
[image: image17.jpg]WILEY-VCH





DOI: 10.1002/ ((please add manuscript number)) 
Article type: Full Paper
A Lifetime of Research in Creep, Superplasticity and Ultrafine-Grained Materials
Terence G. Langdon*
Prof. Terence G. Langdon, Materials Research Group, Department of Mechanical Engineering, University of Southampton, Southampton SO17 1BJ, UK

langdon@soton.ac.uk
Prof. Terence G. Langdon, Departments of Aerospace & Mechanical Engineering and Materials Science, University of Southern California, Los Angeles, CA 90089-1453, USA

langdon@usc.edu
Keywords: creep, flow mechanisms, grain boundary sliding, superplasticity, ultrafine-grained materials
Abstract:  A long-term career at the University of Southern California, followed by an appointment at the University of Southampton, provided an opportunity to conduct extensive research into the flow behavior of polycrystalline metals. Initially, research was conducted on creep properties at elevated temperatures and it was shown that solid solution metallic alloys exhibit transitions in creep behavior with dislocation climb and viscous glide as the dominant rate-controlling mechanisms.  There are transitions between climb and glide with increasing stress and also a breakaway from the glide process at high stresses.  These transitions were predicted theoretically and the results are in excellent agreement with experimental data for a wide range of alloys.  Attention was directed to the process of superplasticity and it was shown that flow occurs by grain boundary sliding with accommodation by a limited amount of intragranular slip.  Separate rate equations were developed for sliding in coarse-grained materials and in superplastic materials where the grain sizes are generally <10 (m so that flow occurs without the development of any subgrains.  Finally, attention was directed to the properties of ultrafine-grained materials having submicrometer or nanometer grain sizes produced through the application of severe plastic deformation.  
1. Preamble


It is a pleasure to acknowledge and thank Megumi Kawasaki, Roberto Figueiredo and Alexander Zhilyaev for initially proposing and then efficiently organizing this collection of papers for publication in a special issue of Advanced Engineering Materials as a mark of my eightieth birthday.  I am grateful also to Sandra Kalveram, Editor-in-Chief of this journal, for suggesting that the papers appear in the first issue of 2020 as Open Access. 


My introduction to research in high temperature creep occurred in 1962 when, having obtained a degree in physics at the University of Bristol, I joined Imperial College, University of London, to undertake a Ph.D. degree in the Department of Metallurgy (later renamed Materials).  Working on a scholarship sponsored by the U.K. Atomic Energy Authority, my task was to investigate the flow behavior of magnox AL80 (Mg-0.78 wt. % Al), the alloy used as a fuel cladding material in British nuclear reactors.  This introduced me to creep mechanisms and then, following short-term postdoctoral appointments at the University of California in Berkeley, the University of Cambridge and the University of British Columbia, in 1971 I joined the faculty of the University of Southern California (USC) in Los Angeles.  This gave me the opportunity to develop my own research team and over the next forty years I was fortunate to have many excellent PhD students and financial support from various finding agencies including the National Science Foundation, the U.S. Department of Energy and the U.S. Army Research Office.  In 2012 I retired from USC as Professor of Engineering Emeritus and accepted an appointment as Professor of Materials Science at the University of Southampton in the U.K. with support from an Advanced Grant from the European Research Council (Grant Agreement No. 267464-SPDMETALS).  The objective of this paper is to present a brief description of some of the research highlights occurring over a period of more than fifty years in the areas of creep, superplasticity and ultrafine-grained materials.         
2.  Principles of creep at elevated temperatures

The process of creep refers to the plastic flow that occurs when a material is subjected to a constant stress or a constant load over a long period of time and where the applied stress is lower than the stress required for fracture of the material.  Gradually, the material deforms by creep and acquires a non-recoverable plastic strain until finally there is fracture.  Figure 1 shows a typical creep curve where the strain, (, is plotted against the time, t.  Thus, there is an instantaneous strain, (o, and this is followed by a primary stage I where the creep rate gradually decreases with time, a secondary or steady-state region II where the creep rate remains reasonably constant over an extended period of time and finally a tertiary stage III where the creep rate accelerates until final failure.  In practice, this type of flow occurs at all temperatures above absolute zero but, because the creep flow is dependent upon the rate of diffusion, creep becomes especially important at elevated temperatures above ~0.5 Tm where Tm is the absolute melting temperature.  These types of creep curves are representative of a wide range of crystalline materials including pure metals and metallic alloys, ceramics and geological samples.  Thus, flow by creep is an important process that affects materials over a very wide range of conditions extending from the use of metals in industrial applications at high temperatures, as for example in nuclear applications, to the flow processes occurring within the earth or in geological features such as glaciers. 

Early research on creep flow may be traced to experiments conducted over one hundred years ago[1-3] and this was followed by many experimental investigations that described and delineated the fundamental characteristics of creep flow in a range of different materials: much of this work was summarized in a comprehensive review describing the creep properties of face-centred cubic, body-centred cubic and hexagonal close-packed metals.[4]
In fundamental studies of creep, most emphasis has been placed on deriving creep equations to describe the steady-state creep rate[image: image2.png]


occurring in the secondary creep region II and then comparing experimental data with theoretical predictions. It is now recognized that the steady-state creep rate, [image: image4.png]


 may be expressed through a relationship of the form
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where D is the appropriate diffusion coefficient defining the creep flow mechanism (equal to Do exp (-Q/RT) where Do is a frequency factor, Q is the activation energy for the diffusive process, R is the gas constant and T is the absolute temperature), G is the shear modulus, b is the Burgers vector, k is Boltzmann’s constant, d is the grain size, ( is the applied stress, p and n are the exponents of the inverse grain size and the stress, respectively, and A is a dimensionless constant.  Inspection of Equation (1) shows that for any selected testing condition the creep rate is defined exclusively by the individual values of Q, n, p and the constant A.
3. Deriving the creep mechanisms in crystalline solids

Numerous creep relationships have been derived and they fall into the two broad categories of intragranular and intergranular creep mechanisms.  Intragranular processes occur within the grains and examples are creep controlled by dislocation climb where dislocations climb towards each other on adjacent parallel slip planes[5] and control by viscous glide where the dislocation movement is hindered by the formation of atmospheres of solute atoms around the dislocations[6]  Control by climb follows Equation (1) with n ( 4.5 (with the precise value dependent upon the stacking fault energy), p = 0 and Q = Ql for self-diffusion through the crystalline lattice whereas for viscous glide the relevant values are n = 3, p = 0 and Q = Qi for interdiffusion of the solute.  At very high stresses, there is a breakdown in this behaviour where the strain rate varies exponentially with stress in the region of power-law breakdown.  There is also another intragranular creep process known as Harper-Dorn creep where n = 1, p = 0 and Q = Ql.[7]  Intergranular creep mechanisms include Nabarro-Herring and Coble diffusion creep where vacancies diffuse either through the crystalline lattice or along the grain boundaries and the creep rates are again given by Equation (1) with n = 1, p = 2 and Q = Ql for Nabarro-Herring creep[8,9] and n = 1, p = 3 and Q = Qgb for grain boundary diffusion in Coble creep.[10]


Most early experiments assumed that a single creep process was operating over a wide range of stresses and it was then a simple process to measure fundamental properties such as the stress exponent, grain size exponent and/or the activation energy and compare these data with the theoretical creep mechanisms.  Nevertheless, an important new development in 1972, obtained from experiments conducted at the University of California in Berkeley, was the demonstration that for an Al-3% Mg solid solution alloy there appeared to be a transition in the creep process from a stress exponent of n ( 4.5 at lower stresses to an exponent of n ( 3 at higher stresses, thereby suggesting the possibility of a climb-glide transition.[11]  Very similar results were obtained later at USC and these results are shown in Figure 2 where the tests were conducted under double shear conditions at a temperature of 827 K and the data are plotted as the shear strain rate, [image: image8.png]


, against the shear stress, (.[12]  These tests were performed under both creep conditions of constant stress and with an Instron machine operating at a constant strain rate and using samples having two different coarse grain sizes of 0.5 and 0.9 mm.  Inspection shows that all datum points superimpose so that p = 0 and there is a clear transition through stress exponents of ~1.0, ~4.4 and ~3.1 with increasing stress corresponding to the flow regions designated I, II and III.  These results are consistent with transitions from Harper-Dorn creep in I to dislocation climb in II and viscous glide in III.  

An important initial requirement in high temperature creep was therefore to develop a capability for predicting the applied stress marking the climb-glide transition in the creep of solid solution alloys.  This may be estimated by equating the theoretical relationships for dislocation glide and viscous glide and then using the early creep data for the Al-3% Mg alloy to define precisely the point of transition.  Using this approach, the condition for the occurrence of viscous glide was calculated as[13]
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                                                                                 (2)
where ( is Poisson’s ratio, ( is the stacking fault energy, e is the solute-solvent size difference, c is the concentration of the solute atoms and B is a constant having a predicted value of ~8 ( 1012.  Equation (2) is plotted in Figure 3 where there is dislocation climb on the left of the solid line lying at 45° and dislocation glide on the right.[13]  This plot includes not only the early results for the Al-3% Mg alloy but also results from several additional alloys where the creep data were reported with either climb or glide as the rate-controlling processes.  The results from this plot of Equation (2) provide excellent confirmation of the validity of this approach for predicting the climb-glide transition.  

Later creep experiments at USC showed that the creep behaviour of solid solution alloys was more complex because at even higher stresses the stress exponent may increase above the value of n ( 3 for viscous glide.  This was interpreted in terms of a breakdown in viscous glide where the dislocations are able to break away from their solute atom atmospheres. This break occurs at a critical breakaway stress, (b, which was derived from first principles as[14]   
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where Wm is the binding energy between the solute atmosphere and the dislocation.  Equation (3) is represented graphically in Figure 4 where both terms are divided by G to give a normalized stress on the abscissa.[14]  In this plot, the line at 45° denotes the breakaway condition where there is a transition from viscous glide towards climb, experimental data are plotted for various alloys and the solid circles on the lines correspond to the values reported experimentally for the breakaway points where the stress exponent starts to increase above ~3.  As in Figure 3, it is again apparent that there is excellent agreement between the theoretical prediction and the experimental results. 


The overall prediction from these analyses is to produce a schematic illustration of the creep behaviour of solid solution alloys as shown in Figure 5 for two different solute concentrations, c1 and c2, where concentration c1 is lower than concentration c2.[15]  The overall behavior shows Harper-Dorn creep or diffusion creep with n =1 at the lowest stresses, a region of climb with n ( 5, a transition to a region with viscous glide and n ( 3, and then a breakaway at higher stresses which may provide a direct transition into power-law breakdown at very high stresses or may provide a transition to a short additional region of climb with n ( 5.  It is apparent from Figure 5 that the advent of a second climb region at high stresses requires a low solute concentration and an example of this behaviour was demonstrated experimentally using an Al-1% Mg alloy.[16]
4. Principles of superplasticity  

When a crystalline material is pulled in tension, it generally fails at a relatively low total elongation.  Nevertheless, under some limited conditions it is possible for the material to pull out to exceptionally high elongations in the process known as superplasticity.  The minimum elongation required for true superplastic flow is defined as 400% and under these conditions the material will deform with a strain rate sensitivity, m (= 1/n), of about 0.5.[17]  Very early experiments reported elongations up to ~300%[18,19] but the first scientific report of true superplastic flow was in 1934 when an elongation of 1950% was achieved in a Bi-Sn eutectic alloy.[20]  These early results were followed by extensive investigations of the flow and forming properties of superplastic alloys[21] and this led to the development of the commercial superplastic forming industry which became especially important in Southern California with the forming of products for use in the aerospace and automotive sectors as well as for architectural applications and consumer products.[22]
A critical problem in superplasticity in the early 1970s was the lack of definitive information on the precise requirements for superplastic flow and especially the flow properties in terms of the stress exponent and the strain rate sensitivity.  Many of these difficulties arose because early experiments were conducted in which a single specimen was subjected to changes in stress or strain rate during the tensile testing and this introduced the potential for reporting incorrect data because of the advent of grain growth during the testing.  In order to overcome this problem, tests were conducted at USC in which separate specimens of the Zn-22% Al eutectoid alloy were used for each different strain rate and measurements were taken of the flow stresses and the elongations to failure.  The results are plotted in Figure 6 where the lower curve shows the measured flow stresses plotted against the imposed initial strain rates and the upper curve plots the elongations to failure defined as (L/Lo % where (L is the increase in length and Lo is the initial gauge length of the sample.[23]  These results show that superplastic elongations of up to >2000% are achieved over a limited range of intermediate strain rates in region II and there are sharp decreases in the elongations at both high strain rates in region III and low strain rates in region I.  Later experiments extended these data to include other testing temperatures[24] and this provided the opportunity to obtain a comprehensive understanding of the flow properties in these superplastic materials.[25]  

Experiments at USC led to an exceptional superplastic elongation of 4850% in a Pb-62% Sn eutectic alloy[26] and this result was subsequently reported in the Guinness Book of World Records as shown in Figure 7 where the sample is shown at upper left, the description of the record is at lower left and a representative example of one of the annual books is shown on the right.[27]  Unfortunately, this record was removed from the Guinness Book in later years and this meant that subsequent even higher elongations were not recorded as with 5500% in an aluminium-bronze[28] and a record-breaking 7550% in the Pb-Sn alloy.[29]
5. Determining the flow mechanism in superplasticity
It is apparent from Fig. 6 that the non-superplastic region III occurs at high strain rates and there is a transition with decreasing strain rate to a superplastic region II and then to a non-superplastic region I.  To understand the requirement for achieving superplastic flow, it is appropriate to plot a deformation mechanism map in the form of the normalized grain size, d/b, against the normalized shear stress, (/G.  This is shown in Figure 8 for the Zn-22% Al alloy at a temperature of 503 K where regions I, II and III are on the right and the theoretical predictions for Nabarro-Herring and Coble diffusion creep lie on the left at lower stresses.[30]  Also inserted in Figure 8 is a broken line representing the subgrain size as reported in reviews of the creep of a large number of metals[4] and ceramics.[31]  This limiting size is given by the expression
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and it is readily apparent that this line is essentially coincident with the transition between regions III and II.  This coincidence demonstrates that superplasticity requires a grain size which is equal to or smaller than the equilibrium subgrain size that is a characteristic of high temperature creep.  This means, therefore, that creep and superplasticity may be delineated as shown in Figure 9 where creep requires a grain size of d > ( where ( is the subgrain size so that the creep behaviour occurs both within an outer mantle and within an inner core whereas superplasticity requires d ( ( so that the whole specimen corresponds to flow within the outer mantle.[32]   


When materials deform superplastically, they pull out to very high elongations but the grains remain small and reasonably equiaxed.  This shows that the flow process is grain boundary sliding where the grains move over each other during the deformation[33] and with accommodation by a limited amount of intragranular slip.[34,35]  Thus, grain boundary sliding may occur both at large grain sizes in non-superplastic flow and at small grain sizes where          d < ( in superplasticity.  These processes are illustrated in Figure 10 where sliding in coarse-grained metals is accommodated by slip which piles up at the subgrain boundaries as at B in Figure 10(a) whereas in superplasticity, in the absence of any subgrain boundaries, the accommodating dislocations move across the grains and pile up at the opposing grain boundaries as at D in Figure 10(b).[36]  Both flow processes lead to relationships of the form given in Equation (1) but coarse-grained materials require p = 1, n = 3, Q = Ql and A ( 103 whereas in superplastic materials the rate equation is given by p = 2, n = 2 corresponding to m = 0.5, Q = Qgb and A ( 10.[36]
6.  The development of ultrafine-grained materials
It is well established that superplasticity requires a small grain size typically less than ~10 (m.  In industrial forming operations, these small grain sizes are traditionally achieved by conducting suitable thermo-mechanical treatments to give grain sizes of the order of a few micrometers.  However, an important development in 1988 was the demonstration that, through the application of severe plastic deformation (SPD), it is possible to achieve exceptional grain refinement to grain sizes that are <1 (m.[37]  Processing by SPD, using procedures such as equal-channel angular pressing (ECAP)[38] and high-pressure torsion (HPT),[39] are now used widely to produce ultrafine grains that are within the submicrometer or even the nanometer range.  As proposed in an early report, the reduction in grain size should provide the capability of attaining superplasticity at faster strain rates[40] and this was later achieved using two different aluminum-based alloys.  An example is shown in Figure 11 for an Al-Li-Mg-Zr alloy where the upper sample was tested at a strain rate of 10-2 s-1 and pulled out to an elongation of 1180% without failure, thereby demonstrating the occurrence of high strain rate superplasticity.[41]  Later experiments using a biaxial gas-pressure forming facility showed that it was possible also to rapidly blow out domes in an Al-Mg-Sc alloy after using ECAP to produce an ultrafine grain size of ~200 nm.[42]  This rapid forming capability has important implications for use in industrial forming operations.
Much of the more recent research at USC was devoted to evaluating the mechanical and physical characteristics of these ultrafine-grained materials and a detailed summary of the major results in these investigations is beyond this scope of this article.  However, an earlier review is available describing many of the more important conclusions.[43] 
7.  Summary and Conclusions
1. Dislocation climb and viscous glide are the dominant flow processes in the high temperature creep of metallic alloys.  These processes may be modeled to predict the transitions in creep behavior between different mechanisms. 
2. Superplasticity occurs by grain boundary sliding under conditions where the grains are sufficiently small that subgrains are not formed within the grains.  Separate equations may be developed to predict the sliding in coarse-grained materials and in fine-grained superplastic materials.
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Figure 1. A representative creep curve showing the three regions of flow.
Figure 2. Shear strain rate versus shear stress for an Al-5% Mg alloy showing the transitions between different creep mechanisms. Reproduced with permission.[12] Copyright Year 2019, Elsevier.
Figure 3. The predicted transition between dislocation climb and viscous glide in metallic solid solution alloys. Reproduced with permission.[13] Copyright Year 2019, Elsevier.
Figure 4. The predicted breakaway from viscous glide at high stresses in solid solution alloys. Reproduced with permission. [14] Copyright Year 2019, Elsevier.
Figure 5. Schematic illustration of the creep behavior of solid solution alloys showing the dependence on the solute concentration. Reproduced with permission.[15] Copyright Year 2019, The Japan Institute of Metals.
Figure 6. Elongation to failure (upper) and flow stress (lower) versus the imposed strain rate for a series of specimens of the Zn-22% Al alloy tested at 473 K. Reproduced with permission.[23] Copyright Year 2019, Taylor & Francis.
Figure 7. A record superplastic elongation of 4850% which appeared in the Guinness Book of World Records. Reproduced with permission.[27] Copyright Year 2019, Trans Tech.
Figure 8. A deformation mechanism map of grain size versus stress for the Zn-22% Al alloy showing the different flow mechanisms and the transition to superplasticity at the experimental condition where the grain size is equal to the subgrain size. Reproduced with permission. [30] Copyright Year 2019, Elsevier.
Figure 9. A schematic illustration of the difference between creep behavior on the left where the grain size is larger than the subgrain size and superplasticity on the right where the grain size is smaller than the subgrain size. Reproduced with permission. [32] Copyright Year 2019, Elsevier.
Figure 10. The principle of grain boundary sliding (a) in coarse-grained materials where subgrains form and (b) in superplastic materials where there are no subgrains. Reproduced with permission. [36] Copyright Year 2019, Elsevier.
Figure 11. An example of high strain rate superplasticity in an Al-Mg-Li-Zr alloy prepared by severe plastic deformation. Reproduced with permission. [41] Copyright Year 2019, Elsevier.
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