
 

 

 

 

 

 

 

 

 

Copyright 

by 

James R. Ciulik 

2005 

 

 



 
The Dissertation Committee for James R. Ciulik certifies that this is the approved 

version of the following dissertation: 

 

 

Creep and Dynamic Abnormal Grain Growth of  

Commercial-Purity Molybdenum 

 

 

 

 

 
Committee: 
 

Eric M. Taleff, Supervisor 

Kenneth M. Ralls 

David L. Bourell 

Llewellyn K. Rabenberg 

Desiderio Kovar 



Creep and Dynamic Abnormal Grain Growth of  

Commercial-Purity Molybdenum 

 

 

by 

James R. Ciulik, B.S., M.S. 

 

 

 

Dissertation 

Presented to the Faculty of the Graduate School of  

The University of Texas at Austin 

in Partial Fulfillment  

of the Requirements 

for the Degree of  

 

Doctor of Philosophy 

 

 

The University of Texas at Austin 

August 2005 



 
iv

Acknowledgements 

I would like to thank my advisor, Dr. Eric Taleff, for his support and advice 

throughout this project, as well as for his constant optimism that motivated me through 

many experimental setbacks.  It has truly been a pleasure working with him and I look 

forward to a long and fruitful collaboration.  I’m grateful to my dissertation committee 

members, Drs. Ralls, Bourell, Rabenberg, and Kovar, for their valuable advice and 

reviews throughout this project.  I especially thank Dr. Ralls for giving me much needed 

advice and guidance during my time in graduate school.  He helped me decide to enter 

the Materials Science and Engineering program at UT and made it straightforward for me 

as part-time student to keep up with the curriculum requirements. As the program 

advisor, he helped many students through the hurdles of the graduate program and, 

through his graduate courses, enabled us to be well prepared for our graduate research 

and our future careers.  It wouldn’t have been easy for me to navigate the system without 

him and I’m thankful for his dedication to teaching and his kindness to students. 

I’d also like to thank the faculty and staff in the Mechanical Engineering 

Department, the Materials Science and Engineering Program, and the Texas Materials 

Institute for their encouragement and support.  The collaborative environment we have 

makes research interesting and very enjoyable.  Lydia Griffith, our MS&E graduate 

program coordinator, made my student life easy every semester by keeping me up-to-date 

with course offerings, deadlines, and changes in our program, as well as a sense of humor 

that kept my stress level low.  Danny Jares made all the creep coupons I tested, and I’m 

thankful for his help with this project.  Mark Phillips helped me with a variety of 

equipment trouble-shooting and repairs, making the EBSD results in this study possible. 



 
v

I’ve been fortunate to work with many fine students during the past few years.  

Dr. Taleff has often said that research is a team effort and mine certainly has been.  

Fellow students in Dr. Taleff’s and Dr. Kovar’s research groups gave me considerable 

assistance and advice.  I owe favours to many colleagues and hope that my contributions 

to their projects have been as helpful as theirs have been to mine.  Min Ding in Dr. Ho’s 

research group guided me through the use of the EBSD equipment and I thank him and 

Dr. Ho for their support.   

From a creative perspective, my friend Julio Garcia inspired me with several 

paintings during this research.  I first saw his work when I started this degree program, 

and his art has been an integral part of this project, providing balance to the technical 

aspects.  The last page of this dissertation is one of my favorites.     

On a personal note, I wanted to mention that throughout this project, I spent a lot 

of time thinking about my blood-brother, J.D. French, who was both technically gifted 

and had a fine sense of humor.  There aren’t too many people in this world as impressive 

as he was and also good at finding fun in whatever he did.  During much of the lab work 

and while writing this dissertation, I would occasionally wonder what he would think of a 

particular idea or experimental oddity (among other things).  It surely made the research 

better, and thinking of him made the work more enjoyable.  I wish he were here today so 

that I could have that fine glass of porter with him. 



 
vi

Creep and Dynamic Abnormal Grain Growth of  

Commercial-Purity Molybdenum 

 

Publication No._____________ 

 

 

James R. Ciulik, Ph.D. 

The University of Texas at Austin, 2005 

 

Supervisor:  Eric M. Taleff 

 

In this experimental investigation, the tensile creep behavior of commercial-purity 

molybdenum sheet at temperatures between 1300°C and 1700°C is critically evaluated, 

based upon experimental creep testing and microstructural characterizations.  The high-

temperature properties of molybdenum are of interest because there are many 

applications in which molybdenum and molybdenum alloys are used at elevated 

temperatures.  Understanding of the creep mechanisms and the constitutive relations 

between stress and strain at elevated temperatures is needed in order to determine if 

molybdenum is an appropriate choice for a given high-temperature design application 

and to accurately predict its creep life. 

 The creep behavior of two commercially-available grades of molybdenum was 

determined using short-term creep tests (½ to 14 hours) at slow to moderate true-strain 

rates of 10-6 to 10-4 s-1 and temperatures between 1300oC and 1700oC.  High-temperature, 

uniaxial tensile testing was used to produce data defining the relationship between tensile 

creep strain-rate and steady-state flow stress at four temperatures:  1340°C, 1440°C, 
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1540°C, 1640°C.  Microstructural changes that occurred during creep testing were 

evaluated and compared to changes resulting from elevated temperature exposure alone.  

Mechanisms for dynamic abnormal grain growth that occurred during creep testing and 

the causes of the microstructural changes that occurred as a function of temperature are 

discussed. 
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Chapter 1:  Introduction 

As part of a larger study of the creep behavior of molybdenum alloys, the high-

temperature deformation behavior of commercial-purity molybdenum was initially 

evaluated to baseline the creep behavior of unalloyed molybdenum and to provide true-

stress (σt) versus true-strain (εt) data for steady-state tensile deformation, data that has not 

been commonly reported in the refractory metals literature.  During the course of this 

evaluation, unusual tensile creep behavior and correspondingly unusual microstructural 

changes were observed.  Dynamic abnormal grain growth occurred during creep testing, 

and this deformation-induced grain growth had a dramatic effect on the creep strength of 

the molybdenum.     

The high temperature deformation behaviors of molybdenum and molybdenum 

alloys are of importance because they are used in a variety of applications including die-

casting cores, hot working tools, missile and structural aerospace components, 

thermocouples, electrical and electronic components, corrosion-resistant equipment, 

tooling for glass processing, and high-temperature furnace fixtures [1-3].  In the nuclear 

energy applications, molybdenum alloys have applications as structural material in 

nuclear power reactors and as thermionic emitter materials in fuel element converters for 

space propulsion systems [4].  Because of the critical need for life predictions for 

refractory metals in these types of applications, there is a need to fully understand the 

mechanical behavior of refractory metals at elevated temperatures, specifically the time-

dependent plastic deformation of these metals (i.e., creep behavior).  Many refractory 

metals are in use at temperatures well above half their melting points.  Creep deformation 

at these temperatures can be substantial and design-life limiting.   
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This work summarizes tensile creep behavior of commercial-purity molybdenum 

sheet at temperatures between 1300ºC and 1700ºC.  The creep behavior, microstructures, 

and the changes to both that occurred during creep testing are described, analyzed, and 

evaluated.   

Initially, the work described in this study was intended to be baseline testing of 

commercial-purity molybdenum (as well as startup testing of the creep testing hardware, 

software controls, and creep testing methodologies), so that the creep behavior of 

molybdenum could be compared to the creep behavior of several series of molybdenum-

based refractory metal alloys.  Processing of the initial molybdenum-based alloys chosen 

proved to be quite problematic, however, because of two sintering difficulties: 

(1)  insufficient density (excessive porosity) during vacuum sintering of pressed 

powder alloys, which resulted in cracking of the sintered bars during 

subsequent rolling; 

(2)  hydride formation of alloying elements during hydrogen sintering. 

Consequently, the initial intended study of molybdenum-based alloys and compositional 

modifications (leading to the development of commercial-viable alloys with enhanced 

ductility during forming) will be summarized elsewhere when these difficulties have been 

overcome.     

 Based on the creep testing results, the activation energy for creep of commercial-

purity molybdenum in the range of temperatures and strain rates evaluated was 

determined to be much lower than previously published values.  During creep testing, 

unusual microstructural changes occurred which, in addition to being interesting enough 

in themselves, resulted in enhanced room temperature ductility.  Consequently, the creep 

behavior of unalloyed molybdenum was sufficiently noteworthy to merit pursuing to the 

extent described in this dissertation.  
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Chapter 2:  Background 

Creep deformation is defined as the time-dependent plasticity (plastic 

deformation) that occurs when a material is subjected to sustained stress [5].  The rate at 

which this deformation occurs depends on the magnitude of the stress, time, and 

temperature.  Creep is generally significant at temperatures greater than 0.4Tm (where Tm 

is the melting point).  Above 0.4Tm, diffusion is progressively more significant and time-

dependent plasticity occurs at faster rates.   

Refractory metals are used in a variety of high-temperature applications in which 

creep resistance and high strength at elevated temperatures are required.  Tungsten, 

molybdenum, niobium, tantalum, and their alloys have been used because of their high 

melting points and correspondingly high elevated temperature mechanical properties.  In 

this study, the short-term creep behavior of molybdenum was evaluated to provide tensile 

creep data over a useful range of temperatures and strain rates to determine constitutive 

stress-strain relations that can be used for short-term creep predictions.   

 

2.1  MOLYBDENUM OVERVIEW 

Molybdenum is a body-centered cubic refractory metal used in a reasonably wide 

number of applications:  at high temperatures, for its strength and creep resistance; at low 

temperatures, for its chemical resistance, low coefficient of thermal expansion, and high 

specific stiffness (the high Young’s modulus of 310 GPa at room temperature offsets the 

substantial specific gravity of  10.22g/cm3) [2].  Typical of refractory metals, but not of 

most metals, molybdenum has a higher melting point (2610°C) than its oxides (MoO3, for 

example, melts at 795°C).  This limits the elevated temperature uses of molybdenum and 
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molybdenum alloys in air (and oxygen-containing) environments because they oxidize 

readily at elevated temperatures through consecutive reactions [6]: 

   Mo + O2 → MoO2 

   MoO2 + ½O2 → MoO3 

Molybdenum is generally not suitable for continuous service in air above approximately 

500°C because MoO3 begins to sublime, and at 600°C the volatilization is significant [7].   

Progressively rapid oxidation occurs as temperature increases, and above 795°C the 

oxide melts, causing molybdenum to proceed down the ugly path of catastrophic 

oxidation.  Consequently, high temperature use of molybdenum and molybdenum-based 

alloys is limited to those in which vacuum, an inert atmosphere, or a reducing atmosphere 

is present, unless a protective coating is used. 

Commercial-purity molybdenum wrought products are available in two grades:  

powder-metallurgy (PM) grade and arc-melted (AM) grade.  Standards for commercial-

purity molybdenum are ASTM B 386 [8] for plate, sheet, strip, and foil, and ASTM B 

387 [9] for bar, rod, and wire. PM-grade products are consolidated from powder by 

compacting under pressure and then usually sintered at 1650°C to 1900°C in hydrogen, 

although vacuum sintering is also used.  Extrusion, rolling, or forging can be used to 

work large PM-grade billets, but AM-grade billets are initially hot extruded because as-

cast molybdenum tends to fracture intergranularly under tensile stresses.  After the billets 

are reduced to conventional sizes, they are hot rolled, cold rolled, or swaged [10]. 

 Wrought molybdenum, either in the stress-relieved or partially recrystallized 

condition, often has a ductile-to-brittle transition temperature below 0°C [11], but the 

ductility is a strong function of impurity level, processing, and test conditions [7].  

Recrystallized, polycrystalline molybdenum suffers from brittle, intergranular fracture, 

and has essentially nil ductility at room temperature up to several hundred °C [11, 12].  
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2.2  CREEP OF MOLYBDENUM 

The majority of molybdenum creep data has been from stress-rupture testing in 

non-oxidizing environments (vacuum, inert gas, or occasionally in hydrogen) in the 

temperature range of 650 to 2400°C [7, 13-17].  In these tests, the time to failure is 

measured at constant load (corresponding to constant engineering stress) and constant 

temperature.  The data obtained from stress-rupture tests are most often the engineering 

stress and the time to failure at temperature.  Most researchers have used these data to 

plot stress versus time-to-failure curves and to determine Larson-Miller parameters to 

provide some design guidance for creep time-to-failure projections [18].  While these 

data are useful, they do not lend themselves to the analysis of creep mechanisms, 

determination of creep activation energies, or provide information about the creep 

behavior during testing (outside of time to failure results).  Several researchers have 

conducted true-stress (σt) versus true-strain (εt) creep tests [19-22], and these have been 

used to calculate critical creep parameters:  stress exponents and activation energies.  

Begley, et al. [23], and Conway and Flagella [16] provided thorough summaries 

of molybdenum creep data available from published results through the late 1960’s.  At 

that time, most σt versus εt data indicated that the stress exponent for steady-state creep, 

n, was approximately 4.85, close to the value of 5 empirically observed in most 

polycrystalline metals [24].  The activation energy for creep had been determined by 

Green, et al. [19] to be approximately 480 kJ/mol, significantly more than the activation 

energy for self-diffusion (405.4 kJ/mol), with an n value of 4.5.  Carvalhinhos and Argent 

[20] conducted compression and tension tests, and calculated n to be in the range of 5.2 to 

5.8 with a stress-dependent activation energy for creep in the wide range of 257 to 369 

kJ/mol.  These creep parameters will be compared to those obtained from σt versus εt 

testing in this investigation.  
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Chapter 3:  Experimental Overview 

3.1  MATERIALS 

To study the creep behavior of commercial-purity molybdenum, the two common 

grades of molybdenum were evaluated:  powder-metallurgy (PM) grade and arc-melted 

(AM) grade.  Both grades were purchased from H.C. Starck Inc. in the form of 0.030 inch 

thick rolled sheet.  The rolling and annealing sequences for both grades of sheet are 

similar, except that the PM-grade is cross-rolled once while the AM-grade is cross-rolled 

twice during manufacturing.  The difference in the degree of cross-rolling results in 

crystallographic texture differences which will be described in Chapter 6.  The 

compositions of the two grades (from the supplier provided lot analyses of the sheet used 

in this study) are listed in Table 3A.    

Samples of each sheet were also analyzed by an independent laboratory 

(Bodycote Materials Testing in Sante Fe Springs, CA), using inductively-coupled plasma 

(ICP) atomic emission spectroscopy to determine the elemental composition, and the 

Leco method to measure C, N, and O.   These results are listed in Table 3B.    From the 

increased levels of nitrogen and oxygen in the AM-grade listed in Table 3B as compared 

to the ingot composition listed in Table 3A, it is apparent that the fabrication processes 

used to form the ingot into sheet increased these interstitial elements.  The nitrogen and 

oxygen contents of the PM-grade ingot were not provided, but as the processing is 

similar, one would expect similar increases in the C and N content of the PM-grade sheet.  

It is notable that the carbon content of the AM-grade increased from 0.006 wt% in the 

ingot to 0.010 wt% in the sheet while the PM-grade was little changed (0.003 wt% to 

0.004 wt%).  
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Table 3A:  Compositions (wt%) of the Molybdenum Ingots from which the Sheets Used 
in this Study Were Made (as provided by the manufacturer, H.C. Starck, Inc.) 
with the ASTM Requirements [8] 

 
 

Element 

 
PM-Grade 

Ingot  
#B2457A2B, 

wt% 

 
ASTM B 386, 

Grade 361 
Ingot,  
wt% 

 
AM-Grade 

Ingot 
#50774C2, 

wt% 

 
ASTM B 386, 

Grade 365 
Ingot, 
wt% 

C 0.003 0.010 max 0.006 0.010 max 

N2 not reported 0.002 max 0.0003 0.002 max 

O2 not reported 0.0070 max 0.0003 0.0015 max 

Fe <0.001 0.010 max 0.0028 0.010 max 

Ni <0.001 0.005 max <0.001 0.002 max 

Si <0.001 0.010 max 0.0013 0.010 max 

Al 0.0018 not specified not reported not specified 

Ca <0.001 not specified not reported not specified 

Cr <0.001 not specified not reported not specified 

Cu <0.001 not specified not reported not specified 

Mg <0.001 not specified not reported not specified 

Mn <0.001 not specified not reported not specified 

Pb <0.001 not specified not reported not specified 

Sn <0.001 not specified not reported not specified 

Ti <0.001 not specified not reported not specified 

Mo >99.95 balance >99.97 balance 
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Table 3B:  Compositions (wt%) of the Molybdenum Sheets Used In This Study (provided 
by an independent laboratory) with the ASTM Requirements [8] 

Element 
PM-Grade 

Sheet, 
wt% 

 
ASTM B 386,  

Grade 361 
Check Analysis, 

wt% 

AM-Grade 
Sheet 
wt%, 

 
ASTM B 386,  

Grade 365 
Check Analysis, 

wt% 

C 0.004 0.010 max 0.010 0.010 max

N2 0.001 0.0020 max 0.001 0.0020 max

O2 0.0020 0.0070 max 0.0015 0.0030 max

Fe 0.005 0.010 max 0.005 0.010 max

Ni <0.001 0.005 max <0.001 0.002 max

Si 0.007 0.010 max 0.006 0.010 max

Al <0.01 not specified <0.01 not specified

Ca <0.01 not specified <0.01 not specified

Cr <0.01 not specified <0.01 not specified

Cu <0.01 not specified <0.01 not specified

Hf <0.01 not specified <0.01 not specified

K <0.01 not specified <0.01 not specified

Mg <0.01 not specified <0.01 not specified

Mn <0.01 not specified <0.01 not specified

Na <0.01 not specified <0.01 not specified

Pb <0.01 not specified <0.01 not specified

Sn <0.01 not specified <0.01 not specified

Ti <0.01 not specified <0.01 not specified

Zr <0.01 not specified <0.01 not specified

Mo balance balance balance balance 
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3.2  CREEP TESTING 

To determine the steady-state creep properties of the molybdenum used in this 

study, two types of creep tests were performed:  strain-rate change (SRC) tests and 

elongation-to-failure (EF) tests.  Both were performed at constant true-strain rates rather 

than constant engineering-strain rates, providing steady-state true-stress versus true-strain 

rate data from which to quantify the creep behavior, calculate the critical creep 

parameters, and determine the mechanisms of creep. 

3.3  METALLOGRAPHY 

The microstructures of the molybdenum sheet were evaluated before and after 

creep testing, using traditional metallographic methods to prepare the test specimens.  

The partially recrystallized as-received microstructures were compared to fully 

recrystallized microstructures resulting from elevated temperature exposure and to the 

microstructures resulting from creep deformation at elevated temperatures. 

3.4  CRYSTALLOGRAPHY 

Two crystallographic methods were used to characterize the texture of the 

molybdenum sheet before and after creep testing:  the back-reflection Laue X-ray 

diffraction (Laue) method and the Electron Backscatter Diffraction (EBSD) method.  

These methods were used to characterize the crystallographic texture of the molybdenum 

sheet in three conditions:  as-received sheet condition, fully recrystallized condition 

following heat treatment, and the microstructures resulting from creep deformation. 

3.5  BEND DUCTILITY TESTING 

Room temperature bend ductility testing was performed on two types of coupons 

in both grades of molybdenum:  (1) fully recrystallized creep coupons and (2) creep 

coupons in which abnormal grain growth occurred.  The results were used to compare the 
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room temperature ductility of the microstructures and to demonstrate the change in room 

temperature ductility resulting from abnormal grain growth.   

 

 



 
11

Chapter 4:  Creep Testing 

During this study, short-term creep tests (½ to 14 hours) were performed at slow 

to moderate true-strain rates of 1x10-6 to 5x10-4 s-1 (three orders of magnitude) and at 

temperatures between 1300oC and 1700oC (approximately 0.55 to 0.7 Tm).   As a strain-

rate comparison, room-temperature tensile testing is usually performed at rates in the 10-5 

to 10-2 s-1 range [25].  The strain rates used in this study are considered to be in the 

moderate to slow range;  slower than the 10-2 to 102 s-1 rates commonly used in metal 

forming techniques [26], but not as slow as creep rates experienced during the operation 

of long-life boiler tubing, which are often in the 10-7 to 10-10 s-1 range [27], or as slow as 

the maximum creep rate of 10-11 s-1 allowed for reactor structural materials in space 

nuclear power conversion systems (a design life of 1% strain in 10 years of service) [28].   

 

4.1   CREEP TESTING DESCRIPTION AND EQUIPMENT USED 

Uniaxial tensile creep testing was performed on standard coupons cut from the 

0.030 inch thick as-received molybdenum sheet, machined to a 3-inch or 1-inch gage 

length with a ¼-inch width, and with ¼-inch holes for pinned attachment to the load 

carrying furnace rods.  The coupon gage length shoulder radius was 1/16-inch.  Coupon 

dimensions are shown in Figure 4-1 for a 3-inch coupon.  The 1-inch coupon had the 

same dimensions except for the shorter gage length.   
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Figure 4-1:  Tensile coupon dimensions (inches) for 3-inch gage length coupons. 

Two types of constant-temperature tests were conducted:  strain-rate-change 

(SRC) tests on 3-inch gage length coupons and elongation-to-failure (EF) tests on 1-inch 

gage length coupons.  Additional single strain-rate tests were performed on 3-inch 

coupons to compare elongation results with those obtained from 1-inch gage length 

coupons, but these tests were not taken to coupon failure.    

For PM-grade molybdenum, testing was performed on coupons from two sheet 

directions:  along the rolling direction and perpendicular to the rolling direction.  As the 

creep results were similar, testing of AM-grade molybdenum was performed in only one 

orientation:  transverse to the rolling direction. 

 

4.1.1   Creep Testing Equipment 

Creep testing was performed using a high-temperature vacuum furnace with 

tungsten heating elements (manufactured by Thermal Technology, Inc.) fitted to an MTS  

electromechanical test frame controlled by PC-based software (shown in Figure 4-2). 
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Figure 4-2:  Creep testing equipment. 

4.1.1.1   Creep Testing Frame and Controller 

The MTS frame used was an Alliance™ RF/100 floor-based, 100 kN capacity, 

electromechanical test frame, with a solid-state electronic frame controller.  The frame is 

a two-column loadframe with a moving crosshead driven by precision ball screws on the 

load frame.  The ball screws are driven by belts and pulleys coupled by a direct drive 

system driven by a low inertia, brushless servomotor.  The servomotor is equipped with a 

digital encoder feedback for velocity and position control.   

   MTS TestWorks®4 software was used to control the frame and to acquire test 

data.  The minimum crosshead speed of the RF/100 test frame is 0.001 mm/minute, 

corresponding to minimum true-strain rate of 6.6x10-7 s-1 for a 1-inch gage length test 
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coupon and 2.2x10-7 s-1 for a 3-inch gage length test coupon, and so these are the lower 

limits of true-strain rate testing capability for this system.  A 5kN load cell (MTS model 

1210BMA-5kN) was used during the testing.  

During initial startup of the system, the data collected at elevated temperatures 

were remarkably noisy (Figure 4-3).  It was determined that the noise was the result of 

electromagnetic interference (EMI) caused by the electric field generated by the furnace 

heating coils.  Two layers of electrically grounded mu-metal shielding were installed 

around the load cell with insulation between the layers (Figure 4-4).   This effectively 

eliminated the noise (Figure 4-5).      
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Figure 4-3:  Creep data from the system initial startup at (with noise from EMI). 
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Figure 4-4:  EMI shielding. 
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Figure 4-5:  Creep data after eliminating EMI.  

shielding
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4.1.1.2   Creep Testing Furnace 

The furnace within the vacuum system consists of a box-assembly of tungsten 

heating elements surrounding the test coupon and the tungsten rods, which connect the 

coupons to the frame, as shown in Figure 4-6.  The tungsten rods are slotted for testing 

sheet specimens up to 0.032 inch thickness.   

 

    
  door elements       enclosure heating elements, tungsten  

          rods, and specimen (arrowed)   

Figure 4-6:  The furnace heating elements. 

 

During this study, coupon pins made from SiC rod were used in place of the 

manufacturer supplied tungsten pins which tended to become stuck in the molybdenum 

coupon holes during testing.  The lower and upper tungsten connecting rods are pinned 

(with tungsten pins) to fixtures that connect to the frame base and to the load cell 
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mounted to the crosshead, respectively.  Both fixtures have metal bellows that allow the 

connecting rods to move a limited distance (approximately three inches) while preserving 

the vacuum environment.  During testing, the lower rod is stationary (although it can be 

adjusted to position coupons of different gage lengths within the hot zone of the furnace) 

and the upper connecting rod is attached to the moveable crosshead. 

The furnace can be used for vacuum or inert gas testing, but the tests in this study 

were conducted under vacuum.  The vacuum furnace is a turbopump-based system 

(capable of 10-7 torr) with water-cooled chamber walls.  At ambient temperature, the 

vacuum was typically between 2x10-7 and 5x10-7 torr.  The vacuum during a specific 

creep test was a function of the test temperature.  During the initial temperature ramp for 

a given creep test, the vacuum would immediately worsen due to outgassing of adsorbed 

species, but the vacuum would stabilize within the 10-6 torr range as shown in Figure 4-7 

and remain there throughout the creep test. 
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Figure 4-7:  A representative vacuum versus time plot for a creep test. 

The temperature profile of the furnace was measured by placing a thermocouple 

through the center of the furnace (i.e., replacing the upper connecting rods and test 

coupon) using a vacuum-flange thermocouple fixture made to bolt on in place of the 

upper bellows assembly.  An O-ring fitting allowed the thermocouple to be moved 

through the hot zone while the furnace was on, enabling a sequence of temperature versus 

position measurements to be made.  The temperature profile, shown in Figure 4-8, 

indicates that the temperature was within 10°C of setpoint for two inches of the gage 

length and decreased gradually as the distance increased.  By the three-inch mark, the 

temperature was 30 to 40°C below setpoint, depending on the setpoint temperature (lower 
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temperatures had the larger temperature gradient).  These profiles show that the 

temperature was reasonably constant for testing of 1-inch gage length coupons (within 

10°C for coupons tested to 100% elongation).  For 3-inch gage length coupons, the upper 

portion of the gage length was exposed to progressively lower temperatures.  The 3-inch 

gage length tests conducted during this study were limited to 0.20 strain, so at the upper 

end of the gage length, the coupons were generally 40 to 60°C below setpoint, depending 

on the test temperature.  This temperature difference had a minor effect on the 3-inch 

gage length creep results, causing (a) a small overestimation of the calculated true-

stresses; and (b) a small underestimation of the true-strain rate.  Both are the result of that 

fact that stress and strain-rate calculations were based on uniform elongation of the entire 

3-inch gage length, whereas it is evident that the colder end of the gage length will 

elongate less than the hotter end.  The measured temperature, maintained with PID 

control using a thermocouple adjacent to the hot zone that was calibrated to the furnace 

centerline testing, was within 1°C of the set temperature throughout each test.  
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Figure 4-8:  The furnace temperature profile. 

Furnace heating rates were rapid.  The heating elements are bare tungsten mesh, 

directly radiating heat to the coupon.  During heating, both the setpoint thermocouple and 

the calibration thermocouple went from room temperature (20°C) to the test temperature 

(1340 to 1640°C) in less than 3 minutes.  Test coupons were heated in place for two 

hours at temperature prior to beginning the creep sequence, so the time to reach the test 

temperature was less than 3% of the 2-hour heating time.   
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4.1.2   Creep Testing Methodology for True-Strain Rate Tests 

4.1.2.1   Controlled True-Strain Rates 

The creep testing conducted during this study was performed using constant true-

strain rate elongation at numerous fixed strain rate values.  Load versus crosshead 

displacement data were acquired at 1 to 20 Hz, depending on the duration of the true-

strain rate test.  The length of the creep tests in this study varied from 0.5 hr to 14 hours 

(i.e., short-term creep tests).  During each test, between 5000 and 80000 pairs of load and 

displacement data points were collected, depending on the test length and the data 

acquisition rate. 

Test methods created using the TestWorks®4 software package calculated the 

instantaneous gage length every 0.5 second during testing and used these values to update 

the crosshead velocity such that a constant true-strain rate was maintained (to the 0.5 

second interval).  The results were verified by measuring true-strain versus time, as 

shown in Figure 4-9, for each coupon size and for each type of creep test.  Because of the 

difficulties in measuring the coupon gage length at temperature (strain gages would not 

have survived the temperatures used in this study), specimen elongation was measured 

directly from crosshead displacement.  In this method of calculating true-strain, the 

assumption is that the elongation of the coupon is uniform and restricted to the gage 

length (i.e., no necking occurs) and that constant volume is maintained (i.e., no creep 

void formation occurs).  Once necking occurs, the calculated true-strain rate is inaccurate 

because the localized strain at the neck is higher than that experienced by the remainder 

of the gage length.   
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Figure 4-9:  True-strain as a function of time during SRC creep test “A”. 

 

The true-strain measurements were based on crosshead position (assuming 

uniform gage length elongation).  The starting gage length was corrected for thermal 

expansion at each test temperature so that true-strain rates were based on the actual gage 

length at temperature.  The creep coupons were machined to 1.000-inch and 3.000-inch 

gage lengths at room temperature, but these gage lengths increase with temperature due 

to thermal expansion and had to be corrected to the length at the test temperature to 

provide accurate true-strain values.  The thermal expansion of molybdenum has been 

reported by Conway and Losekamp [29] as follows: 
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  where L  is the length at temperature, 
   

C
L o25

 is the length at 25°C, 

   T  is the temperature in °C, 

        and A, B, and C are constants. 

The constants for both PM and AM grades of molybdenum are listed in Table 4A.  These 

values were used to calculate the temperature-corrected gage length of each type of 

coupon tested, which are listed in Table 4B.    
 

Table 4A:  Molybdenum Thermal Expansion Constants [29] 
 

Constant PM-Mo AM-Mo 

A -5.80x10-3 -4.84x10-3 

B 4.59x10-4 4.25x10-4 

C 1.46x10-7 1.71x10-7 
 

Table 4B:  Temperature-Corrected Gage Lengths 
 

PM-Mo AM-Mo Creep Test 

Temperature 
gage length, 

inch 
gage length, 

inch 
gage length, 

inch 
gage length, 

inch 

25°C 1.000 3.000 1.000 3.000 

1340°C 1.009 3.026 1.009 3.026 

1440°C 1.010 3.029 1.010 3.029 

1540°C 1.010 3.031 1.011 3.032 

1640°C 1.011 3.034 1.012 3.035 

1740°C 1.012 3.037 1.013 3.038 
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The two assumptions in the true-strain rate calculations were that (1) the plastic 

deformation of the coupon was much larger than the elastic deformation contribution of 

the coupon and frame (a reasonable assumption considering the large true strains 

achieved throughout each SRC test); and (2) that uniform deformation occurred at 

constant volume (i.e., assuming no localized necking and no creep void formation).  

These assumptions were verified by examination and measurement of the gage length 

dimensions after creep testing and through metallographic examination of the 

microstructure.     

 

4.1.2.2   True-Stress Measurements 

The load data acquired from the 5kN load cell were used to determine the true-

stress at each data point collected during creep testing, based on the original cross-

sectional area of the coupons.  The load measured, however, had a contribution from the 

upper metal bellows (on top of the vacuum chamber) which stretched as the test 

progressed.  This contribution was determined by performing displacement tests under 

vacuum with a coupon in placed, but not attached to the lower rod.  From the starting 

point of the crosshead at both 1-inch and 3-inch positions, the load was measured as the 

crosshead moved and stretched the bellows.  Figures 4-10 and 4-11 show load versus 

crosshead displacement for bellows contributions corresponding to both coupon sizes 

(they are not the same due to the difference in starting positions of the crosshead for each 

coupon size). 
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 Figure 4-10:  Bellows contribution to load as a function of crosshead displacement for a  
1-inch gage length test coupon. 
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Figure 4-11:  Bellows contribution to load as a function of crosshead displacement for a  
3-inch gage length test coupon. 

 Using a “least squares” best-fit equation to the data (shown in both Figures), the 

bellows load was calculated for each data point and subtracted from the load measured by 

the load cell during creep testing.  In this manner, the correct load on the coupon was 

determined throughout each creep test.  Each time a series of creep tests was conducted, 

the load versus displacement for the bellows was measured to ensure that the bellows 

load contribution was accurately subtracted. 

The starting cross-sectional area of the coupon gage length for both types of 

coupons was 0.030 inch thickness x 0.250 inch width (temperature corrections during 

creep testing for the cross-sectional area are quite small and were neglected).  From the 
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acquired crosshead displacement data, the cross-sectional area at each data point was 

calculated, assuming that the true-strain correspondingly decreased the cross-sectional 

area throughout the gage length.  Much like the method of calculating true-strain, the 

assumption is that the elongation of the coupon is uniform and restricted to the gage 

length (i.e., no necking occurs) and that constant volume is maintained (i.e., no creep 

void formation occurs).  Once necking occurs, the calculated area is inaccurate because 

the localized strain reduces the cross-sectional area in the necked region to dimensions 

progressively smaller than the calculated area.   

 

4.1.2.3   Creep Testing Procedures 

Detailed procedures for using the creep testing equipment were developed in the 

form of a series of manuals designed to make it straightforward for users to safely use the 

equipment and obtain valid test results.  These manuals, listed in Table C, contain step-

by-step procedures with photographs documenting the controls and software screens. 

 

Table 4C:  High Temperature Furnace Operating Instruction Manuals 
 

Manual Description 

Cooling Water Startup Operation of the chilled water circuit  

Coupon Installation Installing test coupons and initializing the load cell 

Vacuum/Vent Method Cycling the vacuum system and purging with argon 

Furnace Operation Heating/cooling and optimizing the temperature control

Creep Testing Programming the software for specific tests 
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The following briefly summarizes the test procedures that are pertinent in 

understanding the creep data collected in this study.  Initially, each coupon was pre-

loaded to 10 lbf (approximately 6 MPa) and then heated in the furnace until a stable test 

temperature was reached.  During heating, the nominal load was varied through software 

control of the crosshead to fluctuate to between values of 8 and 12lbf every 5 seconds.  

This load fluctuation occurred for 2 hours at the test temperature to allow the test coupon, 

and the tungsten rods connecting the coupon to the test frame base and to the load cell, 

sufficient time to heat up.  During this two hour period, crosshead position was measured 

at 100 second intervals at the bottom of the load fluctuation cycle.  Within two hours, the 

rate of thermal expansion based on the crosshead position dropped to approximately 

3x10-7 s-1, as shown in Figure 4-12.  This rate of thermal expansion of the creep system 

corresponds to 3x10-7 s-1 true-strain rate for 1-inch gage length coupons or 1x10-7 s-1 true-

strain rate for 3-inch gage length coupons (i.e., well below the slowest strain rates used in 

the creep tests performed in this study).  At this point, the automated creep test would 

begin with a negligible thermal expansion error in the calculated true-strain rate.  A 

furnace cooldown program was used to ensure that the coupons not taken to failure were 

removed intact from the furnace.  For these coupons, software control was used maintain 

a constant load of 10lbf as the furnace cooled to ambient temperature.   

  Regarding the data shown in Figure 4-12, the positional encoders measuring 

crosshead position are limited to displaying position to the nearest 0.00002 inch, and this 

is one source of the variability in thermal expansion rate values shown.  Ordinarily, one 

would expect a tighter grouping of thermal expansion measurements as an equilibrium 

heat flow rate is reached, but this encoder limitation and the variation in repeatability of 

the crosshead position at the bottom of the computer-controlled load fluctuation cycle are 

the likely causes of the variability shown. 
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Figure 4-12:  Thermal expansion during creep test pre-heating of the furnace assembly 
with a 3-inch gage length coupon (based on crosshead position to maintain 
constant load). 

Because of the two-hour preheating needed to stabilize the furnace such that 

thermal expansion of the furnace assembly was a negligible portion of the strain rate, 

each creep test was conducted on a recrystallized molybdenum microstructure, not on the 

as-received (partially-recrystallized) microstructure.  The recrystallization temperature 

varies with the amount of deformation present in the microstructure and the time at 

temperature [30].  Published recrystallization temperatures for molybdenum (for 

complete recrystallization in 1 hour) vary from 900°C to 1200°C, depending on the 

amount of deformation [31, 32], well below the creep testing temperatures in this study. 
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4.1.3 Strain-Rate Change (SRC) Tests 

SRC testing was performed to obtain multiple measurements of steady-state 

stresses in individual creep tests.  During SRC tests, the true-strain rate is incremented in 

a series of jumps, enabling flow stress to be measured at several strain rates using a single 

specimen.  By conducting SRC tests at a number of different temperatures, using a 

minimum of one specimen per temperature, the activation energy for creep flow, Qc, can 

be measured for constant values of modulus-compensated stress, σ/E [33].  This method 

is thoroughly described in section 4.3. 
 

The SRC tests conducted in this study were constant temperature creep tests at 

four temperatures:  1340, 1440, 1540 and 1640°C, and at nine true-strain rates from 

1.0x10-6 s-1 to 5.0x10-4 s-1 at each temperature.  The time at each strain rate step was 

determined through some initial test sequences to be sufficient to achieve (or approach) 

steady-state true-stress before jumping to the next true-strain rate.  It was not possible to 

complete all nine steps in one test because the 3-inch gage length coupons necked and 

subsequently failed within 0.22 to 0.25 total true-strain.  To include all steps and achieve 

(or at least approach) steady-state, the total strain would have been 0.3 to 0.4 total true-

strain.  Consequently, SRC tests were conducted at each temperature with two test 

coupons:  SRC Test A at slow true-strain rates (1.0x10-6 s-1 to 1.0x10-4 s-1) and SRC Test 

B at moderate true-strain rates (5.0x10-5 s-1 to 5.0x10-4 s-1).   The nine true-strain rates 

used are listed below:   
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1.0 x10-6 s-1 
2.0 x10-6 s-1 

5.0 x10-6 s-1 

1.0 x10-5 s-1 

2.0 x10-5 s-1 

5.0 x10-5 s-1 

1.0 x10-4 s-1 

2.0 x10-4 s-1 

5.0 x10-4 s-1 

The sequences of steps for both SRC tests (with the time and the accumulated 

true-strain at each step) are listed in Tables 4D and 4E.  SRC Test A had an initial true-

strain step at 2.0x10-5 s-1 to propagate creep deformation through the primary stage of 

creep and to establish a stable dislocation cell size prior to the onset of the slow true-

strain rate step sequence.  Without this, the initial step at 1.0x10-6 s-1 would have taken a 

lengthy period of time to climb from the base stress of 6 MPa to a steady-state stress.   

 

4.1.4  Elongation-to-Failure (EF) Tests 

EF tests were conducted using the same equipment and test methodologies as the 

SRC testing, except that (1) only one true-strain rate was used in each EF test and (2) 

each coupon had a 1-inch gage length rather than the 3-inch gage length used in the SRC 

tests.  Based on the furnace temperature profiles shown in Figure 4-8, it would be 

expected that the EF tests would exhibit lower steady-state stresses than SRC tests 

because the entire gage length would be closer to the setpoint temperature than the longer 

(and slightly cooler on one end) SRC coupons.   These data comparisons are described in 

section 4.2.2. 

 Test A 

Test B
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Table 4D:  SRC Test A - True-Strain Rate Steps 
 

True-Strain Rate, s-1 Time, s True-Strain per Step 

5.0 x10-5 2000 0.04 

1.0 x10-6 10000 0.01 

2.0 x10-6 5000 0.01 

5.0 x10-6 2000 0.01 

1.0 x10-5 2000 0.02 

2.0 x10-5 1000 0.02 

5.0 x10-5 600 0.03 

1.0x10-4 300 0.03 

Total 22900 0.17 

 

Table 4E:  SRC Test B - True-Strain Rate Steps 
 

True-Strain Rate, s-1 Time, s True-Strain per Step 

5.0 x10-5 1000 0.05 

1.0 x10-4 400 0.04 

2.0 x10-4 200 0.04 

5.0 x10-4 60 0.03 

2.0 x10-5 2000 0.04 

Total 3660 0.20 
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4.2  EXPERIMENTAL RESULTS 

4.2.1 Strain-Rate Change (SRC) Test Results 

The individual SRC tests completed in this study are listed in Table 4F.   
 

Table 4F:  SRC Tests Performed 

SRC Tests Performed 
1340°C 1440°C 1540°C 1640°C SRC 

Test 
True-Strain 

Rate,  s-1 PM-L PM-T AM-T PM-L PM-T AM-T PM-L PM-T AM-T PM-L PM-T AM-T 

5x10-5 
1x10-6 
2x10-6 

5x10-6 

1x10-5 

2x10-5 

5x10-5 

Test 
A 

1x10-4 

√ √ √ √ √ √ √ √ √ √ √ √ 

5x10-5 

1x10-4 

2x10-4 
5x10-4 

Test 
B 

2x10-5 

√ √ √ √ √ √ √ √ √ √ √ √ 

 

Uniaxial tensile SRC tests were performed on coupons taken from two sheet 

directions.  The PM-grade molybdenum was tested along the rolling direction (L 

orientation) and transverse to the rolling direction (T orientation).  The AM-grade 

molybdenum was tested only transverse to the rolling direction.  The coupon orientations 

are shown in Figure 4-13.  



 
34

 

 

  

     

 

Figure 4-13:  Tensile coupon orientations:  along the rolling direction (L) and transverse 
to the rolling direction (T). 

4.2.1.1  SRC Test Results from PM-Grade Mo in the Rolling Direction (PM-L) 

Plots of the true-stress versus true-strain data obtained from 1440ºC SRC creep 

tests of PM-L molybdenum sheet, and photographs of the coupons tested, are shown in 

Figures 4-14 and 4-15.  These SRC test results show stable, steady-state true-stresses 

attained during the slow strain-rate SRC testing (Figure 4-14) and stresses approaching 

steady-state during the moderate strain-rate SRC testing (Figure 4-15).  The photographs 

of the coupons illustrate that uniform elongation occurred in the coupon gage length and 

that minimal elongation occurred in the grip region. 

Sheet 
Rolling 
Direction 

L

T
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Figure 4-14:  SRC test data from slow strain-rate testing (SRC Test A) of PM-L at 
1440ºC and photographs of the coupon tested. 
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Figure 4-15:  SRC test data from moderate strain-rate testing (SRC Test B) of PM-L at 
1440ºC and photographs of the coupon tested. 
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Plotting the log of the true-strain rates versus the log of the corresponding steady-

state flow stresses from each step in the SRC tests yielded a reasonably linear relationship 

for all but the fastest and slowest true-strain rates (Figure 4-16) with a slope, n, of 5.4, 

agreeing reasonably well with the historical observations of five-power-law creep of 

molybdenum [16]. 
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Figure 4-16:  Creep data obtained from strain-rate-change (SRC) testing at 1440°C, 
showing a linear dependence between the log of the true-strain rate and the 
log of the true steady-state stress. 

Comparative SRC test results obtained from the same material at 1540ºC are 

shown in Figures 4-17 and 4-18.  An unusual drop in stress occurred during the last SRC 

A step in Figure 4-17 and during the third SRC B step (at approximately 0.11 true-strain) 

in Figure 4-18.   
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Figure 4-17:  SRC test data from slow strain-rate testing (SRC Test A) of PM-L at 
1540ºC and photographs of the coupon tested.  Note the drop in stress 
during the 1x10-4 strain-rate step. 

0.75 inch 

0.25 inch 



 
39

True Strain
0.00 0.05 0.10 0.15 0.20

Tr
ue

 S
tre

ss
, M

Pa

0

20

40

60

80

100

 

ε& = 2x10-4 s-1 

ε& = 5x10-4 s-1 

ε& = 1x10-4 s-1 

ε& = 2x10-5 s-1 

ε& = 5x10-5 s-1 

 PM-L  
1540°C 

 

 

 

Figure 4-18:  SRC test data from moderate strain-rate testing (SRC Test B) of PM-L at 
1540ºC and photographs of the coupon tested.  Note the drop in stress 
during the 2x10-4 strain-rate step and the gage length deformation. 
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Testing at a higher temperature (1640ºC) showed similar sudden drops in stress 

during SRC testing, but at lower accumulated strain, as shown in Figures 4-19 and 4-20.  

The subsequent SRC steps (after the drop in stress) had lower “steady-state” flow stresses 

as well as much smaller stress differences between the steps, compared to SRC data 

obtained prior to the drop as well as compared to SRC steps at lower temperatures.   

Comparisons of all SRC data obtained from PM-L coupons are shown in Figures 

4-21 and 4-22.  In both SRC tests A and B at 1340°C, the lowest temperature in this 

study, damage accumulated (through accommodation of deformation at grain boundaries 

and the initiation of creep voids), which prevented a maintained steady-state true-stress at 

each of the true-strain rate steps and eventually resulted in a hot tensile overload failure 

before the scheduled end of the test.  Coupons tested at 1540 and 1640°C exhibited a 

sudden drop from steady-state stress during each SRC test and these test coupons 

exhibited deformed bands on the surface in some portion of the gage length.  Coupons 

tested at lower temperatures did not undergo a sudden drop in stress or exhibit this 

surface deformation.   
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Figure 4-19:  SRC test data from slow strain-rate testing (SRC Test A) of PM-L at 
1640ºC and photographs of the coupon tested.  Note the drop in stress 
during the 2x10-6 strain-rate step and the gage length banded deformation. 
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Figure 4-20:  SRC test data from moderate strain rate testing (SRC Test B) of PM-L at 
1640ºC and photographs of the coupon tested.  Note the drop in stress 
during the initial strain-rate step and the gage length deformation. 
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Figure 4-21:  SRC test data from slow strain rate testing (SRC Test A) of PM-L at four 
temperatures and photographs of the coupon tested.  Note the deformation 
banding on the gage lengths of coupons tested at 1540 and 1640°C. 
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Figure 4-22:  SRC test data from moderate strain rate testing (SRC Test B) of PM-L at 
four temperatures and photographs of the coupon tested.  Note the 
deformation on the coupons tested at 1540 and 1640°C. 
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Steady-state true-stress values were obtained from the SRC test results by one of 

two methods:   

(1) obtaining an average steady-state stress from the SRC steps in which steady-

state was achieved (note that for the 1340°C test results, the maximum stress 

at each step is used);  

(2) extrapolating the stress to steady-state at each strain-rate step in which steady-

state was not achieved, through the use of “least-squares” best-fit to the data 

using a hyberbolic equation of the form  
ε

εσσ
&

&

+
+=

b
a

o .   

The steady-state true-stress values are listed in Table 4G.  From coupons that exhibited a 

sudden drop in stress, “steady-state” stress values after the sudden drop are included in 

the table (in parentheses), but these values are not included in steady-state plots as they 

are anomalous.  

 

Table 4G:  Steady-State True-Stress Values from SRC Testing of PM-L Coupons 

1340°C 1440°C 1540°C 1640°C 1340°C 1440°C 1540°C 1640°C
2x10-5 55.3 ± 0.3 44.1 ± 0.2 36.0 ± 0.3 29.4 ± 0.2 - - - -
1x10-6 32.5 ± 0.6 21.5 ± 0.3 14.3 ± 0.6 (10.1 ± 0.8) - - - -
2x10-6 37.5 ± 0.5 27.5 ± 0.3 20.3 ± 0.5 n.m. - - - -
5x10-6 43.1 ± 0.4 34.1 ± 0.3 26.8 ± 0.5 (16.6 ± 0.3) - - - -
1x10-5 47.2 ± 0.4 38.8 ± 0.2 31.2 ± 0.6 (17.0 ± 0.3) - - - -
2x10-5 50.7 ± 0.3 43.5 ± 0.2 35.6 ± 0.3 (18.0 ± 0.2) - - - -
5x10-5 55.6 ± 0.3 50.1 ± 0.2 41.9 ± 0.3 (20.0 ± 0.2) 64.2 ± 0.2 51.7 ± 0.2 43.0 ± 0.2 34.2 ± 0.2
1x10-4 57.6 ± 0.3 55.6 ± 0.3 46.1 ± 0.4 (22.4 ± 0.2) 72.0 ± 0.2 59.4 ± 0.2 49.4 ± 0.2 (23.0 ± 0.1)

2x10-4 - - - - 77.8 ± 0.2 66.0 ± 0.3 53.7 ± 0.2 (24.8 ± 0.2)

5x10-4 - - - - 85.1 ± 0.3 74.0 ± 0.2 (34.1 ± 0.2) (27.6 ± 0.1)

2x10-5 - - - - failed no σss (25.8 ± 0.1) (22.4 ± 0.1)

SRC A σss, Mpa SRC B σss, Mpa
strain rate, s-1

 
  Note:   Values in parentheses are “steady-state” stresses that occurred after the sudden drop in stress. 

n.m. indicates that a steady-state stress could not be measured due to the sudden change in stress. 
 failed indicates that the coupon failed during this step and did not reach a steady-state stress. 
 no σss indicates that a steady-state stress was not achieved in this SRC step. 
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Plotting the log of the true-strain rates versus the log of the corresponding steady-

state flow stresses (listed in Table G) yielded a reasonably linear relationship for all but 

the fastest and slowest true-strain rates (Figure 4-23) with slopes of approximately 5.5, 

corresponding to five-power creep.  At the highest true-strain rates, classic power-law 

breakdown (PLB) occurred, in which the deformation rate outpaces the diffusion rate and 

the stress exponent increases [34].  As temperature increased, steady-state stresses lower 

than those corresponding to five-power creep occurred at the lower true-strain rates, 

corresponding to a decrease in the stress exponent.  Results from testing at 1640°C are 

not included because the sudden drop in stress occurred during the first or second strain-

rate step and, consequently, a series of steady-state true-stress values were not obtained. 
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Figure 4-23.  Steady-state creep data from SRC testing of PM-L at three temperatures.  
The data points with ° marks indicate results obtained from extrapolations 
to steady-state (i.e., from the strain rates that did not reach steady-state). 
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4.2.1.2  SRC Test Results from PM-Grade Mo in the Transverse Direction (PM-T) 

The same sequence of SRC tests was performed on PM-grade Mo sheet with 

coupons taken transverse to the rolling direction.  The results, shown in Figures 4-24 and 

4-25, are similar to the results obtained from longitudinal coupons.  Specifically, the 

steady-state true-stress values are similar at each temperature and a sudden drop in 

steady-state stress occurred during the 1540 and 1640°C SRC tests, accompanied by 

coupon deformation in the form of surface deformation bands.   

Steady-state true-stress values obtained from the SRC tests are listed in Table 4H 

and are plotted in Figure 4-26.  These values are similar to those obtained from SRC 

testing of PM-L coupons.  A graphical comparison of the two grades of molybdenum, 

Figure 4-27, shows that the transverse orientation coupons tend to have a slightly higher 

strength at these test temperatures.  

 

Table 4H:  Steady-State True-Stress Values from SRC Testing of PM-T Coupons 

1340°C 1440°C 1540°C 1640°C 1340°C 1440°C 1540°C 1640°C
2x10-5 55.4 ± 0.4 44.1 ± 0.4 35.7 ± 0.2 28.7 ± 0.2 - - - -
1x10-6 31.0 ± 0.4 21.0 ± 0.5 13.2 ± 0.5 (8.5 ± 0.4) - - - -
2x10-6 36.0 ± 0.3 26.8 ± 0.5 18.6 ± 0.5 n.m. - - - -
5x10-6 42.7 ± 0.2 34.0 ± 0.4 25.6 ± 0.3 n.m. - - - -
1x10-5 47.1 ± 0.3 39.0 ± 0.4 30.1 ± 0.2 (18.6 ± 0.2) - - - -
2x10-5 50.4 ± 0.3 44.1 ± 0.4 34.5 ± 0.2 (19.8 ± 0.1) - - - -
5x10-5 55.4 ± 0.3 51.3 ± 0.4 40.9 ± 0.2 (21.8 ± 0.2) 63.9 ± 0.2 52.9 ± 0.2 42.8 ± 0.2 33.9 ± 0.1
1x10-4 55.7 ± 0.4 57.1 ± 0.4 45.6 ± 0.2 (23.8 ± 0.2) 71.2 ± 0.2 60.6 ± 0.2 49.2 ± 0.2 (21.7 ± 0.1)

2x10-4 - - - - 76.4 ± 0.2 67.2 ± 0.2 54.2 ± 0.2 (23.5 ± 0.1)

5x10-4 - - - - 82.2 ± 0.2 75.3 ± 0.2 (35.7 ± 0.2) (26.2 ± 0.1)

2x10-5 - - - - failed no σss (23.6 ± 0.1) (21.4 ± 0.1)

strain rate, s-1 SRC A σss, Mpa SRC B σss, Mpa

 
  Note:   Values in parentheses are “steady-state” stresses that occurred after the sudden drop in stress. 

n.m. indicates that a steady-state stress could not be measured due to the sudden change in stress. 
 failed indicates that the coupon failed during this step and did not reach a steady-state stress.  
 no σss indicates that a steady-state stress was not achieved in this SRC step. 
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Figure 4-24:  SRC test data from slow strain rate testing (SRC Test A) of PM-T at four 
temperatures and photographs of the coupons tested.  Note the deformation 
bands on the coupons tested at 1540 and 1640°C. 
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Figure 4-25:  SRC test data from moderate strain rate testing (SRC Test B) of PM-T at 
four temperatures and photographs of the coupons tested.  Note the 
deformation bands on the coupons tested at 1540 and 1640°C. 
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Figure 4-26:  Steady-state creep data from SRC testing of PM-T at three temperatures. 
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Figure 4-27:  A graphical comparison of the steady-state creep data from SRC testing of 
PM-T (filled symbols) and PM-L (unfilled symbols) coupons at three 
temperatures.  
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4.2.1.3  SRC Test Results from AM-Grade Mo in the Transverse Direction (AM-T) 

Comparative SRC creep data were obtained from AM-grade Mo sheet with 

coupons taken transverse to the rolling direction, using the same SRC creep testing 

methodology used for PM-grade material.  The results, in Figures 4-28 and 4-29, show a 

sudden drop in steady-state stress in all but one test (SRC B at 1340°C).  Much like the 

PM-grade coupons tested at 1540°C and above, the SRC steps following the stress drop 

had lower flow stresses and small stress differences between the steps.  Steady-state true-

stress values obtained from the SRC tests are listed in Table 4I and are plotted in Figure 

4-30.  The three slowest steady-state true-stress values from the 1340°C SRC A test are 

higher than those obtained from PM-grade molybdenum, likely due to the unusual gage 

length deformations observed, shown in Figure 4-29. 

 

Table 4I:  Steady-State True-Stress Values from SRC Testing of AM-T Coupons 

1340°C 1440°C 1540°C 1640°C 1340°C 1440°C 1540°C 1640°C
2x10-5 55.0 ± 0.2 42.7 ± 0.2 36.3 ± 0.1 21.1 ± 0.1 - - - -
1x10-6 38.7 ± 0.4 (16.6 ± 0.5) (14.8 ± 0.3) n.m. - - - -
2x10-6 41.7 ± 0.4 (16.9 ± 0.5) (16.6 ± 0.5) (10.9 ± 0.2) - - - -
5x10-6 45.0 ± 0.3 (18.2 ± 0.5) (18.0 ± 0.2) (12.7 ± 0.1) - - - -
1x10-5 49.0 ± 0.4 (20.8 ± 0.2) (20.1 ± 0.2) (14.9 ± 0.1) - - - -
2x10-5 (28.4 ± 0.5) (23.5 ± 0.2) (22.4 ± 0.2) (17.0 ± 0.1) - - - -
5x10-5 (32.9 ± 0.4) (27.5 ± 0.2) (26.1 ± 0.2) (19.8 ± 0.2) 63.1 ± 0.2 50.5 ± 0.1 no σss (25.0 ± 0.2)

1x10-4 (37.2 ± 0.3) (31.3 ± 0.3) (28.8 ± 0.2) (22.0 ± 0.2) 71.3 ± 0.1 n.m. (26.8 ± 0.1) (24.8 ± 0.2)

2x10-4 - - - - 78.6 ± 0.3 (40.9 ± 0.2) (31.2 ± 0.2) (27.4 ± 0.3)

5x10-4 - - - - 86.5 ± 0.4 (45.7 ± 0.3) (35.0 ± 0.3) (31.4 ± 0.3)

2x10-5 - - - - 52.9 ± 0.1 (36.8 ± 0.1) (27.1 ± 0.2) (21.0 ± 0.2)

strain rate, s-1 SRC A σss, Mpa SRC B σss, Mpa

Note:   Values in parentheses are “steady-state” stresses that occurred after the sudden drop in stress. 
n.m. indicates that a steady-state stress could not be measured due to the sudden change in stress. 

 failed indicates that the coupon failed during this step and did not reach a steady-state stress.  
 no σss indicates that a steady-state stress was not achieved in this SRC step. 
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Figure 4-28:  SRC test data from slow strain-rate testing (SRC Test A) of AM-T at four 
temperatures and photographs of the coupons tested.   



 
54

True Strain
0.00 0.05 0.10 0.15 0.20

Tr
ue

 S
tre

ss
, M

Pa

0

20

40

60

80

100

 

ε& = 2x10-4 s-1 

ε& = 5x10-4 s-1 

ε& = 1x10-4 s-1 

ε& = 2x10-5 s-1 
ε& = 5x10-5 s-1 

1340ºC 

1440ºC 

1540ºC 

1640ºC 

 

 

Figure 4-29:  SRC test data from moderate strain-rate testing (SRC Test B) of AM-T at 
four temperatures and photographs of the coupon tested. 
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Figure 4-30:  Steady-state creep data from SRC testing of AM-T at three temperatures. 

A graphical comparison of the steady-state creep data from all three sets of 

coupons, Figure 4-31, shows that the while the moderate strain-rate SRC B results from 

the AM-T coupons correlate well with both PM-grade coupons, the slower strain-rate 

data deviate.  This may be related to the unusual gage length deformation that occurred in 

the AM-T coupon at the slow strain rates. 
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Figure 4-31:  A graphical comparison of steady-state creep data from SRC testing of PM-
T (filled symbols), PM-L (unfilled symbols), and AM-T (+ symbols).  

4.2.2 Elongation-to-Failure (EF) Tests 

EF tests were conducted at selected temperatures and strain rates to characterize 

the creep behavior to failure of the three types of molybdenum coupons and to determine 

if the steady-state stresses measured during EF testing correlate with those obtained from 

SRC tests.  A list of the EF tests performed is contained in Table 4J.  
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Table 4J:  Elongation-to-Failure Tests Performed 

EF Tests Performed 
1440°C 1540°C 1640°C True-

Strain 
Rate,  s-1 PM-L PM-T AM-T PM-L PM-T AM-T PM-L PM-T AM-T 

1x10-6 
2x10-6 

5x10-6 

1x10-5 √ √ √ √ √ 
2x10-5 √ √ 
5x10-5    √ √ √ √ 
1x10-4 √ √ √ √ √ √ √ √ 
1x10-4 

2x10-4 
5x10-4 

4.2.2.1  PM-Grade Molybdenum Elongation-to-Failure (EF) Tests 

EF creep testing results from a PM-L coupon tested at 1440°C are shown in 

Figure 4-32.  This stress-strain curve is representative of a hot tensile overload and the 

shape is typical of PM-L and PM-T EF coupons tested at 1440°C.  It should be noted, 

however, that the continuous drop in stress after the peak stress is due to the method in 

which true-stress is calculated.  The true-stress calculation is based on the assumption of 

uniform cross-sectional area through the gage length decreasing as the gage-length 

elongates.  When localized necking occurs, this assumption is invalid because the necked 

cross-sectional area decreases more rapidly than the calculated area.  Consequently, as an 

artifact of the calculation, after the onset of necking the calculated true-stress is lower 

than the actual true-stress, and these EF plots show a decrease in stress after necking 

initiates.  The actual true-stress would, of course, be expected to continue to increase or 

remain steady after necking as the cross-sectional area reduced.  Towards the end of the 

test, however, creep voids grow and the actual true-stress would decrease. 
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Figure 4-32:  Creep data from a PM-L 1440°C EF test at a strain rate of 1x10-4 s-1 and 
photographs of the coupon.   
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Figures 4-33 and 4-34 show EF plots at 1540 and 1640°C, respectively.  At each 

temperature, a sudden drop in stress occurred.  Continued elongation resulted in what 

appears to be a second “steady-state” stress, similar to those observed during SRC testing 

at these temperatures after the sudden drop in stress occurred.  After testing, the gage 

lengths of these coupons exhibited surface deformation bands (similar to the SRC test 

coupons), quite unlike the coupon tested at 1440°C, which exhibited a smooth surface, 

albeit with some thermal etching of the surface grain boundaries. 
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Figure 4-33:  Creep data obtained from a PM-L 1540°C EF test at 1x10-4 s-1 with 
photographs of the coupon.   
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Figure 4-34:  Creep data obtained from a PM-L 1640°C EF test at 1x10-4 s-1 with 
photographs of the coupon.   
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A comparative plot showing σt versus εt curves from three temperatures (1440, 

1540 and 1640°C) and at a constant true-strain rate (1.0x10-4 s-1), shown in Figure 4-35, 

illustrates the difference in mechanical behavior of the PM-L molybdenum sheet with 

temperature.  At 1440°C, EF coupons elongated until hot tensile failure occurred.  At 

1540 and 1640°C, an abrupt drop in the steady-state flow stress occurred, extensive 

elongation followed until a plateau in stress occurred, and eventually the coupon failed in 

hot tensile overload.   
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Figure 4-35:  Creep data from EF testing of PM-L (1x10-4 s-1) at three temperatures. 

Varying the EF strain rate at constant temperature (1640°C), Figure 4-36, shows 

that the peak stress decreases with decreasing strain rate, as one would expect.  There is 

no trend, however, to the strain at which onset of the drop in stress occurs.  Similar 



 
63

results were obtained from testing PM-T coupons, as shown in Figure 4-37, although 

these results were obtained at 1540°C. 
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Figure 4-36:  Creep data from EF testing of PM-L at 1640°C at three true-strain rates. 
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Figure 4-37:  Creep data from EF testing of PM-T at 1540°C at two true-strain rates. 

Of the numerous PM-grade EF coupons tested at 1540 and 1640°C, each coupon 

that had a sudden drop in stress exhibited one or more series of deformation bands along 

the gage length.  The orientation of the banded patterns with respect to the gage length 

was inconsistent among the coupons tested (i.e., the angle of the band with respect to the 

gage length varied considerably and no consistent orientation pattern was observed). 

4.2.2.2 AM-Grade Molybdenum Elongation-to-Failure (EF) Tests 

Similar results were obtained from testing AM-T coupons, as shown in Figures 4-

38 and 4-39, but the onset of the drop in stress occurred at lower strains than the 

corresponding PM-grade coupons (i.e., coupons tested at the same temperature and 

strain-rate).  The AM-grade EF coupons exhibited a cross-hatched pattern of surface 

deformation along the gage length rather than a banded pattern of PM-grade coupons. 
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Figure 4-38:  Creep data from EF testing of AM-T at two temperatures and photographs 
of the coupons. 
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Figure 4-39:  Creep data from EF testing of AM-T at 1540°C at two true-strain rates and 
photographs of the test coupons. 
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4.3   CREEP DATA ANALYSES 

Several governing equations have been proposed for the creep deformation of 

relatively coarse-grained metals and alloys [24, 35-38].  Among these, the 

phenomenological equation for steady-state creep [24] has been particularly useful and 

generally applies to a wide range of metals and alloys.  The phenomenological equation 

for creep describes the fundamental relationships for creep deformation as follows, 
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where  ε& is the steady-state creep rate,  

A  is a material constant which depends on stacking fault energy, 
b  is the magnitude of the Burgers vector, 
d  is the grain size,  
p  is the grain-size exponent,  
D  is a diffusivity specific to the creep mechanism,  
σ  is the steady-state flow stress,  
E  is the dynamic Young's modulus, 

     and  n  is the stress exponent. 
 

Five-power-law creep, also referred to as slip creep, occurs in pure metals when 

the deformation is rate controlled by the climb of dislocations and the rate of lattice self- 

diffusion often governs the creep rate [24].  The resulting stress exponent is observed to 

be approximately 5 [24, 34, 35].  A contemporary explanation of the reasons for this 

stress exponent is given by Brehm and Daehn [39].  Power-law creep of pure, coarse-

grained metals is insensitive to grain size (i.e., p  = 0), so the grain size term in the 

equation becomes unity and the phenomenological equation for slip creep takes the 

following form, 
5
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where A has been shown to be constant among materials of high stacking-fault energy 

[24].  Eqn. (2) is expected to be an appropriate relation for describing steady-state creep 

of commercial-purity, polycrystalline molybdenum.   

By conducting SRC tests at a number of different temperatures, using a minimum 

of one specimen per temperature, the activation energy for creep flow, Qc, can be 

measured for constant values of modulus-compensated stress, σ/E [33].  The following 

relationship applies, 
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Based on the SRC test results from this study, n and Qc, will be calculated using this 

relationship. 

4.3.1  Creep Analysis of SRC Test Results from PM-grade Molybdenum 

SRC testing of the powder-metallurgy grade Mo sheet between 1300 and 1600°C 

through true-strain rates from 1.0x10-6 to 5.0x10-4 s-1 resulted in classic power-law creep 

behavior, as shown in Figure 36, with a stress exponent of approximately 5, regardless of 

orientation.  At the lowest test temperature, power-law breakdown (PLB) occurred at the 

fastest strain rates (and corresponding highest steady-state stresses), resulting in an 

increasing stress exponent, n, which is related to a change in the creep mechanism (such 

as a change from dislocation climb to dislocation pipe diffusion [34]), or merely 

dislocation climb with a vacancy concentration greater than equilibrium [24].  During 

PLB in pure metals, changes in activation energy across varying temperature and/or rate 

are commonly observed [34].  At the slowest strain rates (and stresses), diffusional creep 

or Harper-Dorn creep, both of which are expected to produce a stress exponent of one, 

may be dominant [24]; however, the data in this study do not extend beyond the transition 

region between five-power-law creep and another creep mechanism at slower strain rates, 
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making it difficult to determine the specific low-rate mechanism(s) involved.  Because 

the PM-L and PM-T creep data were quite similar, the PM-T data will be used in this 

analysis, although the resulting conclusions are expected to apply to the creep data 

obtained from both coupon orientations. 

Following the method of Sherby and Burke [24], the PM-grade molybdenum 

creep data obtained (Figure 4-40), were normalized with the temperature-dependent, 

dynamic elastic modulus (E) of molybdenum.  The variation of E with temperature is 

substantial, as shown in Figure 4-41, and must be accounted for in order to correlate 

creep results obtained at the various temperatures.  Values for E used in this analysis 

were determined using the least-squares best-fit polynomial equation shown in Figure 4-

41, which was calculated using the data of Armstrong and Brown [40]. 
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Figure 4-40:  PM-T creep data obtained from strain-rate-change (SRC) testing. 
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Figure 4-41:  Variation of dynamic E with temperature (based on data from [40]), with 
two “least squares best fit” equations:  a linear equation (R2 = 0.9998) from 
25°C to 1000°C, and a polynomial equation (R2 = 0.9998) from 1000°C to 
2000°C.  

By plotting logε&  versus log σ/E, shown in Figure 4-42, the creep data are 

consistent with typical creep behavior of Class II metals and alloys, as the linear portion 

of each set of constant temperature data has a constant slope (stress exponent, n) of 

approximately 5.  At high σ/E values, the molybdenum exhibits power-law breakdown 

(PLB), in which the stress exponent increases with σ/E.  At low σ/E values, several 

theories have been proposed to explain stress exponents less than 3 [24, 34]: 

(a) grain boundary sliding (n = 2), usually associated with superplastic behavior;    

(b) diffusion along grain boundaries, “Coble” creep (n = 1);  
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(c) diffusion-accomodated grain boundary sliding (n = 1);  

(d) vacancy diffusion, “Nabarro-Herring” creep (n = 1);  

(e) Harper-Dorn creep (n = 1).   
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Figure 4-42:  PM-T creep data normalized with temperature-dependent dynamic elastic 

modulus, showing a linear dependence between the log of the true-strain-
rate and the log of the dynamic modulus compensated steady-state true-
stress. 

 

At the slow strain rates (and low corresponding steady-state stresses) in this study, 

the mechanism of creep in molybdenum transitions from the five-power-law dislocation 

climb creep behavior (with n ≅ 5) to another mechanism (with n → 2 or 1).  Testing at 

lower strain-rates would be required to characterize the transition and, ultimately, 

determine the creep mechanism(s) involved, but testing at slower strain rates is beyond 

the capabilities of the creep equipment used in this study.  Several researchers have 
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indicated that a change in stress exponent (i.e., a change in slope) indicates that different 

creep mechanisms are active and that the seemingly continuous change in the curve is 

simply the transition from one mechanism to another [41, 42].   

Taking only the five-power-law creep data from Figure 4-42 (i.e., the data 

correlated to n ≅ 5), and using true-strain rates at constant s/E, Figure 4-43, there is a 

linear, inverse relationship between true-strain rate and temperature, as shown in Figure 

4-44.  From these data and using Eqn. (3), the activation energy for creep, Qc, was 

calculated to be 240 kJ/mole ±6 kJ/mol, a value independent of stress and temperature.   
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Figure 4-43:  Five-power-law PM-T creep data normalized with temperature-dependent 
dynamic elastic modulus and the constant σ/E lines used for calculated the 
activation energy for creep. 
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Figure 4-44:  The strain rates of constant σ/E PM-T creep data shown in Figure 39.  From 
the slopes of these lines, Qc = 240 kJ/mol ± 6 kJ/mol. 

 

Compared with the “stress-dependent” activation energy for creep of 257 to 369 

kJ/mol reported by Carvalhinhos and Argent [20] for the temperature range of 950°C to 

1385°C, the value calculated in this study is lower, considerably more self-consistent, and 

independent of stress.  The 240 kJ/mol value of Qc is much lower than the activation 

energy of self diffusion in molybdenum, Qsd = 386 to 405.4 kJ/mol, reported by Askill 

and Tomlin [43], indicating that the power law creep deformation is controlled by a 

mechanism other than lattice diffusion.  This relative value of activation energy for creep 

of approximately 0.6 Qsd, measured in the homologous temperature range of T/Tm = 0.56 

to 0.63 (Tm = 2610°C), is similar to the relative value reported by Robinson and Sherby 

for tungsten over a similar range of homologous temperatures and is attributed to the 
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action of an effective diffusivity [38].  Thus, it is possible that an effective diffusivity 

combining lattice self-diffusion with dislocation pipe diffusion and/or grain boundary 

diffusion is the appropriate diffusivity for creep in the temperature range of this 

investigation. 

For a comparison of the effect of changing the assumed diffusion mechanism, the 

creep data in Figure 4-42 are plotted in Figure 4-45, normalized by a diffusion coefficient 

using the activation energy for self-diffusion, Qsd, of 405.4 kJ/mol.  Clearly, lattice self-

diffusion alone is insufficient to account for the steady-state creep behavior.  
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Figure 4-45:  PM-T creep data normalized with temperature-dependent dynamic Young’s 
modulus and the self-diffusion coefficient (Dsd = Doe-Qsd/RT), using Qsd = 
405.4 kJ/mol and Do = 5x10-4 m2/s. 

To incorporate the measured activation energy for creep into this analysis, the 

creep testing results from this study were compared to those from the literature for tensile 
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creep of polycrystalline molybdenum, using the Zener-Holloman parameter,                    

Z =ε& exp(Qc/RT) [44].  The Zener-Holloman parameter is used to avoid the assumption 

of a particular diffusion mechanism, and the measured activation energy for creep (240 

kJ/mol) is used in its calculation.  The logarithm of Z is plotted against the logarithm of 

σ/E in Figure 4-46 for data from the present investigation.  The data in the linear portion 

corresponds to a slope of 5.1, approximately the value of five-power-law creep value. 
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Figure 4-46:  Creep data normalized to the calculated activation energy for creep from the 
present study (240 kJ/mol in the Zener-Hollomon parameter) and the 
temperature-compensated dynamic modulus. 
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The same data are compared in Figure 4-47 to data published in the late 1960's 

and early 1970's for similar temperature ranges [16, 19, 22].  All the data are brought into 

close agreement with a single curve using the activation energy of 240 kJ/mol for 

normalization.  Note that although activation energies for tensile creep were reported by 

Carvalhinhos and Argent [20], the σt and εt test data were not supplied, and consequently, 

comparative data from their analysis could not be included.  The data from several 

investigations converge reasonably well onto a single line of slope n = 5.  The data of 

Green et al. [19] deviate most from this line; the cause of this deviation is not known.  

The calculated activation energy value of 240 kJ/mol is approximately half that of 

molybdenum self-diffusion (0.57Dsd), indicating that creep across the range of data in 

Figure 4-46 is controlled by a mechanism other than self-diffusion controlled dislocation 

climb.  Based on the description of Evans and Wilshire [41], metals generally exhibit an 

activation energy for creep approximately half the value of self-diffusion Qsd at 

temperatures from 0.4Tm to 0.7Tm , but that Qc ≅ Qsd around 0.7Tm and above.   
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Figure 4-47:  Creep data normalized to the calculated activation energy for creep from the 
present study (the Zener-Hollomon parameter) and the temperature-
compensated dynamic modulus plotted with comparative data from the 
literature [16, 19, 22]. 

 

4.3.2  Creep Analysis of SRC Test Results from AM-grade Molybdenum 

The limited steady-state creep data obtained from SRC testing of the arc-melted 

grade Mo sheet, shown earlier in Figure 4-30, resulted from a sudden drop in the steady-

state stress at small strains during testing.  This unusual mechanical behavior was 

observed in the PM-grade molybdenum, but occurred after less accumulated strain and to 

lower temperatures in the AM-grade.  An examination of the logε&  versus log σ/E  

relationship from the steady-state data obtained (prior to the drop in stress in each SRC 

test), Figure 4-48, shows that the limited steady-state creep data obtained is not sufficient 
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to determine an activation energy for creep, and a thorough analysis of the creep behavior 

is not possible.   
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Figure 4-48:  AM-T creep data normalized with temperature-dependent dynamic elastic 
modulus, showing a linear dependence between the log of the true-strain-
rate and the log of the dynamic modulus compensated steady-state true-
stress. 
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Chapter 5:  Metallographic Evaluation 

The microstructures of the molybdenum creep coupons were evaluated before and 

after creep testing using optical metallography.  The orientations of metallographic 

specimens relative to the sheet rolling direction are shown in Figure 5-1. 

 

 

 

 

 

 

 

 

 

 

Figure 5-1:  Metallographic specimen orientation and designations. 

 

5.1   METALLOGRAPHIC SPECIMEN PREPARATION 

Metallographic specimen preparation was accomplished with three different 

techniques:  (1) traditional (manual) metallography; (2) an automated method using a 

Struers Rotopol-15™ equipped with a Rotoforce-1™ automated polisher; and (3) 

electropolishing using a Struers LectroPol-5™ automatic electrolytic polishing system.  

These methods are summarized in Tables 5A, 5B, and 5C.  The large specimens (half and 

whole creep coupons) were prepared using the manual method while most of the 

Sheet 
Rolling 
Direction 

Planar
Longitudinal 

Transverse
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subsections were prepared using the automatic method or by electropolishing.  The 

electropolishing solution consisted of 10 parts (by volume) methanol, 6 parts ethylene 

glycol monobutyl ether, and 1 part perchloric acid (60%).   The specific electropolishing 

conditions were determined for each grade of molybdenum using a voltage scan to 

optimize the polishing potential.   

 

Table 5A:  Traditional (Manual) Metallographic Preparation 

Step Abrasive RPM 

Wet Grinding 

240 grit SiC 

320 grit SiC 

400 grit SiC 

600 grit SiC 

120 

120 

120 

120 

Hand Lapping 

1000 grit SiC 

1500 grit SiC 

2000 grit SiC 

- 

- 

- 

Polishing 

 

6 μm diamond paste 

1 μm diamond paste 

150 

150 

Final Polishing colloidal silica suspension 150 
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Table 5B:  Automatic Metallographic Preparation (using Stuers consumables) 

Step Surface Abrasive RPM Force Time 

Planar Grinding 1 MD-Piano 220A 
embedded 
diamond 300 30N 5 min.

Planar Grinding 2 MD-Piano 600A 
embedded 
diamond 300 30N 3 min.

Fine Grinding 1 MD-AllegroB 9μm DiaDuoF 150 30N 5 min.

Fine Grinding 2 MD-LargoC 9μm DiaDuoF 150 30N 3 min.

Polishing MD-DurD 3μm DiaDuoF 150 25N 3 min.

Final Polishing MD-ChemE 
colloidal 

silica 150 25N 3 min.
 

Notes:  A MD-Piano is a diamond embedded grinding disc   
B MD-Allegro is a composite fine grinding disc 
C MD-Largo is a composite fine grinding dics 
D MD-Dur is a satin woven silk cloth 
E MD-Chem is a porous neoprene cloth 
F DiaDuo is a suspension of diamond particles in a lubricant 

 

Table 5C:  Electropolished Specimen Preparation 

Step 1 Abrasive Disc RPM 

Wet Grinding 

320 grit SiC 

400 grit SiC 

600 grit SiC 

1200 grit SiC 

120 

120 

120 

120 

Step 2 Conditions Time, s 

Electropolishing 

 

PM:  29Vdc, 1.8mA/cm2, 20°C 

AM:  27Vdc, 1.7mA/cm2, 20°C 

20  

20 
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To avoid the hazardous waste issues associated with the use of cyanide-based 

traditional refractory metal etchants (such as Murakami’s reagent), an acidic etchant was 

used, consisting of (by volume) one part nitric acid, one part sulfuric acid, and three parts 

water.  This general purpose microstructure etchant effectively delineates grain 

boundaries in molybdenum and was used for both etching and macro-etching. 

 

5.2   MICROSTRUCTURAL EVALUATION 

5.2.1  As-Received Sheet Microstructures 

The microstructures of both grades of as-received molybdenum sheet are shown 

in Figures 5-2 through 5-7.  Both are partially-recrystallized microstructures with 

elongated grains.   
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Figure 5-2:  As-received PM-grade molybdenum sheet (planar view). 
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Figure 5-3:  As-received PM-grade molybdenum sheet (longitudinal view). 
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Figure 5-4:  As-received PM-grade molybdenum sheet (transverse view). 
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Figure 5-5:  As-received AM-grade molybdenum sheet (planar view). 
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Figure 5-6:  As-received AM-grade molybdenum sheet (longitudinal view). 
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Figure 5-7:  As-received AM-grade molybdenum sheet (transverse view). 
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5.2.2   Heat Treated Microstructures 

During the 2-hour heat treatment at each temperature used in this study (prior to 

creep testing), the as-received sheet microstructures recrystallized.  During 

recrystallization of metals, new grains initiate and grow, consuming the surrounding 

material until impingement of recrystallized grains occurs.  Following recrystallization, 

“normal” grain growth occurs by grain boundary migration, during which the average 

grain size increases due to the driving force of the overall reduction in boundary area 

(i.e., as the average grain size increases, there is less total grain boundary area) [45].  

Normal grain growth often follows a parabolic growth rate until a temperature-dependent, 

limiting grain size is reached, in which the driving force for growth, the reduction of total 

grain boundary area, is inhibited [46]. 

Recrystallization and grain growth often overlap, but it is convenient to think of 

them as sequential processes.  It is generally accepted that recrystallization occurs 

through the growth of new grains from small regions of stored energy that are present in a 

deformed microstructure through “initiation” and growth processes.  The term 

“initiation” is preferred by Humphreys and Hatherly [46] because although 

recrystallization has traditionally been referred to as a nucleation and growth 

phenomenon, recrystallization initiates at inhomogeneities in the deformed 

microstructure rather than as a result of classic thermodynamic nucleation (a minimum 

amount of deformation is required for recrystallization to occur and the driving force  is 

the stored energy from deformation).  The inhomogeneities can be second-phase 

particles, grain boundaries, or deformation-induced inhomogenities (such as dislocation 

tangles, subgrains, dislocations cells, deformation bands, transition bands, or shear 

bands). 
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5.2.2.1   PM-Grade Heat Treated Microstructures 

Figures 5-8 through 5-11 show the recrystallized microstructures of PM-grade 

molybdenum as the temperature increased from 1340°C to 1640°C.  The pair of images 

in each figure corresponds to two heat treatments:  3-hours and 8.4 hours, corresponding 

to the time at temperature of the creep tests SRC B and SRC A, respectively.  These 

microstructures are from the grip regions of the SRC coupons, which received almost no 

plastic strain.  Note that in these microstructures, the grain size is unchanged with time at 

temperature and between different temperatures.  This unusual static grain size indicates 

that the grain boundaries have been prevented from moving soon after recrystallization 

was complete (i.e., normal grain growth was inhibited).  Measurements of the average 

grain size, performed using the lineal intercept method outlined in ASTM E 112 {46} and 

summarized in Table 5D, quantitatively show that the average grain size is unchanged 

with time and temperature.  At these temperatures, 0.56 to 0.66Tm, one would expect 

normal grain growth to occur because diffusion is substantial.  Table 5E lists the lattice 

diffusivities (Dsd), calculated using the Arrhenius equation RTQ
osd

sdeDD /−= , where Do is 

5x10-4 m2/s and Qsd is 405.4 kJ/mol [43].  Grain boundary diffusivities are typically much 

faster (several orders of magnitude, depending on the temperature and the grain boundary 

orientations [48]), and so the fact that the average grain size is essentially constant 

indicates that a microstructural mechanism may be preventing grain growth.   
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Figure 5-8:  PM-grade molybdenum after 3 hours (upper) and 8.4 hours (lower) at 
1340°C (planar view).  
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Figure 5-9:  PM-grade molybdenum after 3 hours (upper) and 8.4 hours (lower) at 
1440°C (planar view).  
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Figure 5-10:   PM-grade molybdenum after 3 hours (upper) and 8.4 hours (lower) at 
1540°C (planar view).  
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Figure 5-11:   PM-grade molybdenum after 3 hours (upper) and 8.4 hours (lower) at 
1640°C (planar view).   
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Table 5D:  Grain Size of PM-grade Molybdenum as a Function of Time and Temperature 

 
 

PM-grade Molybdenum 
Average Recrystallized  

Grain Size* 

  

Temperature 

3 hours 8.4 hours 

1340°C 17 μm ± 1 17 μm ± 1 

1440°C 18 μm ± 1 17 μm ± 1 

1540°C 18 μm ± 1 18 μm ± 1 

1640°C 19 μm ± 1 18 μm ± 1 
 

      * Based on lineal intercept measurements of 5 fields each with over 300 
         grains per field.  The ± indicates the variation of five field measurements. 

 

Table 5E:  Self-Diffusion and Average Diffusion Distance in Molybdenum*  

 Temperature Dsd, m2/s Dsd, μm2/s 
Distance* in 
3 hours, μm 

Distance* in  
8.4 hours, μm

1340°C 3.7x10-17 3.7x10-5 1.6 2.6 

1440°C 2.2x10-16 2.2x10-5 3.8 6.3 

1540°C 1.0x10-15 1.0x10-5 8.2 13.8 

1640°C 4.3x10-15 4.3x10-5 16.6 27.8 
 

* Assuming a Dt6  dependency for the mean distance (3-dimensional random jump analysis). 

           

Grain boundary pinning is a likely explanation for the lack of grain growth in PM-

grade molybdenum.  The limiting grain size may have been reached by 3 hours at 

temperature (the earliest examination of the microstructure).  Recrystallized grains can 

initiate with fine spacings between recrystallization nuclei and impingement of these new 
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grains limits the recrystallized grain size.  Subsequent growth may approach a limiting 

grain size well before the earliest examination of the microstructure (3 hours), as shown 

in Figure 5-12.   

 

Time, hr.
0 1 2 3 4

G
ra

in
 S

iz
e,

 μ
m

0

5

10

15

20

25

 

Figure 5-12:   An idealized rendition of PM-grade molybdenum approaching a limiting 
grain size on par with the measured grain size.  

 

 



 
97

5.2.2.2   AM-Grade Heat Treated Microstructures 

Figures 5-13 through 5-16 show the recrystallized microstructures of AM-grade 

molybdenum as the temperature increased from 1340°C to 1640°C.  As in the PM-grade 

comparison, the pair of images in each figure corresponds to two heat treatments:  3 

hours and 8.4 hours, corresponding to the time at temperature of the creep tests SRC B 

and SRC A, respectively.  These microstructures are from the grip regions of the SRC 

coupons, which received almost no plastic strain.  Contrary to the PM-grade, normal 

grain growth occurred with time and temperature in the AM-grade coupons.  Average 

grain size measurements are listed in Table 5F. 

 

Table 5F.  Grain Size of PM-grade Molybdenum as a Function of Time and Temperature 

 
 

AM-grade Molybdenum 
Average Recrystallized  

Grain Size* 

  

Temperature 

3 hours 8.4 hours 

1340°C 21 μm ± 2 24 μm ± 2 

1440°C 28 μm ± 3 33 μm ± 4 

1540°C 57 μm ± 5 70 μm ± 6 

1640°C 98 μm ± 8 165 μm ± 20 
 

       * Based on lineal intercept measurements of 5 fields each with 55 to 350 
          grains per field.  The ± indicates the variation of 5 field measurements. 
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Figure 5-13:   AM-grade molybdenum after 3 hours (upper) and 8.4 hours (lower) at 
1340°C (planar view).  
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Figure 5-14:   AM-grade molybdenum after 3 hours (upper) and 8.4 hours (lower) at 
1440°C (planar view).  
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Figure 5-15:   AM-grade molybdenum after 3 hours (upper) and 8.4 hours (lower) at 
1540°C(planar view).  
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Figure 5-16:   AM-grade molybdenum after 3 hours (upper) and 8.4 hours (lower) at 
1640°C(planar view).  
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Normal grain growth after recrystallization usually follows the well-established 

grain growth relation [45]: 
Ktdd n

og
n

g =− /1
)(

/1     (5-1) 

where  gd  is the average grain diameter, 

   )(ogd  is the initial average grain diameter after recrystallization, 

      and  K  and n are constants which depend on the temperature. 

 
In most cases, )(ogd is negligible compared to gd  after much growth has occurred, and the 

equation simplifies to the following:   
n

g Ktd =     (5-2) 

Numerous studies of grain growth in a variety of metals have found that n varies 

from 0.05 to 0.5, although the majority determined values between 0.2 and 0.3 [49].  A 

value of 0.5 seems to be the limiting case as the annealing temperature is increased or as 

the purity of the metal increases and is, in fact, the theoretical value obtained from 

several first principles evaluations and statistical models [46].  Empirically, however, 

values tend to be lower.  As a function of temperature,  

 
RTQn

og
n

g
gteKdd //1

)(
/1 ' −=−    (5-3) 

where  gd  is the average grain diameter, 

   )(ogd  is the initial (pre-growth) average grain diameter, 

   Qg  is the activation energy for grain boundary migration, 

      and  'K  and n are constants which depend on the temperature. 

  
Using Eqn. (5-1) and optimizing )(ogd to provide a constant value for n, a )(ogd  

value of 14 μm yields a consistent n of  0.25 to 0.26 for grain growth measurements at all 
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but the highest temperature, as shown in Table 5G.  This indicates that normal grain 

growth occurs in AM-grade molybdenum, but that at 1640°C, more rapid growth occurs 

with time.  Measurements at additional time intervals may clarify this apparent deviation 

from normal grain growth. 

Table 5G:  Grain Size Exponent for AM-grade Normal Grain Growth 

 

 
AM-grade Molybdenum*   

Temperature 
n K, µm1/n s-1 

1340°C 0.25 19.3 

1440°C 0.26 32.9 

1540°C 0.26 511.5 

1640°C 0.58 4178.6 
 

* Using )(ogd  = 14 μm 

 

5.2.3   Creep Coupon Microstructures 

Selected elongation-to-failure (EF) creep coupons described in Chapter 4 were 

prepared to evaluate their microstructures.  SRC coupons were not evaluated because the 

final creep microstructures resulting from the combinations of strain rates used in each 

SRC test may not lend themselves to clear correlations with strain and strain rate.  

Additional creep tests were performed to determine if microstructural changes 

corresponded to the significant changes in stress during the constant true-strain rate 

elongation-to-failure tests (specifically, to the drop in stress, stress minimum, and 

secondary peak stress observed) and to the changes in coupon surface deformation.    
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5.2.3.1   PM-Grade EF Creep Coupons 

Figure 5-17 shows the PM-grade EF coupons as the test temperatures increased 

from 1440°C to 1640°C.  At 1440°C, the coupon microstructure has a consistent grain 

size throughout the grip region and gage length.  At higher temperatures, each gage 

length transformed to a single grain.  This dramatic change is apparently the result of 

abnormal, dynamic grain growth during the creep testing, and this grain growth is very 

likely responsible for the sudden drop in steady-state flow stress seen in both the SRC 

and EF coupons after less than 0.2 strain.  These coupon microstructures are 

representative of the microstructures obtained at other strain rates in this study, indicating 

that the dynamic abnormal grain growth is approximately independent of strain rate 

within the range of 1x10-6 to 5x10-4 s-1. 
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Figure 5-17:  PM-grade elongation-to-failure coupons (as-tested and macro-etched) tested 
at 1x10-4 s-1 true-strain rate and three temperatures. 
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 Figure 5-18 and 5-19 shows the microstructure along the fractured end of the 

PM-grade EF coupon tested at 1440°C (1x10-4 s-1 true-strain rate).  The microstructure 

consists of relatively equiaxed grains (there is a small aspect ratio favoring the sheet 

rolling direction) with creep voids at the grain boundaries.  The creep voids are orientated 

largely parallel to the fracture surface, as one would expect from a hot-tensile failure. 

Figures 5-20 and 5-21 show the microstructures of the interface between the grip 

and gage length of PM-grade coupons tested at 1540°C and 1640°C, respectively (both 

tested at 1x10-4 s-1 true-strain rate).  Both coupons exhibited abnormal grain growth that 

stopped at the grips, indicating that the grain growth occurred by strain-induced grain 

boundary propagation, a process hereafter referred to as dynamic abnormal grain growth 

(DAGG).  Since the 1440°C coupon did not exhibit this abnormal grain growth, a thermal 

activation is apparently necessary as none of the PM-grade creep coupons tested at 

1340°C or 1440°C exhibited a sudden drop in stress or surface deformations.  
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Figure 5-18:   PM-T EF coupon at the fracture surface:  tested at 1x10-4 s-1 true-strain rate 
and 1440oC. 
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Figure 5-19.  PM-T EF coupon near the fracture surface:  tested at 1x10-4 s-1 true-strain 
rate and 1440oC. 
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Figure 5-20:   PM-T EF coupon at the grip/gage length interface:  tested at 1x10-4 s-1 true-
strain rate and 1540oC. 
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Figure 5-21:   PM-L EF coupon at the grip/gage length interface:  tested at 1x10-4 s-1 true-
strain rate and 1640oC. 
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A series of creep tests was conducted to determine if microstructural changes 

corresponded to the stress drops observed during elevated temperature testing.  Four 

creep tests were performed at 1540°C on 1-inch gage length PM-L coupons, and the tests 

were halted at the strains shown in Figure 5-22.  The individual test results from the 

“halt” test series are shown in Figure 5-23.  
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Figure 5-22:  Halt tests of PM-L molybdenum at 1540°C and 1x10-4 s-1 true-strain rate. 
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Figure 5-23:  Individual halt tests of PM-L molybdenum at 1540°C and 1x10-4 s-1 true-
strain rate. 
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 Photographs of the coupons as-tested and after macro-etching to reveal the grain 

structure, Figure 5-24, illustrate that the drop in stress corresponds to the initiation of 

dynamic abnormal grain growth and that it has propagated throughout the gage length by 

the minimum stress after the drop (the halt C test).  In some coupons, several abnormal 

grains grew, while in others (like those shown in Figure 5-17), an individual grain 

propagated throughout the gage length.  

From these tests, one can see that although the dynamic abnormal grain growth 

correlates to the sudden drop in stress during creep testing, the growth propagates through 

the gage length with minimal surface deformation.  The extensive deformation bands 

seen on the SRC and EF coupons occur during the remaining elongation of the coupons.  

This surface deformation banding, apparently the result of slip in each large grain, is 

complete after additional strain causes a second peak in stress.  Further deformation 

results in localized deformation (necking) and eventually a knife-edged final failure, seen 

in the EF coupons.      
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Halt A     Halt B  Halt C          Halt D 

Figure 5-24:  PM-L test coupons from halt tests at 1540°C at 1x10-4 s-1 true-strain rate:  
after testing (top) and after macro-etching (bottom). 

 ¾ inch
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5.2.3.2   AM-Grade EF Creep Coupons 

Figure 5-25 shows AM-grade EF coupons as the temperature increased from 

1440°C to 1640°C.  Unlike the PM-grade, dynamic abnormal grain growth occurred in 

the gage length at each temperature, rather than only at the higher temperatures.  During 

the SRC and EF creep testing, a sudden drop in stress occurred at every test temperature 

and the microstructures show abnormal grain growth in each of them (except for one test, 

the moderate strain rate “SRC B” test at 1340°C).  There are, however, “island” grains 

within the large gage-length grains, a distinct difference from the PM-grade coupons.   

These island grains are of the size seen in the grip regions, resulting from normal grain 

growth.  In the AM-grade, as the gage length undergoes DAGG, some of these grains are 

not consumed by the abnormal grain growth.  

The grip regions of the EF coupons had grains that became coarser with 

increasing temperature (the previously described normal grain growth) while the gage 

lengths underwent DAGG.  These coupon microstructures are representative of the 

microstructures obtained at other strain rates in this study, indicating that like the PM-

grade, the dynamic abnormal grain growth is approximately independent of strain rate 

within the range of 1x10-6 to 5x10-4 s-1. 

Figures 5-26 and 5-27 show the microstructures of the interface between the grip 

and gage length of AM-grade coupons tested at 1440°C and 1540°C, respectively (both 

tested at 1x10-4 s-1 true-strain rate).  Both coupons exhibited abnormal grain growth that 

stopped at the grips, just as in the PM-grade coupons, indicating that the grain growth 

occurred was strain-induced.  Since all AM-grade coupons exhibited abnormal grain 

growth, it is apparent that the thermal activation required is lower than that needed for 

PM-grade which did not exhibit DAGG at 1340°C or 1440°C.  
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  1440°C         1540°C          1640°C 

Figure 5-25:  AM-grade elongation-to-failure coupons (as-tested and etched) tested at 
1x10-4 s-1 true-strain rate and three temperatures. 
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Figure 5-26:  AM-T EF coupon at the grip/gage length interface, tested at 1x10-4 s-1 true-
strain rate and 1440oC. 

Tensile 
Direction 
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Figure 5-27:  AM-T EF coupon at the grip/gage length interface, tested at 1x10-4 s-1 true-
strain rate and 1540oC. 

Tensile 
Direction 
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A second series of creep “halt” tests was conducted to compare the progression of 

microstructures in AM-grade molybdenum at various stages during creep deformation.  

Four creep tests were performed at 1540°C on 1-inch gage length AM-T coupons and the 

tests were halted at the strains shown in Figure 5-28.  The individual test results from the 

“halt” test series are shown in Figure 5-29.  
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Figure 5-28:  Halt tests of AM-T molybdenum at 1540°C at 1x10-4 s-1 true-strain rate. 
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Figure 5-29:  Individual halt tests of AM-T molybdenum at 1540°C and 1x10-4 s-1 true-
strain rate. 
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Photographs of the tested coupons, shown in Figure 5-30, show the same trend 

observed in PM-grade coupons; that is, the drop in stress corresponds to the initiation of 

dynamic, abnormal grain growth and that it has propagated throughout the gage length by 

halt position C (likely completed at the minimum stress).  Surface deformation occurs 

during subsequent deformation as the stress increases to the second peak in stress.  

Further deformation results in localized deformation (necking) and eventually the knife-

edged final failures seen in the EF coupons.  In each AM-grade coupon, varying amounts 

of “island” grains are present in the gage length. In the AM-grade, as the gage length 

undergoes DAGG, some of these large grains from normal grain growth are not 

consumed by the abnormal grain growth.  Representative island grains are shown in 

Figure 5-31.   

It is notable that the surface deformations of the two grades of molybdenum are 

different.  PM-grade coupons exhibit somewhat parallel deformation bands in each 

abnormal grain of the gage length as the test progresses to the second peak in stress.  

AM-grade coupons exhibit cross-hatched surface deformations.  Based on the “halt” 

tests, both are due to deformation of the abnormal grains and are likely slip-related 

features.  The difference in cross-rolling, and corresponding texture, is likely related to 

the difference.  
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Halt A     Halt B  Halt C          Halt D 

Figure 5-30:  AM-T test coupons from halt tests at 1540°C at 1x10-4 s-1 true-strain rate:  
after testing (top) and after macro-etching (bottom).  Arrows indicate a few 
of the “island” grains.  Note:  the crack in the Halt C coupon resulted from 
handling at room temperature after the creep test. 

 ¾ inch
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Figure 5-31:  “Island” grains within the gage lengths of AM-T EF coupons:  tested at 
1x10-4 s-1 true-strain rate and 1440oC (top) and 1540oC (bottom). 
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5.3.  DISCUSSION 

Both grades of molybdenum exhibited dynamic abnormal grain growth, hereafter 

referred to as DAGG, during creep testing.  The AM-grade experienced DAGG at all test 

temperatures and usually had “island grains” that had undergone normal grain growth at 

temnperature, but were not consumed by the abnormal grain growth.  At 1340°C and 

1440°C, the PM-grade did not experience DAGG, but instead exhibited classic creep 

behavior with creep void formation and reasonable elongation before failure 

(approximately 0.2 true-strain).  These creep coupons exhibited smooth-surface 

deformation during creep testing.  At higher temperatures, DAGG occurred in the PM-

grade, resulting in one or several large grains in the gage length.  Both grades exhibited 

substantial gage length elongation after DAGG (0.4 to 0.5 true-strain), and surface 

deformation bands occurred during elongation following completion of DAGG along the 

gage length.  In tests at all temperatures, the PM-grade grain size did not substantially 

change following recrystallization, regardless of temperature or time at temperature.  

Normal grain growth was inhibited, and it is apparent that a combination of thermal 

activation and a critical strain are required to cause selected grain boundaries to 

overcome the inhibiting effect.  Once a grain boundary undergoes abnormal grain growth, 

it rapidly propagates through the strained region of the coupon (the gage length).   

 

5.3.1   Inhibition of Normal Grain Growth 

Normal grain growth is generally inhibited by four factors:  surfaces, solutes, 

particles, and texture [49].  Each of these factors is summarized below. 

Surfaces affect the grain growth by altering the balance of boundary forces due to 

the surface tension of the free surface.  Surface grains have less curvature (and less 

boundary area) than similarly size grains within the bulk of the specimen, so they tend to 



 
125

provide a smaller overall amount of interfacial energy acting as a driving force for  

growth.  Consequently, grain growth is limited.  In addition, thermal grooving occurs at 

surface grain boundaries during annealing and this often has a pinning effect on these 

grain boundaries.  The combined effects lead to reduced grain boundary migrations and 

become more significant as the grain size approaches the specimen thickness.  In this 

study, the initial sheet thickness was 0.030 inch (or 762 μm).  The average grain size of 

the PM-grade molybdenum was less than 20 μm, so it is clear that the grain growth 

inhibiting effect is unrelated to the sheet thickness. 

Solutes can inhibit grain growth as grain boundaries are often energetically 

favored sites for solute atoms.  The presence of solute atoms slows grain boundary 

migration through elastic stress field interactions between the solute atoms and the 

boundary [50] or through electronic (or chemical) interactions [49].  The larger the size 

difference between substitutional solute and solvent atoms, the greater the slowing effect.  

This is not, however, a viable mechanism for inhibition in commercial-purity 

molybdenum due to the lack of substitution solutes, but the interstitial oxygen 

concentration may have an effect.   

The inhibition of grain growth by dispersed second-phase particles has been well 

documented in the form of oxides, sulfides, nitrides, and carbides inhibiting normal grain 

growth in a wide variety of metals and alloys [49].   The magnitude of the interaction 

between particle and grain boundaries is a function of the size, shape, spacing, and 

volume fraction of the particles [46].  The consensus is that in specimens containing 

dispersed particles, normal grain growth occurs until a specific grain size is reached and 

the grain boundaries are pinned by the particles.  The inhibited final grain size is 

independent of the amount of prior deformation, but increases with increasing annealing 

temperature and with decreasing amounts of the dispersed phase.  The inhibited grain size 
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is smaller than that observed in particle-free specimens annealed under the same 

conditions.  The presence of pores has a similar grain boundary pinning effect, most 

notably documented for grain growth inhibition in tungsten wire for use in the lamp 

industry [51, 52].  If more than one type of dispersed particle is present, there may be 

more than one type of temperature dependence as each boundary-pinning obstacle has a 

different drag effect on grain boundary motion, depending on interfacial and 

crystallographic characteristics.  In general, it has been concluded that the inhibited final 

grain size increases as the particle size increases and/or as the particle volume fraction 

decreases [49].  In many instances of abnormal grain growth, particle pinning of grain 

boundaries has been observed and thermal activation initiates abnormal grain growth 

[46].   Temperature can impart sufficient driving force for selected grain boundaries to 

overcome the pinning effect and then these grain boundaries undergo rapid migration, 

consuming much of the remaining pinned grains.  This inhibition mechanism may be 

viable in explaining the inhibited grain size in the PM-grade molybdenum (possibly in 

the form of oxide particles), but with this inhibiting mechanism one would expect the 

inhibited grain size to increase with temperature and this was not observed. 

Texture has been found to have a significant inhibiting effect on grain growth in 

metals in which there is a pronounced preferred orientation texture [46].  The reduction in 

grain growth is related to a low driving force for the migration of grain boundaries with 

low misorientations or for motion in unfavorable planar directions.  These circumstances 

are statistically infrequent in metals having random grain orientations; however, metals 

having a pronounced preferred orientation may have a significant proportion of grain 

boundaries with low misorientations or with specific planar directions, and these may 

dominate the grain growth behavior, resulting in a low driving force for grain growth.   
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5.3.2   Abnormal Grain Growth 

Abnormal grain growth (AGG) is defined as the growth of a few grains to very 

large sizes and the elimination of the surrounding smaller grains [53].  This is a deviation 

from normal grain growth and is, as a consequence, non-uniformly distributed and often 

rapid.  Sometimes referred to as “secondary recrystallization” because the kinetics of 

abnormal grain growth have been reported as being similar to those of recrystallization 

[45], this term is a misnomer because abnormal grains are existing grains that have 

undergone additional growth, not “new” grains that have nucleated in a recrystallized 

microstructure.  Alternatively described as “grain coarsening,” “exaggerated grain 

growth,” and “discontinuous grain growth,” [49], during abnormal grain growth a few 

large grains consume surrounding fine grains.  In systems in which abnormal grain 

growth has been observed, the microstructural progression consists of recrystallization, 

normal grain growth, and then abnormal grain growth.  Several reviews of abnormal 

grain growth have been published during the past 40 years [45, 46, 49], and all describe 

abnormal growth that occurs at elevated temperatures after deformation at ambient or low 

temperatures, not during straining at elevated temperature.        

The term “dynamic recrystallization” has sometimes been used to describe  

abnormal grain growth, but this term has been clearly defined as recrystallization that 

takes place during deformation [54] and often occurs during metal hot working 

operations.  Dynamic recrystallization is described in terms of the deformation required 

to initiate a dislocation density sufficient to nucleate new grains during hot working, 

followed by normal grain growth [46].   Dynamic recrystallization has been documented 

in numerous metals and alloys [55], and essentially occurs during deformation of a 

microstructure undergoing a critical amount of strain and having sufficient initiation sites.  
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This phenomenon is quite different from abnormal grain growth in that “normal” grain 

growth occurs in the regions that have undergone dynamic recrystallization.  

Abnormal grain growth has been observed in numerous metals and alloys 

(aluminum, copper, nickel alloys, iron-silicon alloys) in which a single strong texture 

component is present in a fine-grained recrystallized microstructure subsequently 

subjected to high temperature annealing [46].  The abnormal grain growth has been 

attributed to preferential migration of higher energy boundaries.    

If normal grain growth is inhibited, abnormal growth of a small number of grains 

can occur, in which a breakaway from the pinning results in rapid grain boundary 

migration.  Theoretical models usually assume the pre-existence of a grain with some sort 

of “advantage” as a condition for the occurrence of abnormal grain growth [56].  This 

advantage can be a larger size or a higher grain boundary mobility, or in the case of thin 

films, a higher surface energy [57]. 

Rios [56] lists eight factors that influence abnormal grain growth from uniform 

grain size distributions: 

 
Critical grain radius – the smaller the critical radius for AGG, the smaller the 

force required to overcome pinning and have AGG occur.  
 
Grain size distribution width – narrower grain size distributions are more 

susceptible to AGG, although in the limiting 
case of all grains equal in size, no growth 
occurs  

 
Rate of decrease of a pinning force – as the pinning force slowly decreases, AGG 

is more likely; if the pinning force rapidly 
decreases, normal growth is more likely.  
This may be important if pinning particles 
are coarsening or dissolving. 

 
Mobility and grain boundary energy – highly mobile grain boundaries with high 

energy per unit area increase the 
susceptibility for AGG. 
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Susceptibility of the microstructure – fine-grained microstructures with very  fine, 

heterogeneous, slowly coarsening particles 
are likely candidates for AGG.  

 
Temperature – grain boundary mobility increases with temperature, and the 

pinning force decreases with temperature, so as temperature 
increases, AGG is more favorable. 

 
Ability of grains to grow abnormally – a probabilistic balance of large grains or 

adjacent small grains having the 
appropriate conditions to abnormally 
grow faster. 

 
Specimen size – large specimens are more likely to exhibit AGG due to the 

probability of having grains with the suitably favorable factors 
for AGG.  

The effect of strain was not addressed.  It has been found, however, that a critical 

amount of strain at low temperature is required to initiate abnormal grain growth at 

elevated temperatures [53], and this has been well-documented in “strain-annealing” 

studies (sometimes referred to as “strain-induced secondary recrystallization” [58]). 

During strain-annealing, metals have been subjected to a few percent or less strain at low 

temperatures (usually in compression) and then annealed at elevated temperatures [59], 

although studies with as much as 30% compression have been performed [59, 60]. The 

critical amount of strain inversely scales with the incubation time at temperature required 

for the onset of abnormal grain growth [58].   

Abnormal grain growth has been observed in a large number of alloys containing 

second-phase particles [49, 61], but recent studies have found abnormal grain growth to 

occur in pure metals, including Ag, Cd, Cu, Fe, Ni, Pb, Zn, and in alloys such as Rene 88 

(a nickel-based superalloy) [60, 62, 63].  The most thoroughly researched alloy has been 

silicon steels because abnormal grain growth of {110}<001> cube-oriented grains is 

responsible for enhanced magnetization in transformer steel sheet [64, 65]. 
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To date, there is little evidence regarding the conditions necessary to induce or 

prevent abnormal grain growth [46], although recent publications indicate that grain 

boundary faceting is related to AGG [62, 66, 67].  In high purity nickel [62], silver [66], 

and copper [67], grains with faceted boundaries were observed to have a different growth 

behavior than grains with defaceted “rough” boundaries.  It has been proposed that AGG 

occurs in pure metals due to grain boundary faceting [62], but it is unclear as to whether 

the faceting observed is a cause or an effect, and the authors indicate that additional 

research is needed to clarify the relationship.  Other researchers indicate that differences 

in grain boundary mobility or surface energy anisotropy are required for AGG to occur 

[68].  From microstructural observations of the smooth interface between abnormal 

grains in the creep coupon gage lengths and the adjacent, smaller grains, there does not 

appear to be the grain boundary faceting reported for pure FCC metals.  Consequently, 

the conditions necessary to induce abnormal grain growth in molybdenum remain 

unclear. 

In refractory metals, abnormal grain growth after strain-annealing has been 

observed in molybdenum (annealing following rolling [69]), and in tungsten (annealing 

following rolling [70]).  In these studies, abnormal grain growth occurred during 

annealing after deformation, not during the application of strain.  Abnormal grain growth 

has been observed in sintered tungsten ingots after elevated temperature compression 

testing [53, 71], but the abnormal grains were on the order of 40 to 180 μm in diameter 

while the average grain size in regions that did not undergo abnormal grain growth was 

approximately 10 μm.  The observation in this study of abnormal grain growth in 

molybdenum during deformation is apparently novel, as is the extremely large grain size 

obtained (mm to several cm in size and through the thickness of the material (>700 μm).   
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Chapter 6:  Crystallography 

Two diffraction methods were used in this study to determine the orientation of 

grains in polycrystalline molybdenum sheet and the orientation of abnormal grains grown 

during creep testing:  Back-reflection Laue X-ray diffraction (Laue) and Electron 

Backscatter Diffraction (EBSD).  

 

6.1 CRYSTALLOGRAPHIC TEXTURE 

6.1.1 Summary 

Crystallographic texture refers to the preferred orientation of grains in a 

polycrystalline material.  Isotropic polycrystalline metals tend to have random grain 

orientations, as shown in Figure 6-1.   

 

 

Figure 6-1:  A schematic representation of random crystal orientation in an isotropic, 
polycrystalline metal. 
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Anisotropic metals have some degree of texturing varying from slight (Figure 6-

2) to highly developed (Figure 6-3).   

 

 

Figure 6-2:  A schematic representation of slight texturing in an anisotropic 
polycrystalline metal. 

 

 

Figure 6-3:  A schematic representation of highly developed texturing in an anisotropic 
polycrystalline metal. 
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The nomenclature of sheet texture requires two crystallographic identifiers:  the 

plane normal to the sheet surface and the rolling direction.  Figure 6-4 illustrates an 

example using {100}<110> texture. 

 

 

Figure 6-4:  A schematic representation of {100}<110> texturing in rolled sheet. 

 

There are several common rolling textures, including the cube texture, Goss 

texture, and brass texture. These textures are illustrated in Figures 6-5 through 6-7. 
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Figure 6-5:  A schematic representation of {100}<001> cube texture. 

          

Figure 6-6:  A schematic representation of {011}<001> Goss texture. 

 

Figure 6-7:  A schematic representation of {110}<112> Brass texture. 
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6.1.2  Molybdenum Sheet Texture 

Rolled molybdenum sheet tends to have one of two types of texture: (1) a 

{001}<110> sheet texture commonly found in of BCC metals;  or (2) the <111> ||  ND      

γ–fiber texture in which {111}<110> or {111}<112> γ–fiber texture components may 

dominate [72, 73].  Cold-rolled molybdenum sheet has also been reported to have a sharp 

{001}<110> orientation with a weaker {111}<110> γ–fiber texture present [73].   

Two common types of fiber texture have been reported in BCC sheet [46]:  

(a) <110>|| RD α–fiber in which {001}<110> or {112}<110> or {111}<110>  

α –fiber texture components may dominate.  In this texture, the <110> 

fiber axis is parallel to the rolling direction and intensity maxima are 

{001}<110> or {112}<110> or {111}<110>.  

(b) <111>|| ND γ–fiber texture in which {111}<110> or {111}<112>  γ–fiber 

texture components may dominate. In this texture, the <111> fiber axis is 

parallel to the sheet normal and the major components in this texture have 

<110>, <112>, and <123> aligned with the rolling direction. 

Molybdenum texture is often characterized by three main components 

{100}<110>, {112}<110>, and {110}<112> for straight rolling and a dominant rotated 

cube component {100}<110> with a weak γ–fiber component for cross rolling [73].  

Cross rolling leads to an instability of the {112}<110> component but does not change 

the rotated cube component [74].  After recrystallization, {100}<110> texture was still 

observed but it decreased with annealing time while the γ–fiber component {111}<100> 

remained unchanged [74].  Alternatively, cold rolled molybdenum texture has been 

characterized by strong {100}<110> texture  with {110}<001> texture attributed to cross 

rolling [75].  Upon recrystallization, this texture was retained with added {112}<110> 

texture.   
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6.2  BACK-REFLECTION LAUE  X-RAY DIFFRACTION   

6.2.1  Method Summary 

The Laue X-ray diffraction method can be used to determine the orientation of 

large single crystals.  Detailed descriptions of the method are provided in [76, 77], but it 

is briefly summarized below.  In the back-reflection method, film is placed between the 

x-ray source and the crystal.  A continuous “white” spectrum of X-rays impacts a crystal 

and beams diffracted in a backward direction form arrays of spots that lie on curves on 

the film.  Each set of planes diffracts the particular wavelength from the white radiation 

that satisfies the Bragg law for the values of d and θ involved.  Consequently, each array 

of spots on the film corresponds to a different wavelength.  The spots lying on any one 

curve are reflections from planes belonging to one zone.  Laue reflections from planes of 

the same zone all lie on the surface of an imaginary cone whose axis is the zone axis.  

One side of the cone of Laue reflections is defined by the transmitted beam.  The film 

intersects the cone, with the diffraction spots from single crystals generally lying on a 

hyperbola (spots through the film centerline fall on a line).   An illustration of the method 

is shown in Figure 6-8. 
 

 

Figure 6-8:  An illustration of the back-reflection Laue method. 
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Crystal orientation is determined from the position of the spots.  Each spot of a 

back-reflection pattern can be indexed (i.e. attributed to a particular plane) using charts or 

software.  The Laue technique can also be used to assess crystal perfection from the size 

and shape of the spots.  The spots become distorted and smeared if deformation is 

present. 

6.2.2  Equipment Used 

In these experiments, a Rigaku Geigerflex diffractometer was used with white 

radiation from a molybdenum target at 45 kV and 20 mA, with a 3cm specimen to film 

distance.   Each pattern was obtained with the incident beam normal to the sheet surface 

and with the sheet rolling direction in the vertical orientation.   

6.2.3  Experimental Results 

Several coupons were subjected to back-reflection Laue X-ray diffraction:  as-

received PM-grade and AM-grade, recrystallized specimens of both grades, and selected 

creep coupons exhibiting individual grains or a small number of large grains in the gage 

length. 

6.2.3.1  Polycrystalline Molybdenum 

Representative Laue patterns from both grades of as-received molybdenum are 

shown in Figure 6-9.  These patterns consist of diffraction rings, as would be expected 

from fine-grained, polycrystalline material.   
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    PM-grade        AM-grade 

Figure 6-9:   Laue patterns from PM-grade and AM-grade molybdenum sheet in the as-
received condition.  RD indicates the rolling direction. 

Following recrystallization, the molybdenum sheets exhibited fewer, more distinct 

diffraction spots in the diffraction rings due to the increase in average grain size (fewer 

grains resulting in fewer spots) and the reduction of strain in the microstructures (less 

smearing of the spots), as shown in Figure 6-10.  The differences between the two grades 

are attributed to the difference in average grain size between the PM-grade 

(approximately 20 μm) and the AM-grade (approximately 60 μm). 

 

RD
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    PM-grade        AM-grade 

Figure 6-10:  Laue patterns from PM-grade and AM-grade molybdenum sheet following 
recrystallization for 3 hours at 1500°C.  RD indicates the rolling direction. 

6.2.3.2  Abnormal Grains in the EF Creep Coupons 

Representative Laue patterns from the gage lengths of EF creep coupons of both grades 

of molybdenum are shown in Figures 6-11 and 6-12.  These patterns consist of smeared, 

distorted spots, likely from the dislocation cells formed during creep deformation, and 

cannot be readily indexed.  The orientations of the PM-grade patterns and the smearing 

along hyperbola indicate that the gage lengths contain few crystallographic orientations, 

corresponding to the metallographic observations that one or several large grains are 

present.  There is faint smearing along hyperbola in the AM-grade patterns, and the 

remaining ambiguity is likely due to the presence of “island grains” observed in 

metallographic sections.  

RD
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    PM-grade        AM-grade 

Figure 6-11:  Laue patterns from PM-grade and AM-grade molybdenum EF coupons 
tested at 1500°C and a strain rate of 1x10-4 s-1 (total true strain at failure 
was 0.5 and 0.42, respectively).  RD indicates the rolling direction. 

RD
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    PM-grade        AM-grade 

Figure 6-12:  Laue patterns from PM-grade and AM-grade molybdenum EF coupons 
tested at 1600°C and a strain rate of 1x10-4 s-1 (total true strain at failure 
was 0.44 and 0.38, respectively).  RD indicates the rolling direction. 

 
 
 
 
 
 
 
 

RD
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6.3  ELECTRON BACKSCATTER DIFFRACTION (EBSD)   

6.3.1  Method Summary 

EBSD is a technique used to determine the orientation of crystals (grains) and to 

measure the texture of polycrystalline materials.  Described in detail in [78-81], this 

technique has been used increasingly since 1991 when fully-automated orientation 

mapping was developed [82].  Essentially, the electron beam in a scanning electron 

microscope (SEM) impinges a specimen at a high angle (70°), generating diffracted 

secondary electrons that escape the specimen surface and impinge a detector.  The EBSD 

patterns consist of Kikuchi bands that are analyzed using automated software to 

determine the crystallographic orientation.  A schematic illustration of the technique is 

shown in Figure 6-13. 
 

 

Figure 6-13:  EBSD image formation (image from TSL OIM™ version 4.5 manual). 
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6.3.2  Equipment Used 

In this study, a JEOL JSM-840A tungsten-filament SEM was used (with a 70° 

tilted stage), equipped with an EBSD system supplied by TSL, consisting of a 

VE1000SIT CCD camera (the image collection system) and TSL OIM™ version 3.5 

EBSD signal processing software.  This system was used to collect EBSD maps of the 

texture of the as-received, recrystallized, and creep deformed sheet, to determine pole 

figures and inverse pole figures from the EBSD maps, and to determine the orientation of 

the abnormal grains in the gage lengths of selected creep coupons.    

 

6.3.3  Experimental Results 

6.3.3.1  As-Received Microstructures  

EBSD orientation images, discrete pole figures, and inverse pole figures from the 

PM-grade and AM-grade as-received molybdenum sheet are shown in Figures 6-14 

through and 6-17.  From these figures, it is apparent that the PM-grade has primarily 

{001}<110> texture.  The AM-grade appears to exhibit primarily rotated cube 

{001}<100> and/or α–fiber {001}<110> components.  Rotation from the RD may be a 

result of cross-rolling.   

6.3.3.2  Recrystallized  Microstructures  

EBSD analysis results from the PM-grade and AM-grade molybdenum sheet after 

recrystallization are shown in Figures 6-18 and 6-23 (both fine-grained and coarse-

grained AM-grade microstructures are shown).  From the figures, it is apparent that the 

recrystallized PM-grade has primarily {001}<110> and {111}<110> texture components.  

The recrystallized AM-grade appears to exhibit rotated cube {001}<100> and and/or α–

fiber {001}<110> components, similar to the as-received texture 
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Figure 6-14:  An as-received PM-Mo EBSD [001] IPF map with the corresponding [001] 

discrete pole figure (left) and [001] inverse pole figure (right). 
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Figure 6-15:  As-received PM-Mo EBSD discrete pole figures (left) and inverse pole 
figures (right). 



 
146

         
 

       
 
Figure 6-16:   An as-received AM-Mo EBSD [001] IPF map with the corresponding 

[001] discrete pole figure (left) and [001] inverse pole figure (right).   
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Figure 6-17:  As-received AM-Mo EBSD discrete pole figures (left) and inverse pole 
figures (right). 
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Figure 6-18:  A recrystallized PM-Mo (3 hours at 1540oC) EBSD [001] IPF map with the 

corresponding [001] discrete pole figure (left) and [001] inverse pole figure 
(right). 
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Figure 6-19:  Recrystallized PM-Mo (3 hours at 1540oC) EBSD discrete pole figures 
(left) and inverse pole figures (right). 
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Figure 6-20:  A recrystallized AM-Mo (3 hours at 1440oC) EBSD [001] IPF map with the 

corresponding [001] discrete pole figure (left) and [001] inverse pole figure 
(right). 
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Figure 6-21:  Recrystallized AM-Mo (3 hours at 1440oC) EBSD discrete pole figures 
(left) and inverse pole figures (right). 
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Figure 6-22:  A recrystallized AM-Mo (3 hours at 1540oC) EBSD [001] IPF map with the 

corresponding [001] discrete pole figure (left) and [001] inverse pole figure 
(right). 
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Figure 6-23:  Recrystallized AM-Mo (3 hours at 1540oC) EBSD discrete pole figures 
(left) and inverse pole figures (right). 
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6.3.3.3  Abnormal Grain Orientations  

EBSD results from both orientations of PM-grade EF and one AM-grade EF 

coupons are shown in Figures 6-24 through 6-29, with EDSB patterns from the individual 

gage length grains.  From these patterns, it is apparent that the large grain or grains seen 

in the metallographic examination of coupon gage length are, in fact, single grains, 

although the grain orientation with respect to the gage length axis is not the same from 

coupon to coupon.   
 
 

6.3.4 Discussion 

From the texture of the specimens examined, there does not appear to be an effect 

of texture on dynamic abnormal grain growth.  Several researches indicate that AGG is 

unrelated to texture because AGG has been observed in pure metals and single-phase 

alloys without any texture [59, 62, 67].  From the EBSD results, the orientation 

relationship between the dynamic abnormal grains and the recrystallized texture from 

which they grew does not appear to be a significant factor in DAGG.  
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Figure 6-24:  An EBSD map of the interface between recrystallized PM-L Mo (1640oC 
EF coupon tested at 1x10-4 s-1) and the single grain gage length with a 
corresponding EBSD pattern from the gage length grain (left) and the 
indexed pattern (right). 
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Figure 6-25:  Pole figure map and cube orientation from the single grain gage length in 
the previous figure (PM-L Mo 1640oC EF coupon tested at 1x10-4 s-1).  
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Figure 6-26:  An EBSD map of the interface between recrystallized PM-T Mo (1540oC 
EF coupon tested at 1x10-4 s-1) and the single grain gage length with a 
corresponding EBSD pattern from the gage length grain (left) and the 
indexed pattern (right). 
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Figure 6-27:   Pole figure map and cube orientation from the single grain gage length in 
the previous figure (PM-T Mo 1540oC EF coupon tested at 1x10-4 s-1). 
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Figure 6-28:  An EBSD map of the interface between recrystallized AM-T Mo (1440oC 
EF coupon tested at 1x10-4 s-1) and the single grain gage length with a 
corresponding EBSD pattern from the gage length grain (left) and the 
indexed pattern (right). 
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Figure 6-29:   Pole figure map and cube orientation from the single grain gage length in 
the previous figure (AM-T Mo 1440oC EF coupon tested at 1x10-4 s-1). 
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Chapter 7:  The Effects of Composition 

To determine if compositional effects may be related to abnormal grain growth, 

both grades of molybdenum sheet were analysed using the Leco method to measure C, N, 

and O content of as-received sheet and after heat treatment at 1540°C for 8.4 hours 

(sections of the gage length from SRC tests were analyzed).  These elements are those 

likely to change as a result of heat treatment, despite the 10-6 torr vacuum during testing.  

The analysis results are listed in Table 7A. 

 

Table 7A:  Comparison of Interstitial Elements Before and After Creep Testing (wt%) 

PM-Grade AM-Grade 
 

Element 

 
As 

Received 

After  
8.4 hrs. 

at 1540°C 

 
As 

Received 

After  
8.4 hrs. 

at 1540°C 

C 0.004 0.017 0.010 0.014 

N2 0.001 0.001 0.001 0.002 

O2 0.0020 0.0055 0.0015 0.0135 

 

The increase in oxygen content during testing is likely the result of the partial 

pressure of oxygen in the creep testing furnace.  Although the turbopumped vacuum was 

in the 10-6 torr range, the system vacuum is a balance between pumping capacity and leak 

rate, so an influx of air into the system is balanced by the pump at the measured vacuum.  

The solubility of oxygen in molybdenum is approximately 10 ppm at 1540°C and less 

than 1 ppm at 25°C [83].  Because the solubility of oxygen is low, the increase in oxygen 

content of the molybdenum during creep testing to values in the range of 55 ppm in PM-
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grade and 135 ppm in AM-grade indicates that the formation of molybdenum oxide 

particles within the molybdenum sheet during testing likely occurred.  While the presence 

of oxide particles at the grain boundaries could be considered a viable explanation for the 

observed inhibited grain size in PM-grade molybdenum, it does not explain why AM-

grade had higher oxygen content and yet underwent normal grain growth.  From the 

limited compositional data (one analysis of each grade of molybdenum), the interstitial 

compositions measured are insufficient to explain the differences in grain growth 

behaviors of the two grades or shed much light on whether oxygen content is a major 

factor in DAGG.  

In studies of abnormal grain growth (AGG) in silver, it was determined that 

increased oxygen content enhances AGG [66].  Oxygen has been linked to grain 

boundary faceting in Cu, Ni, and Mo (references in [66]) and this may be linked to 

DAGG, but the mechanism of the interaction, and whether it is due to the presence of 

oxide particles at the grain boundaries, was not determined.   
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Chapter 8:  Bend Ductility Tests 

To provide a basis for measuring the room temperature ductility of the large 

grains grown during creep testing, bend testing was performed on selected creep test 

coupons using a semi-guided bend test fixture. 

 

8.1  BEND TESTING DESCRIPTION 

The gage lengths of selected creep coupons were ground to 600-grit finish (to 

eliminate irregular surface features from creep testing) and then bent using a semi-guided 

wrap bend test fixture.  The fixture used was a standard bend fixture design developed by 

Alcan International (Kingston Research and Development Centre in Ontario, Canada) for 

use in evaluating aluminum sheet for the automobile industry.  The fixture meets the 

requirements of ASTM E 290 “Standard Test Methods for Bend Testing of Material for 

Ductility,” Arrangement B [84].   

The bend fixture, shown in Figure 8-1, was used with mandrels of 0.125 inch 

radius and 0.063 inch radius.  During the semi-guided bend test, one end of the test sheet 

is clamped and the coupon is bent around the mandrel by a rotating roller, which provides 

a constraining force on the inside of the bend throughout the test.     

 

8.2  BEND TESTING RESULTS 

Table 8A lists the coupons bent and the results of each bend test.  Photographs of 

the coupons tested are shown in Figure 8-2 and 8-3.  The recrystallized PM-grade coupon 

fractured immediately, while PM-grade coupons that underwent DAGG bent through 150 

degrees, the limit of the bend fixture.  All AM-grade coupons fractured immediately upon 
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bending, likely due to the presence of “island” grains in the DAGG gage length.  The 

PM-grade coupons that underwent DAGG did not bend along the bend axis, despite the 

constraint of the fixture geometry (Figure 8-4).  A comparative photograph of a bent PM-

grade coupon and a bent sheet of (isotropic) stainless steel is shown in Figure 8-5.  The 

stainless steel sheet bent around the mandrel in line with the bend axis.  The deviation by 

the PM-grade coupon is attributed to the anisotropic crystal plasticity of the large grain in 

the gage length. 

 

 

Figure 8-1:  Bend test fixture. 
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Table 8:  Bend Testing Coupons and Test Results 

PM-Grade AM-Grade 
Coupon Type Bend Test 

Results Coupon Type Bend Test 
Results 

1440°C SRC B 
gage length Nil ductility - 

 
- 
 

1540°C 3-inch 
gage length tested 

at 1x10-4 s-1 

Bent around 
0.125” and 
0.063” radii 

 
- 
 

- 

1540°C SRC B 
gage length 

Bent around 
0.063” radius 

1540°C SRC B 
gage length  Nil ductility 

1640°C SRC B 
gage length 

Bent around 
0.063” radius 

1640°C SRC B 
gage length  

 
Nil ductility 

 

 

 

 

Figure 8-2.  Bend test coupons. 
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Figure 8-3:  PM-L bend test coupons bent over 0.125-inch and 0.063-inch radii mandrels. 

 

Figure 8-4:  PM-L coupon (arrowed) bent around a 0.063-inch radius mandrel. 

Inch scale 
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Figure 8-5:  Comparative PM-L and stainless steel bend test coupons. 

8.3  DISCUSSION 

The lack of ductility in room temperature recrystallized molybdenum and other 

refractory metals, referred to as “recrystallization embrittlement” has been known for 

many decades [85].  After recrystallization, the ductility of polycrystalline molybdenum 

becomes nil and fracture is intergranular.  This has been attributed to two causes:  (1) 

embrittlement of the grain boundaries due to interstitial element impurities [85, 86]; and 

(2) preferred intergranular fracture due to structural features of the grain boundaries [87].  

Huang and Hwang have recently reported [88] that reduction in oxygen content of PM-

grade molybdenum during vacuum sintering reduced the number and size of grain 

boundary molybdenum oxide (MoO2) particles, resulting in a dramatic increase in bend 

test ductility and a transition to transgranular fracture.  From these results, it appears that 

oxygen content may be the dominant factor in the embrittlement.  

PM-L 
1540°C 

 Stainless
  Steel 

Inch scale 
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Room temperature ductility in metals is described by Taylor’s rule [89] as 

requiring five independent slip systems for polycrystalline metals to be ductile. Taylor 

showed that a minimum of five independent slip systems are required for a crystalline 

solid to plastically deform without a change in volume by slip, a condition necessary in a 

polycrystal in order that each grain remains coherent with its neighbors.   Single crystals, 

however, don’t have the constraint of surrounding grains, and ductility can be achieved 

with fewer active slip systems.  Primary slip in BCC metals, such as molybdenum, occurs 

on the {111}<110> slip system.  At elevated temperatures, {112}<111> and {123}<111> 

slip systems become active.  The room temperature ductility of single crystals of 

molybdenum can be attributed to two causes:  (1) lack of grain boundaries and the 

associated embrittlement related to them; and (2) lack of constraint by surrounding 

grains.  Regardless of the mechanism(s), it is apparent from this testing that PM-grade 

molybdenum single crystals grown via DAGG have extensive room temperature 

ductility.  If the “island” grains could be eliminated from the AM-grade large grains 

produced by this process, it is expected that similar ductility would be achieved.   
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Chapter 9:  Discussion 

9.1  SYNOPSIS OF WORK 

The purpose of this investigation was to characterize the tensile creep behavior of 

commercial-purity molybdenum at temperatures between 1300°C and 1700°C and at 

slow to moderate steady-state true-strain rates (10-6 to 10-4 s-1).  The methodology of the 

testing used in this study allowed a determination of the constitutive relations between 

steady-state true-stress and true-strain.  Within this range of temperatures and strain rates, 

commercial-purity powder-metallurgy grade molybdenum follows classic pure metal 

creep behavior:  five-power-law creep with the onset of power-law breakdown at 
213 m 10 −≅

sdD
ε& .  The activation energy for creep, however, was determined to be 240 

kJ/mol ± 6 kJ/mol, well below the 405 kJ/mol of self-diffusion and substantially less than 

the values reported by other researchers (257 to 480 kJ/mol).  This calculated activation 

energy is independent of stress and applies to all temperatures and strain rates in this 

study.  The activation energy is likely the result of a combination of lattice diffusion and 

faster diffusion paths such as grain boundary diffusion or dislocation pipe diffusion.    

During creep testing, dynamic abnormal grain growth occurred in both powder-

metallurgy and arc-melted grade molybdenum.  The onset of this phenomenon occurred 

at lower temperatures in the arc-melted grade and at less accumulated strain than the 

powder-metallurgy grade (when tested at the same temperatures).  As a result, sufficient 

steady-state creep data could not be obtained from arc-melted molybdenum to thoroughly 

characterize the steady-state creep behavior.  The limited data obtained, however, 

indicate that the creep behavior of polycrystalline arc-melted molybdenum is similar to 

that of powder-metallurgy molybdenum, likely with a similar activation energy for creep. 
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The dynamic abnormal grain growth (DAGG) that occurred during creep testing 

was limited to the gage lengths of tensile creep coupons and could not be induced by the 

application of temperature alone within the temperature range of this study (1340 to 

1640°C).  This phenomenon could not be specifically attributed to particle-pinning, 

texture effects, or compositional variations, but based on the experimental evidence, 

texture does not appear to be a significant factor.  The increase in oxygen content of the 

molybdenum during creep testing indicates the possibility of grain boundary pinning by 

oxygen or by molybdenum oxide particles.  Both grades of molybdenum exhibited strong 

as-received texture, although the textures were different.  Recrystallization resulted in 

textures that were different from the as-received textures, but both grades underwent 

DAGG, despite the differences.  It is noteworthy that DAGG occurred in both 

longitudinal and transverse (to the rolling direction) PM-grade creep coupons.  This 

indicates that either a preferred texture is not required for DAGG to occur or that the 

driving force for DAGG is sufficiently large that one particular texture is not uniquely 

favorable for DAGG to occur.   

From the creep testing results, it is apparent that a critical amount of deformation 

is required for DAGG to occur.  Straining at temperature generates dislocations and these 

dislocations allow faster diffusion to occur.  The low activation energy for creep indicates 

that pipe diffusion may be a significant factor in creep deformation.  Generating 

dislocations by straining may add sufficient driving force for DAGG to initiate and an 

increase in dislocation pipe diffusion may allow DAGG to propagate.   

It is noteworthy that there are several differences between dynamic abnormal 

grain growth behavior in the PM-grade and AM-grade molybdenum tested in this study:
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PM-Grade AM-Grade 
 
Required more strain to initiate DAGG. 
 
Developed parallel deformation bands 
during continued straining after DAGG 
ceased. 
 
Single grains tended to develop in the gage 
lengths during DAGG, although  
some coupons exhibited several grains. 
 
 
 
 
Exhibited room-temperature ductility 
following DAGG. 

 
Required less strain to initate DAGG. 
 
Developed cross-hatched deformation 
bands during continued straining after 
DAGG ceased. 
 
Several grains tended to develop in the 
gage lengths during DAGG, and most 
coupons exhibited “island” grains (from 
normal grain growth) that were not 
consumed by abnormal grains during 
DAGG. 
 
Did not exhibit room-temperature ductility 
following DAGG. 

 

These comparisons illustrate the substantial differences between the two grades of 

molybdenum and indicate that further study is needed to determine if these differences 

are related to crystallographic texture resulting from rolling of the sheet, to the amounts 

of interstitial elements in the rolled product (or picked up during the elevated temperature 

testing), or simply to the fact that the PM-grade had a small, inhibited grain size at all 

temperatures in this study, causing DAGG to progress more completely. 

 

9.2  ORIGINAL CONTRIBUTIONS 

As a result of this study, the following are new contributions to the understanding 

of creep deformation of unalloyed molybdenum: 

1. Tensile creep data characterizing the steady-state flow stress of unalloyed 

molybdenum under conditions of true-stress and true-strain were obtained 
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over a wide range of temperatures and true-strain rates.  True-stress (σt) 

versus true-strain (εt) data have not been commonly reported in the refractory 

metals creep literature.  It is often difficult to determine the mechanism(s) of 

creep using traditional stress-rupture data because the reported engineering 

stress, temperature, and time-to-failure are insufficient to determine 

constitutive relations between stress and strain.  In addition, stress-rupture test 

results often do not lend themselves to distinguishing between the various 

stages of creep (primary, seconday, tertiary) in which different creep 

mechanisms may be active.  Consequently, the creep testing result reported in 

this study are of value because the steady-state σt versus εt data can be used to 

accurately predict the creep behavior during steady-state creep within this 

temperature range and stress range (or strain-rate range).   

2.  Based on the creep data obtained, the activation energy for creep, Qc, was 

determined to be 240 kJ/mol.  This value can be used to predict the steady-

state creep behavior of molybdenum within the temperature range reported.  

3.   Dynamic abnormal grain growth during creep testing of molybdenum has not 

previously been reported.  This is a new area of research in abnormal grain 

growth and may have practical applications if it can be used to reliably 

produce single crystals.  

The results from this study indicate that the dynamic abnormal grain growth 

resulting from creep deformation is a repeatable phenomenon that occurs in both PM-

grade and AM-grade molybdenum.  Although the cause(s) of DAGG in molybdenum 

have not been uniquely determined, the process has considerable variability in terms of 

temperature and strain rate, and may be adapted to the production of single crystals.  The 
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production of large single crystals of molybdenum, and conceivably other refractory 

metals, by this process may prove to be industrially useful.    

Using DAGG to manufacture single crystals of molybdenum (and other refractory 

metals) has the advantages of simplicity and rapid production of bulk single crystals, as 

well as lower temperatures of production, compared to existing bulk single crystal 

production processes.  Current technologies for producing single crystals of refractory 

metals include the production of thin films by deposition techniques for semiconductor 

applications (e.g., thin film layers on silicon wafers); these deposition techniques cannot 

produce bulk forms for structural uses and/or engineering applications.  Other 

technologies can produce bulk forms of single crystal refractory metals, but these require 

either (1) slow, complicated processes (for example, those in which crystals are grown 

from liquid metal or by vapor deposition) or (2) the addition of oxide forming elements to 

the refractory metals followed by exposure to temperatures above 1800°C.   

Existing technologies currently used to produce single-crystal refractory metals 

include the following: 
 

(a) Thin-film single crystals are slowly grown through deposition processes, 
typically for use in the semiconductor industry. 

 
(b) Bulk single crystals are slowly grown from molten metal (such as using the 

Czochralski (CZ) method or Bridgman method, or a variation of these 
methods). 

 
(c) Bulk single crystals are slowly produced by zone melting (also known as the 

float-zone (FZ) method), a conventional method of single-crystal production 
using a moving heating zone along polycrystalline metal to create localized 
melting and subsequent solidification into single crystal behind the moving 
molten zone. 

 
(d) Bulk single crystals are produced by zone annealing, in which a heated zone is 

passed along the length of a long product form to locally produce 
recrystallization, grain growth, and boundary migration of a single grain.  
Examples are the methods of Andrade [90] and of Chen, Madden, and Pond 
[91], and more recently of Ohba [92]. 
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(e) Bulk single crystals are produced by alloying the refractory metal with oxide-
forming elements or particles and then strain-annealing, a sequential process 
of mechanical deformation followed by annealing at temperatures in the range 
of 1800°C to 2400°C.  This process is often referred to as secondary 
recrystallization (SRx), but is abnormal grain growth via the strain-annealing 
process. 

 

Between 1984 and 1999, several publications relating to growth of single crystals 

of molybdenum were published [69, 93-97].  The earliest publications [69, 93] describe a 

process in which intentional additions of minor amounts CaO and MgO to the 

molybdenum powder (0.002 to 0.020 wt% Ca+Mg in the chemical analysis of the rolled 

molybdenum sheet) prior to sintering to inhibit grain growth.  Subsequent mechanical 

deformation (warm rolling) at 1000°C, followed by annealing for 1 hour at 2300°C, 

resulted in abnormal grain growth.  Below 2300°C, normal grain growth occurred in 

these studies.  The authors’ U.S. patent relating to this process [94], however, has 

differing claims:  adding 0.003 to 0.12 at% of calcium and/or magnesium is required, 

followed by working a plate, rod, wire, square bar, or pipe at 900 to 1500°C (or working 

at 1000 to 1200°C followed by working at 300 to 600°C), then annealing in a non-

oxidizing atmosphere for ½ to 2 hours at a temperature of at least 1800°C (or 1900°C to 

2400°C for the alternative processing).  The authors’ related Japan patent [98] describes 

slightly different processing:  the same composition as the U.S. patent, hot or warm 

working, and then annealing at 2000 to 2300°C.  Despite these differences, it is the 

addition of oxide particles that is attributed to the inhibition of normal grain growth 

through the pinning of grain boundaries [96].  For abnormal grain growth to occur, it is 

required that some lower temperature deformation be performed, followed by high-

temperature annealing.  A subsequent U.S. patent [97] advances this method to the 

growth of oriented single crystals through the use of additional localized heating of one 
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of several abnormally large grains produced using this strain-annealing method to cause it 

to consume other grains produced during abnormal grain growth.  

 Several Japan patents related to this method (strain-annealing molybdenum to 

produce single crystals) describe variations in processing such as the amount and 

composition of the oxide particles, the working temperature, and the annealing 

temperature [99-102].  Several other Japan patents illustrate that the process has been 

modified to manufacture tungsten single crystals, through changing the same parameters 

[103-106].  All of these methods require high temperature annealing of refractory metal 

microstructures containing oxide particles, following some form of lower temperature 

deformation. 

DAGG, on the other hand, occurs without additions of oxide particles and is the 

result of mechanical straining at elevated temperatures providing the impetus for rapid 

grain boundary migration.  In this study, the process produced large single crystals by 

straining commercially-available, polycrystalline molybdenum in the temperature range 

of 1340°C to 1640°C (AM-grade across this range and PM-grade at 1540 and 1640°C), 

lower temperatures than those reported for annealing in the sequential strain-annealing 

method.  Using the DAGG method, large single crystals of refractory metals could be 

produced in a timely manner using conventional equipment.  In this study, mechanical 

testing equipment with a high-temperature vacuum furnace was used, but this process can 

be adapted to commercially available high-temperature metal forming equipment or high-

temperature straining fixtures.  In principle, various straining geometries (biaxial, plane 

strain, multiaxial, etc.) could be used, but in this study the process has been demonstrated 

using simple uniaxial tensile straining.  Mechanical straining drives grain boundary 

migration at rates much in excess of those possible by elevated temperature alone, such 

as is used in the strain-annealing method.  After propagating the selected grain across the 
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thickness and width of the material, it should be possible to then propagate its boundary 

down the length of the material in a continuous manner, producing very long single-

crystal parts, such as continuous production of numerous forms (sheet, strip, rod, wire, 

etc.). 

The DAGG process may be capable of producing large single crystals of 

refractory metals that can subsequently be used for components and/or assemblies in 

high-temperature applications (such as turbine blades, rocket nozzles, reactor shields, 

lamps, and heating elements) which require high strength and low rates of permanent 

deformation (i.e., creep resistance) at the temperature(s) of use.  Single crystals produced 

by this process can also be used in low-temperature applications requiring ductility, 

applications which are currently limited by the brittleness of polycrystalline refractory 

metals.  The single crystals produced by this process would be resistant to embrittlement 

from temperature cycling, which is often associated with recrystallization and grain-

boundary embrittlement in many polycrystalline refractory metals, and have enhanced 

resistance to aggressive environments, such as those which lead to grain-boundary 

corrosion in polycrystalline refractory metals. 

Single crystals of molybdenum and molybdenum alloys have been proposed for 

use in high creep strength applications in space nuclear power and propulsion systems 

due to their low diffusion penetrability, corrosion resistance (i.e., the lack of intergranular 

corrosion), and room temperature ductility (ease of machining), and superior creep 

strength compared to polycrystalline high temperature alloys [107].  There are needs for 

single crystal refractory metals in other industries, such as the incandescent lamp and 

heating element industries, and DAGG may allow manufacturing of single crystals to be 

economically viable. 
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9.3  RECOMMENDATIONS FOR FUTURE WORK 

Many unresolved issues remain in understanding the dynamic abnormal grain 

growth (DAGG) of molybdenum.  Among them are the following: 

1.  The effect of composition, specifically the oxygen concentration, has not been 

evaluated.  It would be clarifying to conduct creep tests in a reducing 

atmosphere to determine if DAGG occurs without oxygen pickup during 

testing. 

2.  The effects of crystallographic texture on DAGG are unclear.  Testing of 

untextured molybdenum or another product form (such as wire) that has 

different crystallographic texture would be useful to determine the textural 

dependency of this phenomenon. 

3.   Annealing of single crystals grown using this method may reduce the internal 

dislocation density and allow Laue diffraction to be used to determine the 

orientation of the crystals. 

4. The presence of grain boundary pinning particles has not been determined. 

Transmission electron microscopy (TEM) studies may be useful in 

determining the presence, size, and composition of grain boundary particles.  
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Chapter 10:  Conclusion 

In this experimental investigation, the uniaxial tensile creep behavior of 

commercial-purity molybdenum was characterized using short-term creep tests at slow to 

moderate true-strain rates of 10-6 to 10-4 s-1 and temperatures between 1300oC and 

1700oC.  The creep data obtained at four temperatures (1340°C, 1440°C, 1540°C, 

1640°C) were used to determine the constitutive relations between stress and strain, 

providing values for the stress exponents for steady-state creep and for the activation 

energy for creep (240 kJ/mol).  The creep behavior of the two grades of molybdenum 

tested, powder-metallurgy (PM-grade) and arc-melted (AM-grade), were similar, but 

could not be compared across the entire range of test temperatures due to microstructural 

changes that occurred during creep testing. 

Dynamic abnormal grain growth (DAGG) was observed in PM-grade 

molybdenum above 1500oC and in AM-grade molybdenum at all temperatures tested.  

Significant microstructural differences between the two grades were observed: 

(1)  prior to DAGG, normal grain growth was inhibited in PM-grade, which 

retained a grain size of approximately 18 µm regardless of temperature or length of time 

at temperature, while AM-grade underwent normal grain growth; 

(2)  during DAGG, PM-grade formed one or several large grains in the gage 

lengths of creep coupons, while AM-grade was similar except that several to numerous 

“island” grains that were not consumed by the DAGG process (having undergone normal 

grain growth to a size of several hundred microns) remained; 

(3) there did not appear to be an orientation relationship between the 

recrystallized microstructures of the two grades of molybdenum and the grains formed by 

DAGG – the grades had different crystallographic textures, yet both underwent DAGG; 
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(4)  DAGG occurred in AM-grade at comparatively lower strain at temperature 

than the PM-grade. 

The results from this investigation are significant for several reasons.  Thorough 

documentation of the creep behavior of commercial-purity molybdenum in this 

temperature range and strain-rate range (and corresponding steady-state stress range) has 

provided information that can be used for creep behavior predictions.  More significantly, 

the DAGG phenomenon has not previously been reported in molybdenum or other 

refractory metals.  This microstructural change during creep deformation has practical 

importance in that this grain growth method can be further developed to produce large 

single crystals of refractory metals.  Single crystals of refractory metals have unique 

properties that would be useful in several industries, the DAGG method of growing 

single crystals may be an economically viable method to produce them. 
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Vita 

When I was young I could remember anything, whether it happened or not; but my 
faculties are decaying now and soon I shall be so I cannot remember any but the things 
that never happened.  It is sad to go to pieces like this but we all have to do it. 
 

-   Mark Twain in The Autobiography of Mark Twain [108] 
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