creep without any period of 

inverted primary creep. The comparison between the constant load creep curves of the two age 

conditions shows that precipitate type does not affect the stages of creep that are present. 
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(a) 

 

(b) 

 

(c) 

 
Figure 7.2 Constant load creep curves and strain rates of aged1 Alloy 709. Specimens 

tested at 650 °C and an applied stress of (a) 110 MPa, (b) 175 MPa, and 
(c) 300 MPa. All creep curves exhibit a region of primary creep. 

7.2 Stress Dip Tests 

A stress dip test was performed on aged1 Alloy 709. The test results were used to 

estimate the threshold stress of aged1 Alloy 709 at 650 °C. The test also complements the 

constant load creep tests of the aged specimens with another set of minimum creep rates versus 

stress for these aged conditions.  
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(a) 

 

(b) 

 

(c) 

Figure 7.3 Constant load creep curves and strain rates of aged2 Alloy 709. Specimens 
tested at 650 °C and an applied stress of (a) 145 MPa, (b) 175 MPa, and 
(c) 300 MPa. All creep curves exhibit a region of primary creep. No regions of 
inverted primary creep are observed. 

 

Figure 7.4 shows the minimum creep rate data for Alloy 709 in the solution annealed 

condition along with the creep rates measured during a stress dip test of aged1 Alloy 709. Both 

sets of data show a change in creep rate exponent at 180 MPa. Constant load creep tests from the 
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aged1 material do not show a change in minimum creep rate exponent at any applied stress, 

while the aged stress dip test did show a change in minimum creep rate exponent.  

 

 

Figure 7.4 Minimum creep rates for Alloy 709 measured at 650 °C in the solution 
annealed condition along with the creep rates measured during 650 °C stress 
dip tests of aged1 Alloy 709. Solution annealed and aged1 stress dip data show 
a change in slope at 180 MPa.  

 

The aged1 Alloy 709 showed a higher minimum creep rate exponent during the stress dip 

tests than the solution annealed condition at stresses above 180 MPa. The constant load creep 

data of aged1 Alloy 709 did not show a similar increase in its minimum creep rate exponent. 

During stress dip testing, solution annealed Alloy 709 and aged1 Alloy 709 had similar 

minimum creep rates and a similar minimum creep rate exponent at stresses below 180 MPa. The 

minimum creep rate exponent at stresses above 180 MPa for the aged1 material is 10 and for the 

solution annealed material is 6.4, during stress dip testing. The minimum creep rate exponent at 
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stresses below 180 MPa is 3.9 for the aged material and 4.0 for the solution annealed material, 

again during stress dip testing.  

The stress dip data were used to estimate threshold stress by fitting incubation time to 

equation (4.2) [65]. Fitting the data resulted in an estimated threshold stress of 45 MPa. 

Figure 7.5 shows the incubation time versus applied stress for both Alloy 709 in the solution 

annealed condition and aged1 condition. The threshold stress of aged1 Alloy 709 is larger than 

the 33 MPa threshold stress estimated from Alloy 709 in the solution annealed condition.  

The threshold stress estimated for the aged material is added to the semi-empirical 

minimum creep rate equation (4.3). The resulting threshold stress does not cause the minimum 

creep rate exponent to lower to the expected value of 5 or 3 as it did for the solution annealed 

Alloy 709 stress dip test [19, 33]. Taking into account the 45 MPa threshold stress estimated 

from the stress dip tests, aged1 Alloy 709 has a minimum creep rate exponent of 8.2 at stresses 

above 180 MPa and 2.1 at stresses below 180 MPa during stress dip testing. The same procedure 

resulted in solution annealed Alloy 709 having a minimum creep rate exponent close to 5 for 

applied stresses above 180 MPa and close to 3 at applied stresses below 180 MPa at a test 

temperature of 650 °C during stress dip testing. 

The relative incubation times for the solution annealed and aged Alloy 709 change when 

comparing results from applied stresses greater than 180 MPa and applied stresses less than 180 

MPa. At stresses above 180 MPa the measured incubation periods of the aged Alloy 709 are 

slightly, but consistently, shorter than the solution annealed Alloy 709. At applied stresses less 

than 180 MPa, incubation times for the aged1 Alloy 709 start to increase in duration. The 

increase in duration causes the estimated threshold stress to be larger for the aged material than 

the solution annealed material.  
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Figure 7.5 Incubation time of a stress dip test at 650 °C versus stress comparing solution 
annealed Alloy 709 against aged1 Alloy 709. The incubation times overlap 
until about 150 MPa remaining stress where the aged Alloy 709 starts to exhibit 
longer incubation times than the solution annealed condition. 

7.3  Stress Relaxation 

Five stress relaxation tests were performed on each aged condition of Alloy 709 for a 

total of ten tests. Three tests had an initial stress of 300 MPa at temperatures of: 550, 600, and 

650 °C. Two tests had an initial stress of 180 MPa at temperatures of 600 and 650 °C.  

7.3.1 Stress Relaxation, 300 MPa Initial Stress  

Figure 7.6 shows the relaxed stress versus time for the six stress relaxation tests with an 

initial stress of 300 MPa. Stress relaxation tests are run for a longer time on the second age 

condition to allow for more time to accumulate creep strain at lower stresses. All three sets of 

temperatures have similar degrees of relaxation. All but one test failed to relax to a constant 

stress, indicating the tests did not relax to the athermal component of flow stress. Aged1 

Alloy 709 tested at 600 °C does show a plateau. Test temperatures above and below 600 °C lack 
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a similar plateau, and the 600 °C behavior is suspected to be a result of instrument noise rather 

than a material behavior. As a result, the stress relaxation tests of the aged Alloy 709 cannot be 

used to determine the athermal component of flow stress for these aged conditions. 

 

 

(a) 

 

(b) 

Figure 7.6 Relaxed stress versus time for Alloy 709 measured during a stress relaxation 
test with an initial stress of 300 MPa and a test temperature of 550, 600, or 
650 °C. The aged condition of the test specimens are (a) 2,500 hrs at 650 °C, or 
(b) 150 hrs at 750 °C. The two age conditions show similar relaxation behavior.  

 

Figure 7.7 shows the strain rate versus applied stress measured during stress relaxation 

tests with an initial stress of 300 MPa and at varying temperatures for both aging conditions. The 

two age conditions produce similar strain rates at similar applied stresses. However, the strain 

rates measured at 600 and 650 °C fall closer together for aged2 Alloy 709 than the strain rates 

measured at 600 and 650 °C for aged1 Alloy 709. The largest differences seen between the two 

tests occur at 600 °C. Aged1 Alloy 709 has consistently lower strain rates than Aged2 Alloy 709. 
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(a) 

 

(b) 

Figure 7.7 Strain rate versus applied stress for Alloy 709 during stress relaxation tests with 
an initial stress of 300 MPa on a log-log plot. Two aging conditions shown, (a) 
Alloy 709 aged for 2,500 hrs at 650 °C, and (b) Alloy 709 aged for 150 hrs at 
750 °C. 

 

All relaxation tests show a clear change in slope and indicate a change in strain rate 

dependency on stress. Most tests show a sharp change in slope at a definable stress. However, 

the stress relaxation test conducted at 650 °C with an initial stress of 300 MPa performed on a 

specimen of aged1 Alloy 709 shows a gradual change in behavior. The slow change in slope 

indicates a gradual change in behavior rather than a distinct stress at which material behavior 

changes.  

Table 7.1 shows the estimated transition stresses from the stress relaxation tests of the 

three aged conditions of Alloy 709: aged1, aged2, and solution annealed Alloy 709. The largest 

difference seen between the two aged conditions occurred at a test temperature of 600 °C, and 

the difference is 17 MPa. Aging the specimens at 750 °C rather than 650 °C raised the estimated 
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transition stress at 650 °C while lowering the transition stress at the other two testing 

temperatures. It is considered the differences between the transition stresses are a result of 

statistical uncertainty and instrument error rather than an actual change in transition stress, and 

the differing aging conditions do not seem to change the estimated stress where the strain rate 

dependency on stress changes. 

Table 7.1 �± Estimated Transition Stresses Observed During Stress Relaxation 
Age condition 650 °C Test 

Temperature 
600 °C Test 
Temperature 

550 °C Test 
Temperature 

2,500 hrs at 650 °C 184 MPa 220 MPa 241 MPa 
150 hrs at 750 °C 195 MPa 203 MPa 233 MPa 
Solution Annealed 180 MPa 210 MPa 270 MPa 

 

 

The change in strain rate dependency on stress can be related to a change in activation 

volume. Figure 7.8 shows a semi-log plot for the stress relaxation tests with an initial stress of 

300 MPa. The slope of the data is related to the activation volume. All but one test showed a 

change in slope indicating a change in activation volume. Aged2 Alloy 709 with an initial stress 

of 300 MPa at 600 °C does not show a severe enough change in slope to indicate a change in 

activation volume occurred. Overall, aging Alloy 709 lessens the magnitude of the change in 

activation volume when compared to the solution annealed Alloy 709. The subsequent 

discussion will be divided into discussion of the activation volume at high stresses, between 

300 MPa and the estimated transition stress, and low stresses, between the estimated transition 

stress and the lower applied stress. 
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(a) 

 

(b) 

Figure 7.8 Semi-log plot of strain rate versus stress for Alloy 709 aged at (a) aged1 or 
(b) aged2 with an initial stress of 300 MPa. The three test temperatures are 550, 
600, and 650 °C. The slope of the data is directly proportional to the activation 
volume.  

 

Table 7.2 shows the measured activation volumes for Alloy 709 in the aged1, aged2, and 

solution annealed condition at the test temperatures of 550, 600, and 650 °C occurring between 

300 MPa and the suspected transition stress. Table 7.3 shows the measured activation volumes 

for Alloy 709 in the aged1, aged2, and solution annealed condition at the test temperatures of 

550, 600, and 650 °C occurring between the suspected transition stress and lower stresses. There 

is not a consistent trend between the high stress activation volume and the aging condition, and 

aging is considered to not affect the activation volume occurring between 300 MPa and the 

transition stress for each test temperature. The low stress activation volume for Alloy 709 is 

consistently the same or higher for the aged Alloy 709 compared to the solution annealed 

condition.  
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Table 7.2 - Activation Volumes Measured During Stress Relaxation with an Initial Stress of 
300 MPa Measured Between 300 MPa and the Transition Stress.  

Age Condition 550 °C 600 °C 650 °C 

Aged1 130 �“ 6x10-5 b3 108 �“ 2x10-5 b3 120 �“ 3x10-8 b3 

Aged2 104 �“ 4x10-5 b3 101 �“ 0.2 b3 108 �“ 1x10-4 b3 

Solution Annealed 136 �“ 4x10-4 b3 111 �“ 6x10-5 b3 102 �“ 3x10-5 b3  

 

 

 
Table 7.3 - Activation Volumes Measured During Stress Relaxation with an Initial Stress of 

300 MPa Measured Between the Transition Stress and lower Stress. 
Age Condition 550 °C 600 °C 650 °C 

Aged1 50 �“ 7x10-4 b3 62 �“ 2x10-5 b3 67 �“ 2x10-4 b3 

Aged2 67 �“ 9x10-5 b3 71 �“ 0.2 b3 71 �“��0.2 b3 

Solution Annealed 33 �“ 1x10-4 b3 42 �“ 4x10-4 b3 58 �“ 8x10-5 b3 

 

 

The activation enthalpy was measured for Alloy 709 from the stress relaxation tests in all 

three age conditions by determining the times to achieve different creep strains. Figure 7.9 shows 

the time to different creep strains for Alloy 709 during the stress relaxation tests with an initial 

stress of 300 MPa for aged1 Alloy 709 as well as aged2 Alloy 709. Relaxation data below the 

suspected transition in activation volume is omitted to limit the influence of multiple 

mechanisms taking place. The strains selected for the activation enthalpy analysis were based off 

the available data. The highest creep strain indicated in Figure 7.9(b) is higher than the 

maximum creep strain reached by stress relaxation test conducted at 550 °C. Thus only data from 

the higher temperatures were used at this strain level. Data interpolation was performed by 
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determining the linear fit between the two points neighboring the strain of concern. The time to 

the strain was then calculated from the linear fit.  

Figure 7.10 shows the Arrhenius plots for both aged conditions. The slope of the times to 

the specified strain versus inverse temperature is related to the activation enthalpy of 

deformation. The activation enthalpy for stress relaxation is 275 �“ 20 kJ/mol for aged1 

Alloy 709 and 253���“ �������N�-���P�R�O���I�R�U���D�J�H�G�����$�O�O�R�\�������������7�K�H�V�H���W�Z�R���Y�D�O�X�H�V���I�D�O�O���Z�L�W�K�L�Q���H�D�F�K���R�W�K�H�U�¶�V��

95 pct confidence interval. The activation enthalpy for Alloy 709 in the solution annealed 

condition is 268 �“ 16 kJ/mol. The solution annealed activation enthalpy falls between the 

activation enthalpy of the two aged conditions.  

 

(a) (b) 

Figure 7.9 Relaxed strain versus time for Alloy 709 with an initial stress of 300 MPa, 
(a) in the aged1 or (b) aged2 condition. Times to three strains are determined 
and selected based off the available data. 
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(a) 

 

(b) 

Figure 7.10  Arrhenius plot for all strains shown in Figure 7.9 for Alloy 709 (a) aged for 
2,500 hrs at 650 °C or (b) aged for 150 hrs at 750 °C. The difference in slope 
results from a different activation enthalpy. The activation enthalpy for (a) 
Alloy 709 aged for 2,500 hrs at 650 °C is 275 �“ 20 kJ/mol and for (b) Alloy 
709 aged for 150 hrs at 750 °C is 253 �“ 18 kJ/mol 

7.3.2 Stress Relaxation, 180 MPa Initial Stress 

Relaxation tests on aged Alloy 709 at 180 MPa were performed to study the activation 

volume and activation enthalpy of relaxation for Alloy 709. Figure 7.11 shows the relaxed stress 

versus time for aged1 and aged2 Alloy 709. Comparing the two aged conditions, specimens of 

aged1 Alloy 709 relax slightly slower than aged2 specimens. The shape of both sets of curves are 

comparable. Figure 7.12 shows relaxed stress versus time on a semi-log scale. The log scale 

allows for short time differences to become more apparent. Both aged conditions show that 

relaxation at 600 °C occurs slower than relaxation at 650 °C during the beginning of the 

relaxation test. After long times, the relaxation stresses converge.  

Figure 7.13 shows the strain rate versus applied stress for the Alloy 709 for the two aged 

conditions at both test temperatures, 600 °C and 550 °C. Both aged conditions at both test 

temperatures have a similar slope as seen in Table 7.4. The slopes have similar values as the 
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solution annealed Alloy 709 during creep at stress below 180 MPa at 650 °C and during creep at 

550 °C. However, stress relaxation tests do not allow any strain to accumulate at a given stress 

level. The slopes presented in Table 7.4 may better represent the stress dependence of Alloy 709 

occurring at some unknown point during primary creep.  

 

 

(a) 

 

(b) 

Figure 7.11 Relaxed stress versus time for Alloy 709 measured during a stress relaxation 
test with an initial stress of 180 MPa and a test temperature of 650 °C or 
600 °C. The age condition of the test specimens are (a) aged 2,500 hrs at 
650 °C, or (b) aged 150 hrs at 750 °C.  

 

Figure 7.13 shows that Aged2 Alloy 709 at 650 °C exhibits some abnormal behavior at 

low stresses. Below about 75 MPa applied stress, the strain rate versus stress curve takes a sharp 

turn downward. The change in behavior could be due to a change in relaxation mechanism 

similar to what is believed to happen while relaxing from 300 MPa. The relaxation test 

conducted on aged2 Alloy 709 with a test temperature of 650 °C reached the lowest stress 

measured during any of the stress relaxation tests. The data below the turn downward were 
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omitted from further analysis due to lack of data at similar stresses for other age conditions or 

test temperatures. 

 

 

(a) 

 

(b) 

Figure 7.12 Time versus relaxed stress for (a) aged1 and (b) aged2 Alloy 709 measured 
during a stress relaxation test with an initial stress of 180 MPa and a test 
temperature of 650 °C or 600 °C on a semi-log plot. The log scale shows the 
600 °C relaxation behavior occurs slower than the 650 °C relaxation at the 
beginning of the test but slowly converges at longer times.  

 

The activation volume for aged Alloy 709 was determined for these lower stress tests. 

Figure 7.14 shows a semi-log plot relating the strain rate of Alloy 709 versus applied stress at 

600 and 650 °C for aged1 and aged2 Alloy 709. The slope for the data is directly related to the 

activation volume of the material. Aged2 Alloy 709 has a constant slope, indicating that the 

material exhibits a constant activation volume throughout the test. Table 7.5 shows the activation 

volumes measured for Alloy 709 for an initial stress of 180 MPa for all three age conditions of 

Alloy 709 tested: aged1, aged2, and solution annealed. Results for 600 and 650 °C are shown. 

The activation volumes for the two test temperatures are similar for the aged1 and aged2 



151 

conditions. The activation volumes measured at 650 °C for the two aged conditions are both 

higher than the activation volumes measured at 600 °C.  

 

 

(a) 

 

(b) 

Figure 7.13 Strain rate versus applied stress for Alloy 709 during stress relaxation tests with 
an initial stress of 180 MPa on a log-log plot with (a) aged1 and (b) aged2 
Alloy 709.  

 
Table 7.4 �± Slopes of Alloy 709 Relaxation Behavior Shown in Figure 7.13 

Aged Condition 650 °C 600 °C 

2,500 hrs at 650 °C 4.3 4.4 

150 hrs at 750 °C 4.5 4.1 

Solution Annealed  3.6 n/a 

 

 

The measured activation volumes were compared to the high and low stress activation 

volumes measured during stress relaxation with an initial stress of 300 MPa and are reported in 

Table 7.5. The activation volumes measured during 180 MPa initial stress relaxation tests 

consistently fell between the high and low stress activation volumes measured during 300 MPa 
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initial stress tests. The 180 MPa initial stress tests support a transition of the activation volume 

from a high value to a lower value as stress is lowered for most test conditions, with some 

discrepancy in the magnitude of the low stress activation volume measured from the 180 and 

300 MPa tests. Consider the stress relaxation tests at 650 °C and with an applied stress of 

300 MPa for all three conditions. These tests indicate a change in activation volume from 

between 110 to 120 b3 at high stresses to between 50 and 75 b3 at low stresses. The stress 

relaxation with an initial test of 180 MPa results in a calculated activation volume between 90 or 

95 b3. Aged2 Alloy 709 at 600 °C did not show a drastic change in activation volume with an 

initial stress of 300 MPa, and the lower stress test also indicates that a transition in activation 

volume may not occur or is too slight to resolve at this test condition. The other three test 

conditions for Alloy 709 with an initial stress of 180 MPa support a transition in activation 

volume, though the change may not be as large as the high initial stress relaxation test indicate. 

When comparing the measured activation volumes between the two aged conditions and the 

solution annealed condition while relaxing from 180 MPa, aged Alloy 709 has larger activation 

volumes than solution annealed Alloy 709. Solution annealed Alloy 709 has an activation 

volume about two thirds the value of aged Alloy 709 while relaxing from 180 MPa at 650 °C. 

Solution annealed Alloy 709 tested at 600 °C with an initial stress of 180 MPa did not relax 

enough to determine a reliable activation volume. A comparison between the aged and solution 

annealed activation volume at 600 °C with an initial stress of 180 MPa could not be made. 

The activation enthalpy values measured from the stress relaxation tests with an initial 

stress of 180 MPa are lower than those measured from the stress relaxation tests with an initial 

stress of 300 MPa. Aged1 Alloy 709 has an activation enthalpy of 68���“ 38 kJ/mol, and aged2 

Alloy 709 has an activation enthalpy of 66 �“ 52 kJ/mol. The two measured activation enthalpies 
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show the two different age conditions are comparable to each other. The activation enthalpy 

values for relaxation measured for an initial stress of 300 MPa are both over 250 kJ/mol, much 

higher than those measured for an initial stress of 180 MPa. The different activation enthalpies 

indicate a change in controlling mechanism.  

 

 

(a) 

 

(b) 

Figure 7.14 Semi-log plot of strain rate versus stress for Alloy 709 aged at (a) 650 °C for 
2,500 hrs or (b) 750 °C for 150 hrs relaxing from 180 MPa. The test 
temperatures are 650 °C and 600 °C. The slope of the data is directly 
proportional to activation volume.  

 

Table 7.5 �± Activation Volumes Measured During Stress Relaxation for Alloy 709 Tested with 
an Initial Stress of 180 MPa 

Age condition 650 °C 600 °C 

2,500 hrs at 650 °C 90 b3 76 b3 

150 hrs at 750 °C 94 b3 82 b3 

Solution Annealed  57 b3 n/a 
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While the two aged conditions produced similar activation enthalpy of deformation with 

an initial stress of 180 MPa, aging Alloy 709 did affect the activation enthalpy compared to the 

solution annealed condition. Table 7.6 shows the measured activation enthalpies gathered from 

the stress relaxation tests with an initial stress of 180 MPa and 300 MPa. Values for the solution 

annealed and aged conditions are shown in the table. The two aged conditions have an activation 

enthalpy between 60 and 70 kJ/mol, and the solution annealed condition has an activation 

enthalpy a little over double that of the aged material, 130 kJ/mol  

While the activation enthalpy of deformation with an initial stress of 180 MPa was 

affected by aging, the activation enthalpy of deformation with an initial stress of 300 MPa was 

not affected by aging. The activation enthalpy of deformation for solution annealed Alloy 709 

was 268 
G 16 kJ/mol with an initial stress of 300 MPa. The activation enthalpies of deformation 

for the aged material were 275 and 253 kJ/mol for the aged1 and aged2 respectively. All the 

values of activation enthalpy with an initial stress of 300 MPa fall within 95 pct confidence 

interval of the other values.  

7.4 Microscopy 

Aged specimens of Alloy 709 were interrupted close to the point of minimum creep in a 

similar manner as solution annealed Alloy 709. The gage sections of the interrupted creep 

specimens were studied with scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM). The presence or absence of dislocation cells or subgrains as a function of 

applied stress during creep was studied. Precipitate crystal structure and dislocation behavior 

were studied as a function of test temperature and applied stress.  
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Table 7.6 �± Activation Enthalpies Measured for Alloy 709 During Stress Relaxation Tests with 
an Initial Stress of 180 MPa and 300 MPa 

Age condition 180 MPa Initial Stress 300 MPa Initial Stress 

2,500 hrs at 650 °C 68 �“ 38 kJ/mol 275 �“ 20 kJ/mol 

150 hrs at 750 °C 66 �“ 52 kJ/mol 253 �“ 18 kJ/mol 

Solution annealed 130 �“ 17 kJ/mol 268 �“ 16 kJ/mol 

 

 

7.4.1 Scanning Electron Microscopy 

Similar to the behavior of solution annealed Alloy 709, interrupted creep specimens have 

different possible substructure formation that varied with applied stress based on scanning 

electron microscopy (SEM) investigation.  

Aged1 Alloy 709 showed similar microstructure formation close to grain boundaries as 

Alloy 709 in the solution annealed condition. Figure 7.15 shows two backscattered electron 

images of the gage section of aged1 Alloy 709 crept at 300 MPa and 650 °C. The specimen is in 

the aged1 condition and accumulated about 0.06 strain at the moment of minimum creep rate. 

Slight differences in crystal orientation result in contrast due to the crystal orientation dependent 

signal the detector receives [89]. Figure 7.15(a) shows needle like M23C6 precipitates throughout 

the grains. The needles were identified using TEM and will be discussed later. Figure 7.15(a) 

also shows regions of slowly varying contrast within several grains. The slowly varying contrast 

indicates a continually changing crystal orientation which lack distinct boundaries between 

regions. The figure shows a different behavior close to grain boundaries. Regions around grain 

boundaries are populated with regions of constant contrast separated by sharp and defined 

boundaries. The constant contrast indicates a constant crystal orientation, and the sharp change in 

contrast between regions suggests the presence of subgrains and cells [89]. Figure 7.15(b) shows 
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a higher magnification image of a triple point. The image shows more detail of the cell formation 

at grain boundaries. The grain occupying the lower half of the image and the grain occupying the 

right of the image consist of sub-grains or cells. The grain occupying the top right of 

Figure 7.15(b) has subgrains present close to the grain boundaries, but the behavior changes 

farther away from the grain boundary. 

 

 

(a) 

 

(b) 

Figure 7.15 Backscatter electron images showing the channeling contrast at (a) a triple 
point where substructure formation can be seen, and (b) a higher magnification 
image of a different region showing more detail of the substructure formation 
of the gage section of an aged1 interrupted creep specimen tested with an 
applied stress of 300 MPa at 650 °C.  

 

SEM backscattered electron channeling contrast images of an aged2 interrupted creep 

specimen tested with an initial stress of 250 MPa and at a test temperature of 650 °C show 

similar features as those described in Figure 7.15. Figure 7.16 shows an image of the gage 

section of an interrupted creep specimen crept at 650 °C with an initial stress of 250 MPa. The 

specimen accumulated about 0.04 strain at the moment of minimum creep rate. Much like the 

interrupted creep specimen crept at the same temperature and an initial stress of 300 MPa, 

regions of constant contrast can be seen separated by sharp changes in contrast. The contrast 
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variation indicates dislocation cells and possibly subgrains have formed in this specimen. The 

substructure formation is predominantly around the grain boundaries in Figure 7.16. There are 

regions within the grains that form some substructure, but regions of continually changing 

contrast indicate the lack of subgrain formation. The creep tests with an initial stress of 250 MPa 

appears to show more substructure formation within the grains than a similar creep test of an 

aged specimen but with an initial stress of 300 MPa. The more defined substructure in the 

250 MPa initial stress specimen could be due to longer time at temperature to allow the 

development of the substructure. 

 

 

Figure 7.16 Backscatter electron image showing channeling contrast of an aged interrupted 
creep specimen crept at 650 °C with an initial stress of 250 MPa. Substructure 
formation at grain boundaries and within some grains is apparent. Micrograph 
obtained from the aged2 condition. 

 

Unlike the solution annealed specimens, substructure formation in the gage sections of 

aged1 and aged2 Alloy 709 tested at 650 °C with an initial stress less than 180 MPa is 

inconclusive. Figure 7.17 shows an SEM backscattered electron channeling contrast image of the 

gage section of an interrupted creep specimen in the aged2 condition with an initial stress of 
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175 MPa. Several grains are shown in Figure 7.17(a). Each grain shows some variation of 

contrast within a grain showing evidence of strain which was lacking in the solution annealed 

condition. Some regions show possible substructure formation, but the behavior is not 

representative of the bulk material. Only two regions of such contrast were seen over the entire 

gage section of aged2 Alloy 709 tested at 175 MPa at 650 °C.  

 

 

(a) 

 

(b) 

Figure 7.17 Scanning electron microscopy image showing channeling contrast showing the 
gage section of an aged2 interrupted creep specimen crept at 650 °C with an 
initial stress of 175 MPa at (a) 1,000 times magnification, and (b) 2,500 times 
magnification. Changing contrast show strain is present in the specimen  

7.4.2 Transmission Electron Microscopy 

Figure 7.18 shows a TEM bright field image with a [100] g vector of an interrupted creep 

specimen of Alloy 709 aged at 750 °C for 150 hrs tested in constant load creep at 300 MPa at 

650 °C. The micrograph shows regions of high dislocation density and differing contrast 

between dislocation cells. The differing contrast indicates varying crystal orientation similar to 

that discussed for electron channeling contrast.  
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Figure 7.18 TEM bright field image with a [101] g vectors showing the dislocation structure 
of an interrupted creep specimen aged at 750 °C for 150 hrs crept at an initial 
stress of 300 MPa at a test temperature of 650 °C. The micrograph shows 
evidence of dislocation cells formation during creep. 

 

Aged specimens tested at lower stresses did not develop a substructure like the 300 MPa 

initial stress creep test conducted at 650 °C. Figure 7.19 shows a TEM bright field image with a 

[101] g vector of the gage section of an interrupted creep specimen tested with an initial stress of 

175 MPa and a test temperature of 650 °C. The specimen is in the aged2 condition prior to the 

creep test. The thin foil shows evidence of more bending contrasts and lacks evidence of cell 

walls or the formation of subgrains. Tilting the specimen shows that there is very little 

dislocation organization in this interrupted creep specimen and indicates that substructure did not 

form during creep. 

Selected area diffraction patterns (SADP) show evidence of M23C6 and MX phase 

formation in aged2 Alloy 709 specimens. Figure 7.20 shows two SADPs obtained from TEM 

investigation of interrupted creep specimens aged at 750 °C for 150 hrs. Figure 7.20(a) shows 
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M23C6 is present during creep at 650 °C. Figure 7.20(b) shows MX is present during creep at 

650 °C as well.  

 

 

Figure 7.19 TEM bright field image with a [100] g vector of an interrupted creep specimen 
crept with an initial stress of 300 MPa and a test temperature of 650 °C in the 
aged2 condition. Differing contrast caused by bending contrast and not 
substructure formation. 

 

The small precipitates present on dislocations during creep at 300 MPa and 650 °C for 

solution annealed, aged1, and aged2 are shown in Figure 7.21. The images show that precipitates 

in the aged2 condition are significantly larger and further spaced than in the aged1 or solution 

annealed condition. The size and spacing difference between the solution annealed and aged1 

condition are harder to determine at the magnification in Figure 7.21. A higher magnification is 

provided in Figure 7.22. The size and spacing of the precipitates appear similar between the two 

conditions, though it was suspected that the aged1 condition would have larger and more widely 

spaced precipitates due to the lower creep resistance. The ferret diameter of ten random 

precipitates in each figure were measured using ImageJ. The particles from the solution annealed 

specimen had a ferret width of 5.8 �“ 1.4 nm, and the particles from the aged1 condition had a 
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ferret width of 9.2 �“ 0.9 nm. The difference between the particle size is small, but suggests 

larger precipitates might be associated with higher minimum creep in the aged1 condition.  

 

 

(a) 

 

(b) 

Figure 7.20 Selected area diffraction pattern showing two precipitate types in interrupted 
creep specimens of aged2 Alloy 709 aged for 150 hrs at 750 °C. Two SADPs 
are showing, (a) M23C6 from interrupted creep specimen crept at 300 MPa and 
650 °C and (b) MX diffraction patterns from an interrupted creep specimen 
crept at 175 MPa and 650 °C.  

7.5 Dislocation Density  

The dislocation density of the gage section of interrupted creep specimens were measured 

using the modified Williamson Hall analysis from X-ray diffraction data. The dislocation density 

of the gage section of aged Alloy 709 interrupted specimen gives the stress dependence of the 

dislocation density for the minimum creep rate of the creep tests as a function of stress and aged 

condition. 
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(a) 

 

(b) 

 

(c) 

Figure 7.21 TEM micrographs showing precipitate sizes in specimens crept at 300 MPa and 
650 °C in the (a) solution annealed, (b), aged1, and (c) aged2 conditions. The 
aged2 condition shows significantly larger precipitates spaced further apart than 
the other two aged conditions. 
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Figure 7.22 TEM micrograph comparing interrupted creep specimens crept at 300 MPa and 
650 °C in the (a) solution annealed, and (b) aged1 condition. 

 

The effect of aging on the dislocation density at the moment of minimum creep was 

determined for Alloy 709. Figure 7.23 shows the measured dislocation density of the gage 

sections of interrupted creep specimens of Alloy 709 in the three different age conditions tested. 

The figure shows aging Alloy 709 does not consistently raised or lower the measured dislocation 

density of the gage section of interrupted creep specimens with respect to the other aged 

condition or solution annealed material.  

Dislocation density is often assumed to follow the square of the applies stress [22, 102]. 

Alloy 709 regardless of aging condition has a dislocation density that depends on the applied 

stress raised to the power of 1.6.  

7.6 Discussion 

Aged Alloy 709 is believed to undergo climb controlled creep at high stresses and glide 

controlled creep at low stresses, similar to the solution annealed condition. The stress separating 

this behavior is believed to be the stress required to break dislocations away from solute 
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atmospheres. Aging affects these two controlling mechanisms of creep differently. The shape of 

constant load creep curves, minimum creep rate exponents, stress dip, and stress relaxation 

results are discussed and compared to solution annealed results presented in chapter 4. 

 

 

Figure 7.23 Dislocation density of the three aged conditions of Alloy 709 measured from 
the gage section of interrupted creep specimens tested at 650 °C and various 
stress levels. Aging does not have a consistent effect on measured dislocation 
density. The slope of all the data is 1.6. 

7.6.1 Aging Effect on Constant Load Creep  

Constant load creep testing of solution annealed Alloy 709 showed two different regions 

with two different minimum creep rate exponents. At stresses above 180 MPa at 650 °C as well 

as at 300 MPa at 550 °C, constant load creep produced curves associated with climb controlled 

creep. The curves had a well-defined primary creep region. The duration of primary creep 

increased with lowering stress, and the minimum creep rate usually occurred at an inflection 

point, which are all consistent with deformation by climb-controlled creep [26, 79]. The shapes 
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of the aged constant load creep curves are in contrast with solution annealed constant load creep 

curves. At stresses below 180 MPa at 650 °C and at 250 MPa at 550 °C, constant load creep of 

solution annealed exhibited a short primary creep region that did not consistently increase in 

duration with decreasing stress. Regions of inverted or sigmoidal primary creep occurred, and a 

region of constant creep rate always occurred indicating glide controlled creep was 

occurring [19, 22, 91, 105].  

Aging Alloy 709 resulted in constant load creep curves associated with climb controlled 

creep at all stresses tested except one. Each constant load creep curve of the aged1 and aged2 

creep condition had a well-defined primary creep region. The primary creep duration of each 

aged condition increased with lowering stress, and no primary creep region could be considered 

abnormally short. The minimum creep rate usually occurred at an inflection point. No curve 

showed inverted or sigmoidal primary creep. Also, the minimum creep rate exponent of aged 

Alloy 709 appears to remain constant over all the stresses tested. The minimum creep rate 

exponent is similar for each age condition and fell within the range associated with climb 

controlled creep. The change in minimum creep rate exponent seen in solution annealed 

Alloy 709 is absent for the aged material. The constant minimum creep rate exponent and similar 

shapes of the constant load creep curves indicate that climb controlled creep occurs at lower 

stresses during creep testing of aged specimens than solution annealed specimens.  

The higher minimum creep rates measured for the aged material can be explained by 

differences in the microstructure expected at the moment of minimum creep. Considering the 

models presented in Chapter 5, the glide controlled creep and climb controlled creep respond 

differently to aging. Climb controlled creep is sensitive to precipitate size and spacing. Minimum 

creep rates are expected to increase for coarser microstructures [40, 42]. Figure 7.21 shows that 
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the precipitate size and spacing is greatest for aged2 Alloy 709, and Figure 7.22 shows 

precipitate size for aged1 Alloy 709 may be slightly larger than solution annealed Alloy 709. The 

high minimum creep rates of Alloy 709 in the aged2 condition could be a result of the larger 

precipitates and the larger spacing between precipitates. The precipitates in the condition aged at 

750 °C may also be z phase rather than MX phase, and the different precipitate type may 

contribute to the higher minimum creep rates. The higher minimum creep rates of Alloy 709 in 

the aged1 condition could be a result of the larger precipitates, but the difference between the 

solution annealed condition and the aged1 condition is much smaller than the difference between 

the aged2 conditions and the solution annealed material. MX phase was seen to form during 

solution annealed creep tests as well. The precipitate type is the same for aged1 and solution 

annealed specimens.  

While most minimum creep rates were higher for the aged constant load creep tests than 

solution annealed tests, the test at 110 MPa in the aged1 condition had a slightly lower minimum 

creep rate than the solution annealed material. Glide controlled creep is believed to be insensitive 

to precipitate size or spacing as well as solute concentration. However, the creep rate achieved 

by glide controlled creep varies with the presence or absence of solute species [47]. While the 

composition, precipitate size, and precipitate spacing are expected to vary during aging of 

Alloy 709, no solute species are expected to be removed from the matrix entirely. The result is 

the minimum creep rate for glide controlled creep is expected to be consistent for each age 

condition. Aged1 Alloy 709 tested at 110 MPa at 650 °C could have undergone glide controlled 

creep, which resulted in a similar minimum creep rate as the solution annealed condition. 

However, the constant load creep curve at 110 MPa and 650 °C conducted with aged1 Alloy 709 
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did not produce any other traits associated with glide controlled creep. The constant load creep 

curve had a well-defined primary creep region. 

Climb controlled creep occurring at lower stresses in the aged conditions than solution 

annealed condition can be explained due to the changing matrix composition during aging. The 

stress separating glide controlled creep and climb controlled creep is expected to be related to the 

stress required to break dislocations away from solute atmospheres. The stress varies directly 

with solute concentration. Alloy 709 forms M23C6, MX, and z phase while at elevated 

temperatures, which all consume solute atoms. The solute content present in the matrix of an 

aged specimen of Alloy 709 is expected to be lower at the moment of minimum creep rate than a 

solution annealed specimen. Therefore, the stress required to break a dislocation away from a 

solute atmosphere is expected to be less for an aged specimen than for a solution annealed 

specimen. The amount aging lowers the breakaway stress is unknown because the amount of 

solute concentration difference between the solution annealed and aged conditions is unknown. 

The TTP diagram presented in Chapter 5 predicts that 90 pct of precipitation occurs during static 

aging. The amount of aging occurring during creep testing of solution annealed material is 

unknown. Creep testing introduces dislocations which act as nucleation sights and affect the 

precipitation rate, which provides further complication in determining the degree of aging during 

creep. In the case for age1 Alloy 709, the breakaway stress may be 110 MPa. The minimum 

creep rate exponent of aged1 Alloy 709 and solution annealed Alloy 709 are comparable during 

creep at 110 MPa and 650 °C and could be due to the transition stress being lowered to 

110 rather than 180 MPa. The 110 MPa creep test at 650 °C with aged1 Alloy 709 may also be 

undergoing climb controlled creep. A determination of the deformation mechanism is not 
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possible without lower stress data with the aged1 condition as well as creep data at differing 

temperatures at stresses comparable to 110 MPa.  

Stress dip data showed different behavior than the constant load creep testing. A stress 

dip test of aged1 Alloy 709 showed a change in minimum creep rate exponent at 180 MPa. 

Minimum creep rates for the solution annealed material and aged1 material were comparable for 

applied stresses less than 180 MPa indicating the material undergoes glide controlled creep in 

these conditions [47]. The minimum creep rates for the stress dip test were higher than the 

minimum creep rates for the solution annealed test at applied stresses larger than 180 MPa 

indicating climb controlled creep as the deformation mechanism. Climb controlled creep is 

expected to be sensitive to differing microstructures [40, 42], which is consistent with the results 

shown in Figure 7.4 at the higher stress levels as well as the constant load creep data.  

The differences between the stress dip results and constant load creep tests could be a 

result of differing time at temperature. The transition stress between glide and climb controlled 

creep is expected to be the stress required to break dislocations away from solute atmospheres. 

The solute concentration of the matrix phase decreases while at elevated temperature. Second 

phase formation lowers the matrix solute concentration and lowers the stress required to break a 

dislocation away from a solute atmosphere. The stress dip test occurred over a much shorter time 

than the constant load creep test for the same applied stress. For an applied stress of 175 MPa, 

the constant load creep test of aged1 Alloy 709 reached minimum creep after 400 hrs. The stress 

dip test established a constant creep rate at 175 MPa after less than 100 hrs. The longer time at 

650 °C during the constant load creep test could have allowed more precipitation to take place, 

lowering the matrix concentration, and lowering the transition stress from 180 MPa to a lower 

stress. However, the TTP diagrams discussed in Chapter 6 predict that 90 pct of the equilibrium 
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volume fraction forms during the static aging, and not much more precipitation during the creep 

test was thus expected.  

The differences between the constant load creep tests and stress dip tests could be a result 

of differing amounts of creep strain at the onset of creep. During static aging, precipitates form 

on dislocations. The solute concentration around a dislocation with an attached particle would be 

lower than dislocations without an attached particle, and solute would no longer limit glide 

speed. Dislocation climb past particles would play a larger role in the deformation in this case. 

During constant load creep testing below 180 MPa, little to no plastic strain occurs upon loading 

of the specimen. The majority of dislocations present during constant load creep tests with an 

applied stress less than 180 MPa will be decorated with precipitates. During the stress dip test, 

time at load above 180 MPa introduces new dislocations that do not have precipitates decorating 

them. The dislocations may develop solute atmospheres more representative of the solution 

annealed case as they glide through the matrix. Dislocation solute interactions would play a 

larger role during deformation in stress dip test than during the deformation during a constant 

load creep testing.  

7.6.2 Aging Effect on Microstructural Development During Creep 

Solution annealed constant load creep testing showed that Alloy 709 develops subgrains 

or dislocation cells at the moment of minimum creep rate during creep conditions expected to be 

controlled by dislocation climb [25]. Microscopy of aged Alloy 709 indicates the same trend 

occurred. Substructure is believed to be present during creep at lower stresses than the solution 

annealed condition due to climb controlled creep occurring at lower stresses.  
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7.6.3 Aging Effect on Stress Relaxation Behavior 

Stress relaxation showed Alloy 709 has two different sets of activation volumes and 

activation enthalpies of relaxation due to glide controlled creep occurring at low stresses and 

another deformation mechanism controlling deformation at higher stresses. Stress relaxation tests 

characterized the short range strain fields associated with the interactions between dislocations 

and their attached solute atmospheres [17]. The tests were also able to characterize the stress at 

which dislocations broke away from solute atmospheres and another deformation mechanism 

controlled deformation.  

Aging Alloy 709 resulted in a stress dependent activation volume similar to solution 

annealed Alloy 709. Relaxation with an initial stress of 300 MPa generally showed a change in 

activation volume at specific stresses. The activation volume at these stresses close to 300 MPa 

was labeled as the high stress activation volume, and the activation volume that is measured at 

lower stresses was labeled the low stress activation volume. Relaxation with an initial stress of 

180 MPa produced an activation volume that fell between the high and low stress activation 

volume measured during stress relaxation from 300 MPa, but the results of the 180 MPa 

relaxation tests support a change in activation volume at lower stresses.  

Comparing the activation volume and activation enthalpy of relaxation limits the possible 

controlling deformation mechanisms. Stress relaxation of aged material with an initial stress of 

300 MPa shows an activation volume range between 99 and 130 b3 for the three test 

temperatures. These are the activation volumes occurring at stresses greater than any suspected 

transition stress. The activation enthalpy determined for the two aged conditions were close, 

275 �“ 20 kJ/mol and 253 �“ 18 kJ/mol for the aged1 and aged2 conditions, respectively. Both 

these values are close to the activation energy of self-diffusion in similar alloys [78]. The 
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combination of activation volume and enthalpy limit the controlling deformation mechanism to 

the following [30, 31]: 

�x Point defect-dislocation interaction, 10 �± 1,000 b3 

�x Forest dislocation interactions, 100 �± 10,000 b3 

�x Non-conservative motion of jogged dislocations, 10 �± 1,000 b3 

These are the identical possible deformation mechanisms for solution annealed Alloy 709, and it 

was expected since aging did not affect the measured activation volume or enthalpy of relaxation 

to a great degree. Stress relaxation at lower stresses from an initial stress of 300 MPa and from 

an initial stress of 180 MPa all have an activation volume less than 100 b3. The measured 

activation enthalpy measured from the stress relaxation tests is significantly lower than that of 

self diffusion. The combination of activation volume and enthalpy limit the possible controlling 

mechanism to glide controlled creep. The controlling mechanism is identical to the solution 

annealed case despite the larger activation volumes measured for the aged material than the 

solution annealed material. The activation volumes fell within the accepted range for glide 

controlled creep [15, 16].  

 The aging condition of Alloy 709 had little effect on the high stress activation volume 

measured from an initial stress of 300 MPa, but aging did affect the low stress activation volume 

as well as the activation volume measured from an initial stress of 180 MPa. The aged low stress 

activation volume measured from an initial stress of 300 MPa ranged from 53 to 80 b3. The aged 

activation volume measured from an initial stress of 180 MPa ranged from 76 to 94 b3. The 

solution annealed activation volume measured during stress relaxation with an initial stress of 

300 MPa applied stresses and test temperatures ranged from 26 to 57 b3, for stresses below the 

suspected transition stress. Aging increased the activation volume for test conditions where glide 
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controlled creep is expected to be operative. The activation volume represents the dislocation 

line length multiplied by the Burgers vector multiplied by the slip distance. This quantity, when 

multiplied by the applied shear stress, is the mechanical energy used when overcoming a short 

range stress field [44]. For glide controlled creep, the dislocation line distance is the spacing 

�E�H�W�Z�H�H�Q���S�L�Q�Q�L�Q�J���V�R�O�X�W�H�����D�Q�G���W�K�H���V�O�L�S���G�L�V�W�D�Q�F�H���L�V���W�K�H���%�X�U�J�H�U�¶�V���Yector [30, 47]. It is interpreted that 

aging lowered the solute concentration in the matrix and within the solute atmosphere around a 

dislocation, and the spacing between pinning solute atoms increased with respect to solution 

annealed material. The activation volume measured for the aged material at lower stresses reflect 

the larger dislocation line length between pinned points.  

In a similar manner as activation volume, aging did not affect the activation enthalpy of 

relaxation for stress relaxation tests with an initial stress of 300 MPa, but aging did affect the 

activation enthalpy of relaxation for stress relaxation tests with an initial stress of 180 MPa. The 

activation enthalpy of relaxation for aged Alloy 709 measured between 600 and 650 °C was 

68 �“ 38 kJ/mol and 66 �“ 52 kJ/mol for the aged1 and aged2 conditions, respectively. The 

activation enthalpy of relaxation for solution annealed Alloy 709 measured between 550 and 

650 °C was 130 �“��17 kJ/mol. Aging lowered the activation enthalpy of relaxation with respect to 

the solution annealed case.  

 Two possible explanations exist as to why aging lowered the activation enthalpy with an 

initial stress of 180 MPa. Most research concerning glide controlled creep studies binary alloys, 

or engineering alloys of predominantly two alloying elements. The interaction between several 

solute species is not well documented. The activation enthalpy of relaxation could be an effective 

activation enthalpy affected by the composition of the pinning solute atmosphere. As 

precipitation took place, the relative concentrations of solute changed along with the total 
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concentration of solute change within the solute atmosphere. The effective activation energy of 

diffusion then would change along with the composition. Another explanation is that stress may 

have affect the activation enthalpy to a greater degree in the aged material than the solution 

annealed material for the stress relaxation tests with an initial stress of 180 MPa. The activation 

enthalpy ignores the stress contribution to overcoming the activation barrier and is expected to be 

a decreasing function of stress. A larger activation volume indicates more mechanical energy is 

utilized while overcoming a thermal barrier for a given applied shear stress. The activation 

enthalpy may be lower due to the larger activation volume present in the aged material. This 

argument does limit the ability to compare the activation enthalpies of the aged and solution 

annealed stress relaxation tests. The results still support a change in activation enthalpy when 

comparing between stresses within a constant age condition. Both of these arguments do not 

provide definitive explanations for the activation enthalpy of relaxation behavior seen in aged 

Alloy 709, but they provide logical possibilities that can be studied further.  

The estimated stress at which dislocations break away from solute atmospheres is constant 

between the aged and solution annealed stress relaxation tests. Chapter 4 presented an argument 

that the transition stresses between glide controlled creep and the higher stress deformation 

mechanism can be attributed to the accumulative breakaway stresses calculated for each 

substitutional solute species [47]. The transition stresses estimated from stress relaxation tests 

closely align with the values predicted from the nominal composition of Alloy 709. Chapter 4 

specified a breakaway stress of 232 MPa at 550 °C, and the stress relaxation of aged Alloy 709 

had a transition stress of 233 and 241 MPa for aged2 and aged1 Alloy 709 respectively. 

Specifically, the transition stresses measured for the stress relaxation test at 550 °C with aged 

material fall much closer to the calculated value than the solution annealed value. It is important 
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to point out that the breakaway stresses are computed with the nominal composition of Alloy 709 

rather than the true composition that was present during the stress relaxation tests. The degree of 

precipitation and therefore matrix composition is unknown. The nominal composition places the 

most solute in solution, and the breakaway stress calculated from these values can be considered 

to be a maximum expected value.  

The breakaway stress varies directly with solute concentration [47]. The consistency of the 

observed transition stresses would indicate that the composition of the matrix does not vary 

enough between age conditions and the solution annealed condition to cause a significant 

variation in transition stress. Activation volume measurements indicate that solute concentrations 

decrease. The suspected transition stresses calculated from stress relaxation indicate consistent 

breakaway stresses and therefore consistent solute concentrations. These two observations are at 

odds with one another. The activation volume may be more sensitive to solute concentration than 

transition stress, or another mechanism may be controlling transition stress than dislocations 

breaking away from solute atmospheres.  

7.7 Summary  

Aged Alloy 709 showed a single type of deformation behavior during constant load creep 

testing unlike solution annealed material. However, aged Alloy 709 showed two different regions 

of deformation behavior during stress dip and stress relaxation testing similar to solution 

annealed Alloy 709. Constant load creep tests showed constant load creep curves, minimum 

creep rates, and microstructural development associated with climb controlled creep at all 

stresses tested. Constant load creep testing indicated aging lowered the stress separating climb 

controlled creep and glide controlled creep while stress relaxation and stress dip testing indicated 

a consistent stress separating climb and glide controlled creep.  
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Stress dip and stress relaxation tests showed two regions of deformation behavior as a 

function of stress. At low stresses, a stress dip test of aged Alloy 709 produced minimum creep 

rates and a minimum creep rate exponent interpreted to be associated with glide controlled creep. 

At high stress, a stress dip test produced minimum creep rates and a minimum creep rate 

exponent interpreted to be associated with climb controlled creep. Stress relaxation tests 

produced an activation volume and activation enthalpy interpreted to be associated with glide 

controlled creep at the lower stresses tested.  

The activation volumes and enthalpies of relaxation measured at high stresses were 

unaffected by aging. The activation volumes produced by aged material at conditions believed to 

be controlled by glide controlled creep were larger than the activation volumes produced by 

solution annealed material in the same testing conditions. The larger activation volumes of the 

aged material are believed to be the result of longer dislocation line length between pinning 

solute atoms in a solute atmosphere. Aging lowered the concentration of solute at the dislocation 

and increased the dislocation line length between pinning solute atoms. The activation enthalpy 

of relaxation produced by aged material in conditions believed to be controlled by glide 

controlled creep was lower than the activation enthalpy produced by solution annealed material 

in the same conditions. It is believed that that aging changed the composition and amount of the 

solute atmosphere present at the dislocation. The differing solute atmosphere may have resulted 

in a different effective activation energy of diffusion and caused the lower activation enthalpy of 

relaxation. The larger activation volume occurring during relaxation may have resulted in a 

larger stress contribution to overcoming the activation barrier which the activation enthalpy 

ignores.  
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The transition stresses measured during stress relaxation and stress dip testing of aged 

material closely matched the transition stresses measured during testing of solution annealed 

material. The discrepancy between the constant load creep tests, stress dip, and stress relaxation 

tests performed on aged material may be due to the differing times at temperature between all of 

the tests or differences in amounts of plastic strain present during deformation. Constant load 

creep tests provide more exposure time for microstructure evolution than stress dip and stress 

relaxation. Stress relaxation and stress dip tests introduce more plastic strain at a given stress 

than constant load creep tests.  
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CHAPTER EIGHT �± SUMMARY AND CONCLUSIONS 

Elevated temperature creep and stress dip tests indicated two regions of creep behavior 

were present in Alloy 709. While testing at 550 and 650 °C and applied stresses lower than 

180 MPa (at 650 °C) or 250 MPa (550 °C) constant load creep tests, stress dip, and stress 

relaxation tests suggested that dislocation glide controlled minimum creep rate. While testing at 

550 and 650 °C and applied stresses greater than 180 MPa (at 650 °C) or 250 MPa (550 °C), 

constant load creep tests, stress dip tests, and stress relaxation tests suggested that dislocation 

climb past particles controlled minimum creep rate.   

Glide controlled creep was indicated by the three different mechanical tests performed 

during this work and supported by a model developed by Friedel. Constant load creep curves 

produced with applied stresses below 180 MPa at 650 °C, as well as with an applied stress of 

250 MPa at 550 °C, showed signs of sigmoidal and inverted primary creep, which results from 

glide controlled creep. The alloy had a minimum creep rate of 4, falling between the value 

expected for glide controlled creep (3) and for climb controlled creep (5). A model developed by 

Friedel for glide controlled creep predicted minimum creep rates similar to those observed 

during creep testing. Stress relaxation results indicated a combination of activation volume and 

enthalpy that could be associated with glide controlled creep at the low stresses tested. 

Microscopy of Alloy 709 shows a lack of substructure formation at the moment of minimum 

creep rate, which is consistent with glide controlled creep being controlling the minimum creep 

rate.  

Climb controlled creep at high stresses was indicated by several mechanical tests and a 

model developed by Arzt et al. Constant load creep tests of Alloy 709 at these higher stresses 

produced constant load creep curves with a long, well-defined primary creep region. The 
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minimum creep rate exponent was in the range associated with dislocation climb past second 

phase particles. The activation energy of creep at conditions believed to be controlled by 

dislocation climb fell close to the value expected for self-diffusion. A model developed by 

Arzt et al. assuming dislocation climb past second phase precipitates as the rate limiting process 

was made to fit constant load creep data believed to be undergoing climb controlled creep. 

Electron microscopy indicated a substructure present at the moment of minimum creep rate, 

suggesting recovery enabled by dislocation climb.  

The transition between the two deformation mechanisms is believed to be related to the 

stress required to break dislocations away from their solute atmospheres. The transition stress 

between the two mechanisms was able to be estimated at three different test temperatures. The 

stress increased with lower temperatures, as is expected for the breakaway stress from solute 

atmospheres. The breakaway stress fell close to the value calculated from the linear sum of all 

the stresses required to break a dislocation from the solute atmosphere of each substitutional 

solute species present in Alloy 709. 

Aging Alloy 709 produced two different microstructures with two different types of 

precipitates forming on dislocations. At 650 °C, MX forms on dislocations with a size of about 

10 nm, and at 750 °C, z phase forms on dislocations with a slightly larger size. Aging increased 

the measured minimum creep rates during constant load creep tests. Larger spacing between 

particles lowered creep resistance in the alloy at high stresses. Precipitate type may have played a 

role in the creep properties of Alloy 709, but the effect was not able to be isolated in this work. 

Constant load creep testing of aged Alloy 709 resulted in similar minimum creep rate exponents 

as the climb controlled creep in the solution annealed Alloy 709, and aging suppressed the 

transition in minimum creep rate exponent seen in solution annealed Alloy 709. During stress 
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relaxation and stress dip testing, aged material produced similar transitions between the two 

deformation mechanisms as seen in solution annealed material. Aged stress dip testing produced 

minimum creep rates below 180 MPa at 650 °C identical to the solution annealed case. The glide 

controlled model predicts similar minimum creep rates below the breakaway stress between aged 

and solution annealed condition and agrees with the aged stress dip test. Stress relaxation testing 

of aged material supports glide controlled creep at stresses below the breakaway stress, or the 

stress required to break dislocations away from solute atmospheres as described above. Aging 

increased activation volumes at stresses where glide controlled creep occurs compared to the 

solution annealed condition. This behavior is interpreted to be due to the lower solute 

concentration increasing the spacing between pinning solute atoms along a gliding dislocation, 

resulting in a larger activation volume. The activation enthalpy calculated from stress relaxation 

tests of aged materials indicates a change in activation barrier occurs around the breakaway 

stress. The activation volume and enthalpy measured at stresses above the breakaway stress were 

unaffected by aging.  
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CHAPTER NINE �± FUTURE WORK 

 This work focused on the accelerated creep properties of Alloy 709 at 

temperatures and stresses applicable to the operation of sodium cooled fast reactors. The interest 

was on the ability to extrapolate high temperature and high stress data to lower temperatures and 

stresses seen during service conditions. Future work could include atom probe tomography, 

which would provide insight into solute dislocation interactions. Determining and performing 

creep testing on ideal alloy systems could provide information on the role of different solutes 

play in the suspected transition in creep behavior. Modeling efforts to further develop the climb 

controlled model may result in more rigorous results. Kinetic modeling of metastable phases 

would provide insight to the evolution of z phase and its relation to MX. 

Investigation of varying chemistry would provide further support or evidence to refute 

the claim that Alloy 709 has two competing deformation mechanism during creep. Determining 

compositions that limit the amount of precipitation as well as varying the composition of the 

solid solution strengtheners such as manganese would elucidate role of the solute in controlling 

the transition between the two minimum creep rate exponents. The effect of differing amounts of 

precipitation on minimum creep rates and the duration of primary creep in the solution annealed 

case could be investigated by limiting the amount of carbon, nitrogen, titanium, and niobium.  

 Further microscopic investigation with atom probe tomography would provide physical 

proof of solute atmospheres role in controlling deformation. Creep specimens quenched under 

load during minimum creep rate would lock solute into place, and atom probe tomography would 

provide evidence of their behavior. Evidence of solute atmosphere at stresses below the 

breakaway stresses and lack of solute atmospheres at stresses above the breakaway stress would 

provide evidence of the conclusions made in the work. This technique would be able to 
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determine the concentration of solute atmospheres with varying stress. Atom probe would 

provide evidence if dislocations have solute atmospheres in meaningful concentrations at low 

stresses and if  those atmospheres are absent from dislocations at higher stresses due to the 

dislocations breaking away from solute.  

 Constant load creep tests at 600 °C would provide more data to determine activation 

energy during creep, which could be linked to deformation mechanisms. More constant load 

creep tests at 550 °C would provide a higher resolution of the behavior of the minimum creep 

rate exponent of Alloy 709 at the service temperature. A stress dip test with the aged2 condition 

at 650 °C would provide more minimum creep rate versus stress data for that aged condition. 

The minimum creep rates would provide a higher resolution of that aged conditions behavior as a 

function of applied stress.  

 Stress relaxation tests at intermediate stresses between 300 MPa and the suspected 

transition stress would determine the role of preexisting strain, dislocation density, and time at 

�W�H�P�S�H�U�D�W�X�U�H�V���R�Q���$�O�O�R�\���������¶�V���V�W�U�D�L�Q���U�D�W�H���G�H�S�H�Q�G�H�Q�F�H���R�Q���V�W�U�H�V�V���D�Q�G���D�F�W�L�Y�D�W�L�R�Q���Y�R�O�X�P�H���D�Q�G��

activation enthalpy.  

Sigma phase has been shown to develop in NF709 at long times [15, 106], and the phase 

has been known to adversely affect creep behavior. Further aging experiments to identify the 

conditions sigma phase is likely to form would provide input to the desired service conditions. 

Constant load creep tests would provide information about the performance of Alloy 709 or 

when the intermetallic phase develops. 

Climb controlled modeling was developed to simulate the climb process a dislocation 

takes over a cubic particle. Further development could simulate climb past a more spherical and 

irregular particle.  
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Kinetic modeling only considered the precipitation and growth of phases predicted to be 

in equilibrium by Thermo-Calc®. Further modeling can be done to study the effect of metastable 

phase formation. Simulations with preexisting MX particles at 650 °C could provide information 

of the role MX particles play during z phase formation. Simulations ignoring z phase will 

elucidate the differences between MX phase formation and z phase formation.  
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APPENDIX A �± MATLAB SCRIPTS FOR DETERMINING MINIMUM CREEP RATE 

 This appendix provides the MatLab script used to determine the minimum creep rates for 

the constant load creep tests. The script is divided into three function that takes time strain data 

in strain versus hours and calculating the slope of the curve providing the strain rate in strain per 

second.  

 A brief description of the code follows. strainRate is the main function for determining 

the strain rate of the data provided. The strain rate data is input as an array or table with the first 

column specifying the hours of the record and the second column specifying the strain of the 

record. The second argument is the time interval in hours to calculate the strain rate over. The 

function converts the data to an array if needed, and calls hoursInData to determine the number 

of hours in the data. hoursInData provides the number of hours in the data. The function then 

calculates the required number of rows for the output by dividing the number of hours of the test 

by the time interval. It then divides the data to provide an array containing the strain data 

between that start time and end time for that interval and calculates the slope between the start 

and end of the data.  

 

Listing A.1 �± MatLab Script of strainRate(x,y) Used While Calculating Creep Rate 

functio n [tbl] = strainRate(data,timeInt)  
%StrainRate calculates the average strain rate for each time interval  
%inputa as the second argument  
    %inputs data as hours versus strain  
 
 
%convert data to an array if not already  
if (istable(data))  
    data = table2array(data);  
end  
  
%determines the number of rows in the output data  
numbRow = hoursInData(data)/timeInt;  
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%round numbRow up to closes whole number  
numbRow = numbRow - mod(numbRow, 1) + 1;  
  
%making space for output  
tbl = zeros(numbRow, 3);  
  
%Calculates average straine rate in each time interval  
for  i = 1:numbRow  
    data1 = divideData(data, (i*timeInt) - timeInt, i*timeInt);  
    dim = size(data1);  
    strain1 = data1(1,2);  
    strain2 = data1(dim(1),2);  
    time1 = data1(1,1);  
    time2 = data1(dim(1),1);  
    tbl(i,2) =  (strain2 - strain1) / ((time2 - time1) * 60^2);  
    tbl(i,1) = i * timeInt;  
    tbl(i,3) = strain2;  
end  

 

strainRate calls the function hoursInData. hoursInData is a simple function that 

determines the maximum amount of hours during the tests and provides the number of complete 

hours present in the data.  The data removes the remainder of the last data point to provide the 

last completed hour of the creep data.  

 

Listing A.2 - MatLab Script of hoursInData(x) Used While Calculating Creep Rate 

function  [outputArg1] = hoursInData(data)  
%MINUTESINDATA returns the total amount of time  
%in hous in a constant loadcreep data set  
  
%get the last row  
h = size(data);  
  
%round the data down to the lowest whole hour  
rem = mod(data(h(1),1),1);  
s = data(h(1),1) - rem;  
  
  
outputArg1 = s;  
end  
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 strainRate also calls divideData. divideData provides an array of the strain time data 

between the two times required to determine the strain rate for a specified time interval. The 

function is provided the entire array of strain time data, and the start and end time for the interval 

from strainRate. The function then changes the data to an array if needed. The function then 

steps through the array to fine the number of records between the start and end time specified 

and creates an array to store the data. The function then steps through the data again to copy the 

strain time data between the start and end time from the data provided to the output array.  

 

Listing A.3 - MatLab Script of divideData(x,y,x) Used While Calculating Creep Rate 

function  [tbl] = divideData(data, startTime, endTime)  
%Breaks up data from the data file for the time specified  
j = 0;  
  
time = (data(:,1));  
data2 = (data);  
  
%converting data to array if not already an array  
if (istable(data))  
    data = array2table(data);  
end  
  
  
  
%determine number of rows in data between the start and end time to  
%size tbl correctly  
for  i = 1:size(data)  
    if  time(i) > startTime && time(i) < endTime  
        j = j +1;  
    end  
end  
  
tbl = zeros(j,2);  
  
j = 1;  
  
%fill tbl with proper data  
for  i = 1:size(data)  
    if  time(i) > startTime && time(i) < endTime  
        tbl(j,1) = data2(i,1);  
        tbl(j,2) = data2(i,2);  
        j = j + 1;  
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    end  
end  
end  
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APPENDIX B �± MATLAB CODE FOR CLIMB CONTROLLED CREEP MODEL 

 Below is the code developed while applying Arzt. �H�W���D�O���¶s model to Alloy 709 [40, 42]. 

The model is structured as a script that utilizes two functions to numerically solve the climb 

controlled model. The code for the main script is shown in Listing B.1. and the code for a 

recursive function used to calculate the unravel length is shown in Listing B.2.  

 �7�K�H���P�R�G�H�O�¶�V���I�L�U�V�W���D�V�V�L�J�Q�V���W�K�H���Y�D�U�L�D�E�O�H�V���R�I���W�K�H���P�R�G�H�O�����7�H�P�S�H�U�D�W�X�U�H�����P�D�W�H�U�L�D�O���S�U�R�S�H�U�W�L�H�V����

particle size and spacing are all defined before the main modeling for loop. The first lines before 

the main for loop also creates space for the output variables calculated in the for loop to limit 

processing time. The stress to loop a dislocation around the particles is calculated, and the model 

then uses that stress to calculate the strain rate below that applied stress. The threshold stress is 

also calculated using the equation provided in Arzt. et al.�¶�V���D�U�W�L�F�O�H�����7�K�H���P�R�G�H�O���Z�L�O�O���Q�R�W���F�R�P�S�X�W�H��

strain rates at stresses below the threshold stress.  

 

Listing B.1 �± MatLab script developed while applying climb controlled model to Alloy 709 

T = 650 + 273;  %convert C to absolute temperature  
Beta = 75 * pi() / 180; %inclinde angle, converted to radians  
G = 56e9;       %shear modulus, in Pa, need to adjust this with temperature  
                %shear modulus from:  
                %https://www.bssa.org.uk/topics.php?article=139  
                 
b = 2.5*10^ - 10; %Burger's vector in m  
a_p = b.^2;     %area of a pipe in m^2  
a_v = b.^2;     %area of a vacancy in m^2  
d = 6e - 9;       %width of a particle in m  
Lambda = 47e - 9; %particle spacing in m  
tau0 = G*b/(2*Lambda); %Orrowan bowing stress in Pa  
tau = tau0/100; %Initial applied stress in Pa, dislocations will  
                %not climb past particls at streses above this  
  
Alpha = 0.5;    %Unitless constant, as given in part 2 arzt article    
T_bd = Alpha * G * b.^2; %line tension within matrix  
T_ac = T_bd;    %line tension for non - interacting particles  
R = 1.98588;    %ideal gas constant in Cal/(mol*K)  
k_b = 1.3807e - 23;   %Boltzmann's constant in J/K  
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D_p = .002 * exp( - (37000)/(R*T)); %pipe diffusion in m^2/s,  
                %activation energy in Cal/mol, from A Smith, and  G. Gibbs  
                %article of 20Cr/25Ni/Nb stainless steel  
  
c_p = (a_p*D_p)/(k_b*T*Lambda*b); %Kinetic constant for pipe diffusio n 
D_v = 1.74e - 4 * exp( - (67900)/(R*T)); %volume diffusion in m^2/s,  
                %activation energy in cal/mol,from A Smith, and  G. Gibbs  
                %article of 20Cr/25Ni/Nb stainless steel  
  
c_v = (2*pi()*D_v*d)/(k_b*T*b);   %Kinetic constant for  volume diffusion  
  
tauTh = tau0 *5.91e - 9/Lambda;   %threshold stress for part 1 arzt  
  
length = 591;   %length of array to calculate climb rates, should be  
                %about d/2^0.5 times 100  
  
climbRate = zeros(length, 2);    %making space for climb rate calculations  
climbTime = zeros(100, 4);       %making space for climb time calculations  
shearStrainRate = zeros(100,2);  %making space for shear strain rate  
                %calculations  
  
diffArea = zeros(100,1);    %making room to calcualte change in area for a 
climb event  
  
for  i = 1:99  
     
    k = i  
  
    tauApplied = tau * i; %applied stress for this step  
     
    if (tauApplied > tauTh)  
         
        tauApplied = tauApplied - tauTh; %remove theshold stress  
        x = zeros(length,1);  
        rho = 1/(3*b).^2*(tauApplied/G).^2;  
        xMax = Lambda/(tauApplied/tau0) * asin(tauApplied/tau0);  
  
        for  j = 1:length  
            %find equilibrium unravel length and climb height  
            z0 = j*1e - 11;  
            x(j,1) = findx0(z0, z0, z0, tau0, d, T_bd, a_v, tau, 
tauApplied, Lambda, b, Beta);  
                %find unravel length. minimizes difference in chemical  
                %potential difference to less than 1e - 30 J  
            x(j,2) = j * 1e - 11; %climb Height  
        end  
  
        %calculate change in area by computing area between each  
        %combination of climb height and unravel length  
        diffArea = changeInArea1(x,tau,tau0,d, length, xMax, Beta);  
  
        mue1 = zeros(length,2);  
        mue2 = zeros(length,1);  



197 

  
        for  j = 1:length  
            %calculate chemical potentials for a given equilibrium 
dislocation  
            %configuration  
            x0 = x(j,1);  
            z0 = x(j,2);  
             
            %Calculate chemical potentials for both AB and BD  
            mue1(j,1) = 2*a_v/d*(T_bd*(1 - (1 - z0/x0).^(9/4)) -
tauApplied*Lambda*b/tan(Beta));  
            p = z0/2*((x0/z0).^2+1);  
            mue1(j,2) = - T_bd*a_v * (1/p) * (1/(1 -
(tauApplied/tau0).^2).^0.5);  
  
            %calcualte climb rates and climb time s 
            climbRate(j,1) = c_p * abs(mue1(j,1))/abs(diffArea(j,1));  
            climbRate(j,2) = c_v * abs(mue1(j,1))/abs(diffArea(j,1));  
             
            %calculate climb time by summing inverse by climb step.  
            climbTime(i,1) = climbRate(j,1).^ - 1 * 1e - 11 + climbTime(i,1) * 
(1 - tauApplied/tau0);  
            climbTime(i,2) = climbRate(j,2).^ - 1 * 1e - 11 + climbTime(i,2) * 
(1 - tauApplied/tau0);  
        end  
     
    %calculate shear strain rates through Orowan equation  
    shearStrainRate(i,1) = rho * b * Lambda/climbTime(i,1);  
    shearStrainRate(i,2) = rho * b * Lambda/climbTime(i,2);  
     
    end  
end  
 

 

 In the main for loop, the model calculates the shear strain rate for an applied stress. The 

shear strain rate is then converted to tensile strain rate and tensile stress in an excel file using a 

Taylor factor of 3. The loop calculates the applied stress based off how many times the loop has 

run, and then checks to make sure the applied stress is greater than the threshold stress calculated 

for the microstructure. The model then subtracts the threshold stress in accordance with repots 

from literature. A couple geometric parameters are calculated.  

 Within the main loop, another for loop calculates the set of climb heights and unravel 

lengths for a given particle height. The function findxo is called to use the equation provided by 
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Arzt et al. to calculate the chemical potential for vacancy addition at a given climb height. This 

is an iterative function that will adjust the unravel length until the difference between the two 

chemical potentials for vacancy addition along a dislocation vary by less than ���î���������� J/mol. 

The MatLab function can be seen in Listing B.2.  

 

Listing B.2 - MatLab script developed to find the equilibrium unravel length for a given applied 
stress, particle size, and particle spacing. 

function  [answer] = findx0(x, xOld, z, t0, d, T_bd, a_v, t, tauApplied, 
lambda, b, Beta, xMax)  
  
mue1 = 2*a_v/d*(T_bd*(1 - (1 - z/x).^(9/4)) - tauApplied*lambda*b/tan(Beta));  
p =  z/2*((x/z).^2+1);  
mue2 = - T_bd*a_v * (1/p) * (1/(1 - (tauApplied/t0).^2).^0.5);  
diff = mue1 - mue2;  
  
  
if (diff > 1e - 30)  
    xNew = x * 1.75;  
    x = findx0(xNew, x, z, t0, d, T_bd, a_v, t, tauApplied, lambda, b, 
Beta);  
else  
    if (diff < 0)  
        xNew = x - (x - xOld)/2;  
        x = findx0(xNew, xOld, z, t0, d, T_bd, a_v, t, tauApplied, lambda, 
b, Beta);  
    end  
end  
answer = x;  
end  
 

 

 After the unravel length is calculated, the chemical potentials are calculated followed by 

the climb rates for the set of climb height and unravel lengths calculated earlier. The climb rates 

are converted into climb times by summing the required time to overcome a particle. Finally, the 

shear strain rates are calculated through the Orowan equation.  
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APPENDIX C �± BREAK AWAY STRESS CALCULATION 

Below provides the MathCad worksheets and a brief walk through of the methodology 

used to determine the stress required to break away from an attached solute atmosphere. The 

elastic information is obtained from literature for 316 [68]. The crystallographic information is 

also obtained from literature [102].  

The worksheet initiates by defining variable. Listing C.1 shows the relevant work. The 

�Z�R�U�N�V�K�H�H�W���V�W�D�U�W�V���E�\���G�H�I�L�Q�L�Q�J���W�K�H���V�K�H�D�U���P�R�G�X�O�X�V���D�W�����������ƒ�&�����7�K�H���3�R�L�V�V�R�Q�¶�V���U�D�W�L�R�Q���R�I���W�K�H���P�D�W�H�U�L�D�O���D�W��

650 °C is interpolated based off information provided in literature. The worksheet then defines 

the atomic radius mismatch. The atomic radius are provided by a report written at Los Alamos 

National Laboratory [2]. The atomic radii of iron and chromium are shown. The differences in 

atomic volume is then calculated to determine the maximum interaction energy between a 

dislocation and a solute atom. An identical processes is carried out for each substitutional solute 

present in Alloy 709: chromium, nickel, molybdenum, manganese, silica, and niobium. 

The break away stress at 650 °C is then calculated. The worksheet defines the 

temperature, and the atomic concentration of the solute species of concern, and the work can be 

seen in Listing C.2. In this case it is chromium. The maximum interaction energy is calculated in 

accordance to the equation derived by Friedel [47]. For chromium, the interaction energy is 

negative. The breakaway stress is then calculated using the interaction energy, solute atomic 

concentration in the matrix, and temperature.  

The breakaway stress is then calculated at lower temperatures, and can be seen in Listing 

C.3�����7�K�H���Z�R�U�N�V�K�H�H�W���G�H�W�H�U�P�L�Q�H�V���W�K�H���V�K�H�D�U���P�R�G�X�O�X�V���D�Q�G���3�R�L�V�V�R�Q�¶�V���U�D�W�L�R���D�W�����������ƒ�&�����D�Q�G���L�W��

reperforms the calculation for breakaways tress. An identical process is performed for 550 °C. 
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This process is repeated for each substitutional solute present in Alloy 709 using their 

atomic radii and atomic concentration. The break away stresses for each species is then added to 

return break away stresses close to those seen during stress relaxation.  

 

Listing C.1 MathCad worksheet showing variable definitions. 

 

Listing C.2 Calculating breakaway stress at 650 °C 
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Listing C.3 Calculating breakaway stress at 600 °C 

 

 

Listing C.4 Calculating breakawaystress at 550 °C 
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APPENDIX D �± CONSTANT LOAD CREEP CURVES 

Below contain the constant load creep curves not shown in the body of the dissertation. 

 

 

(a) 

 

(b) 

 

(c) 

Figure D.1 Constant load creep curves of Alloy 709 not with an applied stress of (a) 
145 MPa, and (b) 220 MPa at a test temperature of 650 °C, and (c) 180 MPa at 
550 °C 
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APPENDIX E�± STRESS REALAXTION ANALYSIS 

Below outlines the procedure for determining the activation volume of Alloy 709 during 

the stress relaxation tests.  

1. Load-time data plotted in excel. The error of the load cell is taken as the band of data 

collected, �“ 2.5 MPa. The graph is digitized to create a more manageable subset of 

the data. Major transients resulting from temperature fluctuations of the room were 

removed. Figure E.1 and Figure E.2show the relaxation figures with both the raw data 

and data subset used in further analysis. 

2. The Load-time data from the digitized figure is processed to give creep strain-time 

data, and the strain rate versus stress was determined with an arbitrary number of 

points. For 300 MPa initial stress tests, regions of increasing error were observed.  

3. The data was then divided in to two sections based off the appearance of the 

increasing error. The interval over which strain rate was calculated was increased 

until each region of data had an R2 value greater than 0.9. Activation volume was 

then calculated for each section of data. Figure E.3 shows the strain rate versus stress 

data for stress relaxation with an initial stress of 300 MPa. Open squares are the strain 

rates calculated using a limited number of points in the least squares regression. The 

solid points represent the data used to determine the activation volume. Increasing the 

number of points used in the least squares regression at lower stresses lowered the 

amount of noise and better represented the strain rates at the lower stresses.  

4. Error was computed in Matlab. A script calculated the error in the strain rate data. In 

the 300 MPa initial stress test, each region of data was computed separately due to 

different number of points being used for the linear least squares regession. Matlab 
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performed a least squares regression with the data provided. It first added error to the 

first point and subtracted error to the last point finding a maximum strain rate. It then 

did the reverse to find the minimum strain rate. Matlab performed the process again 

with the first and second point. When a maximum value of strain and a minimum 

value of strain were found, it was output as the minimum and maximum strain.  

5. MatLab then did the same processes for determining the activation volume using the 

strain rate error calculated in the previous step. It found a minimum and maximum 

error in activation volume  
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure E.1 Stress relaxation figures showing raw data and digitized subset used in the 
analysis for stress relaxation test with an initial stress of 180 MPa at 600 °C in 
the (a) solution annealed, (b) aged1, and (c) aged2 conditions; also at 650 °C in 
the (d) solution annealed, (e) aged1, and (f) aged2 conditions.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

 

(g) 

 

(h) 

 

(i) 

Figure E.2 Stress relaxation figures showing raw data and digitized subset used in the 
analysis for stress relaxation test with an initial stress of 300 MPa at 550 °C in 
the (a) solution annealed, (b) aged1, and (c) aged2 conditions; also at 600 °C in 
the (d) solution annealed, (e) aged1, and (f) aged2 conditions, also at 650 °C in 
the (g) solution annealed, (h) aged1, and (i) aged 2 conditions.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(f) 

 

(g) 

 

(h) 

 

(i) 

 

(j) 

Figure E.3 Strain rate versus stress for all stress relaxation tests performed with an initial 
stress of 300 MPa. Points of initial  calculation (open squares) and those with 
increased number of points used in least square regression shown (solid 
squares). Conditions are (a) solution annealed, (b) aged1, and (c) aged2 at 
550°C; (e) solution annealed, (f) aged1, (g) aged2 at 600 °C; and at 650 °C, (h) 
solution annealed, (i) aged1, and (j) aged2.  
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Listing E.1 Script to determine the error of strain rate data. 

function  [outPut] = strainRate(data,interval)  
%Calculates strain rate with data. Data to be input with column order of  
%time, strain, error, stress.  
%converts to an array if needed  
if (istable(data))  
    data = table2array(data);  
end  
  
%number of rows in data  
height = length(data);  
  
%making space for variables  
x = zeros(interval,1);  
y = zeros(interval,2);  
y_min = zeros(interval,2);  
y_max = zeros(interval,2);  
error = data(:,3);  
outPut = zeros(height - interval+1,4);  
maxStrainRate = zeros(height - interval+1,1);  
minStrainRate = zeros(height - interval+1,1);  
  
%loops through data to calculate a moving average of the strain rate. The  
%loop end value is adjusted to prevent overrunning the array of data  
for  i = 1:(height - interval+1)  
    stress = 0;  
    k = 1;  
     
%Places relevant data into variables to allow for the least squares 
regression   
    for  j = i:(interval+i - 1)  
        x(k) = data(j,1);  
        y(k) = data(j,2);  
        stress = stress + data(j,4);  
        k = k + 1 ;  
    end  
     
    X = [ones(interval,1), x];  
    b = X \ y;  
    outPut(i,2) = b(2); %strain rate  
    outPut(i,1) = stress/interval; %averages stress for that strain rate  
     
    y_min = y;  
    y_max = y;  
     
    %even interval  
    if (rem(interval,2) == 0)  %check if even number of points for each strain 
rate  
        %steps through and changes the strain value to determine the worst  
        %case error and its effect on strain rate  
        for  m = 1:interval/2  
             
            %min strainRate  
            y_min(m) = y(m) + error(m);  
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            y_min(interval - m+1) = y(interval - m+1) - error(interval - m+1);  
            X = [ones(interval,1), x];  
            b = X \ y_min;  
             
            if (b(2) < outPut(i,2))  
                minStrainRate(i,1) = b(2);  
            end  
             
            %max Strain rate  
            y_max(m) = y(m) - error(m);  
            y_max(interval - m+1) = y(interval - m+1) + error(interval - m+1);  
            X = [ones(interval,1), x];  
            b = X \ y_max;  
             
            if (b(2) > outPut(i,2))  
                maxStrainRate(i,1) = b(2);  
            end             
        end  
    end  
     
    %odd interval  
    if (rem(interval,2) == 1) %check if even number of points for each strain 
rate  
        %steps through and changes the strain value to determine the worst  
        %case error and its effect on strain rate  
        for  m = 1:interval/2 - 0.5  
             
            %min strainRate  
            y_min(m) = y(m) + error(m);  
            y_min(interval - m+1) = y(interval -m+1) - error(interval - m+1);  
             
            X = [ones(interval,1), x];  
            b = X \ y_min;  
             
            if (b(2) < outPut(i,2))  
                minStrainRate(i,1) = b(2);  
            end  
             
            %max Strain rate  
            y_max(m) = y(m) - error(m);  
            y_max(interval - m+1) = y(interval - m+1) + error(interval - m+1);  
            X = [ones(interval,1), x];  
            b = X \ y_max;  
             
            if (b(2) > outPut(i,2))  
                maxStrainRate(i,1)  = b(2);  
            end             
        end  
    end  
end  
  
outPut(:,3) = minStrainRate;  
outPut(:,4) = maxStrainRate;  
end  
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Listing E. 2 Script to determine the error in activation volume calculation 

function  [outPut_1] = actVol(data, T)  
  
%constants  
M = 3; %taylor factor  
k = 1.381e - 29; %boltzmann's constant  
T = T + 273; %temperature from C to K  
b = 2.56e - 10; %burger's vector in Austenite  
  
if (istable(data))  
    data = table2array(data);  
end  
  
%numver of rows in data  
interval = length(data);  
  
%space for variables.  
x = data(:,1);  
y = log(data(:,2));  
y_1 = data(:,2);  
y_min = data(:,2);  
y_max = data(:,2);  
  
X = [ones(interval,1), x];  
B = X \ y;  
outPut_1 = B(2); %slope  
  
outPut_1(1) = outPut_1*k*T*M/(b.^3);  
minActVol = 0;  
maxActVol = 0;       
  
%even interval  
if (rem(interval,2) == 0) %check if even number of points for each strain 
rate  
    %steps through and changes the strain value to determine the worst  
    %case error and its effect on strain rate  
    for  m = 1:interval/2  
  
        %min avt vol  
        y_min(m) = data(m,3);  
        y_min(interval - m+1) = data(interval - m+1,4);  
        X = [ones(interval,1), x];  
        y_min_log = log(y_min);  
        B = X \ y_min_log;  
        B(2) = B(2)*k*T*M/(b.^3);  
  
        if (B(2) < outPut_1)  
            minActVol = B(2);  
        end  
  
        %max act vol  
        y_max(m) = data(m,4);  
        y_max(interval - m+1) = data(interval - m+1,3);  
        X = [ones(interval,1), x];  
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        y_max_log = log(y_max);  
        B = X \ y_max_log;  
        B(2) = B(2)*k*T*M/(b.^3);  
  
        if (B(2) > outPut_1)  
            maxActVol = B(2);  
        end             
    end  
end  
  
if (rem(interval,2) == 1) %check if even number of points for each strain 
rate  
    %steps through and changes the strain value to determine the worst  
    %case error and its effect on strain rate  
    for  m = 1:(interval/2 - 0.5)  
  
        %min avt vol  
        y_min(m) = data(m,3);  
        y_min(interval - m+1) = data(interval - m+1,4);  
        X = [ones(interval,1), x];  
        y_min_log = log(y_min);  
        B = X \ y_min_log;  
        B(2) = B(2)*k*T*M/(b.^3);  
  
        if (B(2) <= outPut_1)  
            minActVol = B(2);  
        end  
  
        %max act vol  
        y_max(m) = data(m,4);  
        y_max(interval - m+1) = data(interval - m+1,3);  
        X = [ones(interval,1), x];  
        y_max_log = log(y_max);  
        B = X \ y_max_log;  
        B(2) = B(2)*k*T*M/(b.^3);  
  
        if (B(2) >= outPut_1)  
            maxActVol = B(2);  
        end             
    end  
end  
  
outPut_1(2) = minActVol;  
outPut_1(3) = maxActVol;  
     
end  
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Listing E. 3 Script to called by two above scripts to determine the error in strain rate and 
activation volume data.  

function  [outPut] = errorData(data, interval)  
  
outPut = 0;  
  
if (istable(data))  
    data = table2array(data);  
end  
  
height = length(data);  
  
x = data(:,1);  
y = data(:,2);  
error = data(:,3);  
stress = data(:,4);  
  
y = y - error;  
  
%max strainRate  
if  (rem(height,2) == 1) %check if odd number of rows  
    for  i = 1:(hieght/2 - 0.5)  
         
    end  
end  
     
end  

 

 


