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Century-long Taylor-Quinney
interpretation of plasticity-induced
heating reexamined
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: to heat. We challenge the nearly century-long interpretation. We postulate that some fraction of

energy delivered to the plastically deformed material is responsible for readjustments of deformation
pathways making the plastic flow a kinematically admissible process. The rerouting triggers mesoscale
dynamic excitations and activates plasticity-induced heat. Another part of the energy is stored in
lattice, while the rest of it contributes to the development of dislocation structures. According to this
interpretation, plastic work is not converted to heat, but increases probability of the microstructural
adaptiveness and, in this manner, contributes to configurational entropy of the system.

In nineteenth century, experiments conducted by Tresca showed that metals subjected to large plastic deforma-
tion experience noticeable heating. He estimated that 73% to 94% of plastic work is converted to heat. Many years
later, Taylor and Quinney calculated efficiency of the process and arrived to the conclusion that about 90% of
plastic work is turned into heat. They determined that a plastically deformed metal stores small portion of plastic
work, thereby raises its internal energy'~*. More recently, the estimates are significantly revised. The amount of
cold work is found to be much larger than initially thought, and it depends on plastic strain, strain rate and type
of loading. Unfortunately, the measurements are endowed with a significant scatter’~ and convey unclear mes-
sage about the phenomena. It is reported that the strongest production of heat occurs at the initial stage of plastic
flow. Further increase of plastic deformation slows down the process, and then, the rate increases again at even
more advanced deformation. Experiments conducted on aluminum alloy Al 2024 properly capture the trends®,
Fig. 1. The process is often monitored in terms of a coefficient, which specifies the ratio of heat rate taken over
plastic power 3, = p C, T/W?. Conversely, the rate of cold work is defined as (1 — ﬂl)Wp . We emphasize that

similar behaviors are observed in CPTi, Cu, steels, and other materials. Frequently, the plasticity-generated heat
is estimated with the use of integral coefficient (3, = pC,T/WP. The coefficient is evaluated for several materials’
subjected to strain rates in the Kolsky-bar regime. The average values of /3, are found to vary between 0.2 and 0.9.
Thus, there is little consistency between different materials. Several attempts have been made to justify the
Taylor-Quinney interpretation. For example, the concept is used as the departure point in a thermodynamics
description presented in ref.’. Also, it is worth noting that the cold work storage is analyzed in discrete dislocation
plasticity method simulations'. Most often though, heuristic (curve fitting) estimates are proposed.

: We challenge the Taylor-Quinney interpretation. The argument runs as follows. Let’s consider a material sub-

© jected to plastic deformation. As reported!!, the process is chaotic and requires dislocation overcoming

- flow-impeding obstacles. Consequently, the deformation pathways are continuously rerouted and the zigzagging
triggers small-scale excitations. The externally supplied energy is partly stored in the lattice, is utilized to do plas-
tic work, while the excitations consume the remaining portion of the energy. In this scenario, the macroscopically
measured plastic work WP = [ o: dH?® is not converted to heat and, instead, W? increases probability of occur-
rence of kinematically admissible dislocation structures making the plastic flow a thermodynamically optimal
process. In here, stress and plastic strain are o and HF*, respectively. In essence, we suggest that plastic work
increases configurational entropy of the system'"!2, while plasticity-induced heating quantifies efficiency of the
process.
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Figure 1. Taylor-Quinney coefficient for Al 2024 alloys is presented as a function of plastic strain. The
instantaneous coeflicient 3, is marked in red and 3, is shown in black. The data is gathered from refs®=.
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Figure 2. When deformation process is unable to proceed along the previously established trajectory, which
would place the material particle in position {z}, then the particle is redirected to a new position {x}. The change
produces overstress, which is partly stored and the rest of it triggers dynamic perturbations.

Results

The study is based on the fundamental principle that internal energy must exceed the existing energy barriers in
order for plastic deformation to be initiated, where the word “exceed” is of relevance. Secondly, kinematical adap-
tiveness of dislocation structures assures that the plastic flow is a thermodynamically optimal process. The path
rearrangements consume some portion of energy delivered to the material. Thus, the crystallographic structure,
crystal size, grain-to-grain orientations, dislocation structures and other defects; all the factors affect efficiency of
the process. At quasi-static conditions, the rerouting-induced excitations are quickly dissipated. In the extremes
of dynamics, the rate of energy delivered to the material exceeds the rate at which the material accommodates the
energy. The imbalance pushes the material even further from the near equilibrium state of behavior.

Stress perturbations. Assume that the previously established deformation pathway is no longer available
and, as a result, the deformation process must be rerouted, and then, the readjustments trigger small scale excita-
tions. We visualize the process by monitoring trajectory of a selected material particle and its surroundings',
Fig. 2. Initially, the particle resides in position {X} and stress is 0. Shortly later (6t), the particle is forced to
change its trajectory and moves to the position {x}, where stress is o If the original path were to be preserved, the
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particle would move to the position {z} with velocity v and stress would be o In all scenarios, the equations of
motion V - o = p ¥ must be satisfied. The particle acceleration and mass density are denoted as © and p. The
process affects tractions projected onto the surface 0V, normal to the direction of the particle velocity n. The
difference in tractions (6° - n = o - n) measured between positions {z} and {x} triggers stress perturbations
bo = _fﬁv (o0 — 0%) - (n ® n)dS. The perturbations are present in a spatial domain characterized by the

mesoscale length I, Next, we reduce volume Vj, to material point and the stress perturbations become 6o = 1,,, %,
where the momentum tensor is¢) = p(év ® n + n ® 6v)/2. Note that the reorganizations affect particle accel-
eration 60 = (¥ — ©°). The overstress (07— o) is partly stored in the newly created dislocation structures, while
the remaining part activates dynamic excitations. Given sufficient time, the overstress is relaxed.

Drag-controlled dislocation glide and overstress. The stress perturbations disturb and, effectively, slow
down the plastic flow H g H + (H P_ 6o/ k), where H ! describes the rate of total strain, the elastic strain rate is
H°, while H' is the rate of drag-free plastic strain. The term 6o/ represents drag on dislocations and the drag coef-
ficient is k. As always, elastic response C - H ! is the fundamental thermodynamics process and, therefore, the elastic
behavior is preserved at all times, & = C - H'. In here, elastic matrix is C. Often, only a part of stress C - H " can be
absorbed by the lattice. The uncompensated stress gives rise to stress perturbations & + R, 26a/7,, = C - H ‘. Note
that the stress perturbations describe viscous drag R, 26c/7,, = k (60 ® n + n @ §v)/1,,. The mesoscale relaxa-
tion time 7,, = £/ is in the range of sub-microseconds and shear modulus is denoted as p. The resistance to plastic
flow v, =1,/7,, when scaled by shear velocity y, = W , quantifies the flow constraints R, = v,/v,. The constraints
are directly linked to the energy excess, where the latter activates the plastic flow (see Methods).

In summary, the three relations H =H + @ - 60/k),6=C-H and& + R 60/, =C - jid repre-
sent the material model. When eliminating the stress perturbations o, we obtain & = C - (H i “yand
H g H +H P At the same time, the perturbations take the form o = 7, sz C-H”. In here, the flow con-
straints Ry slow down the plastic flow, affect the overstress and contribute to the excess of energy. A brief descrip-
tion of the viscoplastic model can be found in Methods. In a plastically incompressible material, the rate of
effective (true) plastic strainis H' = H'/(1 + 2RY). This expression was derived i in ref.13. The overstress C - H'*
in c-(H +H' ‘) undergoes relaxation best described by the Maxwell’s process §* + §° /21, =C-H P¢ where
8" is the rate of active overstress, Fig. 2. We emphasize that the expression captures the mesoscale relaxation
mechanism. It is worth stating that nanoscale relaxation mechanisms are successfully studied in large-scale
molecular dynamics simulations'.

As stated above, the path rerouting makes plastic flow a kinematically admissible process. The microstructural
adaptivity occurs on the expense of the energy excess W, = §% §°/21. At low strain rates, the energy is dissipated
in relaxing dislocation structures. Still, a small fraction of the energy is converted to heat. High strain rates create
conditions, where the energy is temporarily retained in the material and affects plastic flow, increases the energy
storage and intensifies plasticity-induced heating.

Source of plasticity- Induced heating. Since stress perturbations éo = I, 1 are also expressed in terms
of overstress 6o = 7, R(C - H"), we find that the change of momentum ¢ = RkC bigd /U is proportlonal to
the rate of the uncompensated stress (C - H ) According to the Maxwell’s process (S + 827, =C- jigs e), the
dissipated excitations ¢3; = R,8%/2v,7,, enable relaxation of dislocation structures, while a small portion of ¢y,
gives rise to phonon vibrations (¢Q =, wd) The factor £, may vary during an active process, but in here we
assume that &,is a constant and is estlmated to be in the range of 0.01. As plastic deformation advances, the heat
sources evolve sz(t) — ¢P(t) 4 f [fgf(t s) RkS“(s) 12u7, ]ds. According to the Maxwell process, the term $%/27,,

can be replaced by(C I L ) where the overstress §” is associated with phonon vibrations. Therefore, at the
mesoscopic scale §"is vanishing quantity. In this expression, momentum 1), is associated with stress required for
rerouting the deformation pathways. In here, time ¢, specifies the moment at which plastic process is initiated.
Heat is produced when the excitations %) act on the existing sources of heat t, such that Q = Yo W/ p. Inaplas-
tically incompressible material, the plasticity-induced heat is generated with rate

Q= 2RyRy £,C - H + v, H™. )

The rate of plasticity-induced heating is proportional to the rate of plastic strain H P is magnified by plastic
deformation H¢, and is affected by the resistance to flow R;. In the case of plastically isotropic materials, the relation
(1) is further simplified Q = 2R,[R, £, o e?® + ¢]éP¢, where the equivalent plastic strain e is a scalar and o, is the

flow stress (see Methods). The Taylor Quinney coefficient 3, = Q/ W’ becomes By = 2RYR& o P e’ +a /O

where plastic power W’ = a,, ¢ is defined in terms of equivalent stress and the rate of equivalent plastic strain.
The most relevant conclus10n is that Q is explicitly affected by plastic deformation, but is not a part of plastic
work.
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Figure 3. Plasticity-induced heat is calculated for as-received OFHC copper. Red dots represent experimental
measurements reproduced from ref.'>. The error bars suggest large sample-to-sample scatter.

Discussion

In our analysis, the Taylor-Quinney coefficients 3, and (3, are not equivalent because both vary with temperature
and plastic strain. The coefficients have been evaluated for many metals and alloys. The issue is that the measure-
ments produce notoriously unreliable data>’. The decision made here is to calibrate the theory for OFHC copper.
Samples of as-received copper!'® have been tested at strain rate 4400/s and the data consists of axial stress, temper-
ature and coefficient 3,; all the quantities are presented in terms of plastic strain. The results provide sufficient
information for the calibration of {,;and o,. The valuesare{ . = 9.3 - 10> and o, = 105 Mpa, respectively. The
predictions are presented in Fig. 3. The error bars indicate strong sample-to-sample variability. In the next step,
the parameters are recalibrated for annealed OFHC copper, which is one of the most methodically characterized
metals. The factor & is kept unchanged and stress o, is recalibrated such that the same temperature change is
obtained in both of the metals. The new value of ¢, is 70 MPa.

Subsequently, the overstress concept and the description of plasticity-induced heat are incorporated into our
constitutive model for copper. The model correctly predict stress-strain responses at strain rates from diffusional
flow to extreme dynamics and temperatures from cryogenic to nearly melting point'®. Quality of the predictions is
demonstrated in Fig. 4a, where the plot of stress at 20% strain (red mesh) is constructed in terms of strain rate and
temperature. The data points (blue dots) are collected from multiple sources'***. In Fig. 4b,c, plasticity-induced
heat is computed at three temperatures. The black lines capture trends at 120K, the blue ones depict the room
temperature responses and the red lines represent the behaviors at 863 K. Coincidentally, temperature 120K is
recorded outside the International Space Station and 863 K is estimated to be the average temperature on the
Venus surface.

Low strain rates (up to 100/s). It should be stated that the change of temperature (and not the T-Q coef-
ficient) is an experimentally measured quantity. At low rates, the thermomechanical coupling further compli-
cates the evaluations. It is reported that strain rates not exceeding 100/s make the Taylor-Quinney coefficient
mildly sensitive to the rate of loading and the sensitivity becomes negligible at quasi-static conditions. It has been
shown?* that low strain rate in polycrystalline OFHC copper may affect the average Taylor-Quinney coefficient,
but the differences are not significant. The results obtained on Al-1% Mn alloy® subjected to strain rates 0.25/s,
2.5/s and 25/s further confirm the observation. Such trends are also reported in ref.?’, where 2024 aluminum alloy
is subjected to strain rates 0.1/s up to 10/s and steel has been tested at strain rates between 0.25/s and 25/s. This
type of behavior has been confirmed in calculations performed on Fe-30% Ni Austenite?” at three temperatures
(1123K, 1223 K and 1323 K) and three strain rates (0.1/s, 1/s and 10/s). Our predictions properly reproduce the
observed trends, Fig. 5, where the temperature rise is plotted as a function of plastic strain at three strain rates
(10000/s, 100/s and 1/s) and three temperatures (120K, 298 K and 863 K). The strain rate sensitivity is predicted to
be an irrelevant factor at strain rates below 50/s. Our understanding is that elevated temperatures and low strain
rates soften the path-rerouting constraints, thus, only a small amount of energy is converted to heat.

High strain rates (above 1000/s). At high strain rates, the Taylor-Quinney coefficient becomes sensitive to
the rate of loading. The predictions match the trends reported in refs>. As stated in ref.?’, the change of temper-
ature rises faster at lower temperatures. Note that the concepts is capable of capturing the trends at low and high
strain rates, Figs 4c and 5. In Fig. 4c, the change of temperature is calculated at plastic strains 20 and 40 percent
and is plotted as a function of strain rate.

Extreme strain rates (above 10°/s). In Fig. 6, a plot of the temperature rise is constructed for annealed
OFHC copper subjected to compression at the strain rate 1075 and strains up to 400%. The plot is generated
at temperatures 120K, 298 K and 863 K. At extreme rates, we expect the rate of plasticity-induced heat to slow
down, Fig. 6. Our interpretation is that the high-strain-rate resistance to plastic flow R, is already fully maximized
(Ry— 1). At this stage of deformation, other mechanisms might be at play. Among such mechanisms are crystal-
lographic reorientations, recrystallizations, etc.

Plasticity-induced heating is intensely studied on samples, where adiabatic shear bands dominate the mate-
rial’s behavior’*!. One may envision that a favorable arrangement of defects creates conditions for a runaway
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Figure 4. The proposed concept is implemented into a constitutive model for annealed OFHC copper. (a)
Stress at 20 percent strain (red mesh) is plotted as a function of strain rate and temperature. The blue dots
represent experimental data collected from several sources refs!®-%. (b) The instantaneous Taylor-Quinney
coeflicient is plotted at three strain rates and three temperatures. (c) The temperature rise is plotted at plastic
strains 20 and 40 percent and at ambient temperatures 120K, 298 K and 863 K. Specific heat is a temperature
dependent variable.
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Figure 5. The change of temperature is plotted as a function of plastic strain for three temperatures 120k, 298 K
and 863 K and three strain rates (1/s, 100/s and 10000/s).

instability, where localized shear magnifies plasticity-induced heating, strain rate is intensified and all the factors
close the runaway loop. It seems quite evident that large shear strains, when executed quickly, can bring the
material to melting point. For example, partial melting is reported under the conditions of dynamic punching of
aluminum tubes®2. Thus, the melting regime requires very large deformation applied with extreme strain rates®.
In another case, tests conducted on Al-Sc alloy® indicate that strain rates up to 6.2 10°/s and strains larger than
400 percent do not cause melting and, instead, the material exhibits increased microhardness. Much higher rates
can be accomplished in explosively driven experiments®®, where strain rates in shear bands are estimated to be
about 10%/s.

Final remarks. Throughout the twentieth century, we were accustomed to the interpretation credited to
Taylor and Quinney. In this paper, we suggest that the problem of plasticity-induced heat is far from understood.
As Jim Langer stated"!, “much of dislocation theory as practiced today is based on questionable and sometimes
demonstrably incorrect phenomenological assumptions. As a result, there are many technologically important behav-
iors that we have not understood and which need now to be restudied”. His arguments are compelling, stretch much
beyond the scope of the study, and should be carefully examined. Unquestionably, molecular dynamics simula-
tions offer an invaluable insight into the small-scale-plasticity phenomena. Nowadays, the most sophisticated
calculations can be performed on samples that are not larger than one cubic micrometer!. For this reason, these
studies are incapable of reproducing the mesoscopic complexities, which in metals seem to be of a paramount
importance. Realistic simulations might require atomistic samples that are one cubic millimeter or larger. Such an
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Figure 6. The plasticity-induced change of temperature is plotted as a function of plastic strain at strain rate
107/s. Ambient temperatures are 120K, 298 K and 863 K.

analysis is simply not achievable. For this reason, continuum-level plasticity will remain the engineering choice
for a foreseeable future.

Methods: Mechanisms-Based Constitutive Model
The concept is integrated into our viscoplasticity model. The description is summarized in five subsections.

kﬂ
1. The Weibull-based thermal activation factor is Ap(T) =1 — exp|—g (% — TT_C) . In this expression, a
a

transition of flow mechanism occurs at T, and melting point is T,,. The rate of dislocation multiplication k,
further quantifies thermal activation. The factor g, is a constant.

2. In elastically isotropic metals, the rate of effective plastic strain is HY = N7 ¢P €/2, where tensor
N7 =N, — N; describes the Tresca slip mechanism. In here, first and third principal stresses are o, = N:o
and o3 = Ny:0. The rate of equivalent plastic strain is denoted as é/°.

3. The viscoplasticity model couples the rate of equivalent plastic strain é”° with equivalent stress o,

eq
: pe i MA ", . . p .
(maximum shear stress)g?® = A PHTEZ(% q/ JOP) , where yield stress is ¢’ = 0,A, and o is a constant. The

stress exponent 1, determines the elastic-plastic transition, while the strain rate sensitivity is tuned by the
rate factor A . The average Schmid factor M controls plastic hardening. In this model, the factor specifies
misorientation of slip planes. For this reason, M is a function of plastic strain, temperature and the
resistance to flow, M= M(ef?, Ap, Ry).

4. The active overstress $° determines the energy excess W; = 8% §"/2,. Energy W, contributes to the
development of flow constraints such that R, = 1 — R,? exp[—(W)/ GR)kR]. We estimate that the parameter
to be R,? = 0.89 and, therefore the initial resistance to flow is 0.11, while Gy and kg are constants.

5. Therate of heatQ = 2Rk{Rk £ C-H" +u, ¢P]: A" is further simplified. Since H = N7¢"/2, we have

Q = 2Ry[R & o1 - e 4 yN7: 9p,/2]¢P¢, where the term (C - H?¢): N7/2 s further approximated and
becomes uePe.Il'he assumption is that the factor &,rabsorbs any discrepancy that result from the approxima-
tion. The flow stress is o, = 1, N“: p,/2 and we obtainQ = 2Rk[Rk §efp' e + ar]épe.

Complete description of the model can be found in ref.".

References
1. Dodd B. & Bai Y. Adiabatic shear localization, Frontiers and Advances, Second Edition (Eds) Dodd, B. & Bai, Y. Elsevier, 2-18
(2012).

. Bever, M. B, Holt, D. L. & Titchener, A. L. The stored energy of cold work. Prog. Mater Sci. 17,5-177 (1973).

. Farren, W. S. & Taylor, G. I. The heat developed during plastic extension of metals. Proc. Roy. Soc., A 5, 398-451 (1925).

. Taylor, G. L. & Quinney, H. The latent energy remaining in a metal after cold working. Proc. Roy. Soc., A 143, 307-326 (1934).

. Knysh, P. & Korkolis, Y. P. Determination of the fraction of plastic work converted into heat in metals. Mech. Mat. 86, 71-80 (2015).

. Ravichandran, G., Rosakis, A. J., Hodowany, J. & Rosakis, P. On the conversion of plastic work into heat during high-strain-rate
deformation, Proc. CP620, Shock Compression of Condensed Matter, 557-562, (Eds) Furnish, M. D., Thadhani, N. N. & Horie, Y.
(2001).

7. Rittel, D., Zhang, L. H. & Osovski, S. The dependence of the Taylor-Quinney coefficient on the dynamic loading mode. J. Mech.

Phys. Solids 107, 96-114 (2017).

QN U N

SCIENTIFICREPORTS| (2019) 9:9088 | https://doi.org/10.1038/s41598-019-45533-0 6


https://doi.org/10.1038/s41598-019-45533-0

www.nature.com/scientificreports/

8. Mason, J. J., Rosakis, A. I. & Ravichandran, G. On the strain and strain rate dependence of the fraction of plastic work converted to
heat: an experimental study using high speed infrared detectors and the Kolsky bar. Mech. Mat. 17, 135-145 (1994).
9. Rosakisa, P,, Rosakis, A. I, Ravichandranb, G. & Hodowany, J. A thermodynamic internal variable model for the partition of plastic

work into heat and stored energy in metals. J. Mech. Phys. Solids 48, 581-6-7 (2000).

10. Benzerga, A. A., Brechet, Y., Needleman, A. & Van der Giessen, E. The stored energy of cold work: Predictions from discrete
dislocation plasticity. Acta Mat. 53, 4765-4779 (2005).

11. Langer, J. S. Statistical thermodynamics of crystal plasticity. arXiv:1810.00286v2 (2018).

12. Shannon, C. E. A mathematical theory of communication Bell System Technical Journal 27, 379-423 and 623-656 (1948).

13. Zubelewicz, A. Metal behavior in the extremes of dynamics. Sci. Rep. 8, 5162 (2018).

14. Zepeda-Ruiz, L. A., Stukowski, A., Oppelstrup, T. & Bulatov, V. V. Probing the limits of metal plasticity with molecular dynamics
simulations. Nature 550, 492-495 (2017).

15. Nieto-Fuentes, J. C., Rittel, D. & Osovski, S. On a dislocation-based constitutive model and dynamic thermomechanical
considerations. Int. J. Plast. 108, 55-69 (2018).

16. Follansbee, P. S. & Kocks, U. E. A constitutive description of the deformation of copper based on the use of mechanical threshold
stress as an internal state variable. Acta Metall. 36, 81-93 (1988).

17. Gray, G. T. IIL. High-strain-rate deformation: Mechanical behavior and deformation substructures induced. Annu. Rev. Mater. Res.
42,285-303 (2012).

18. Huang, S. & Clifton, R. J. Macro and Micro-Mechanics of High Velocity Deformation and Fracture. Kawata, K. & Shioiki, J. (Eds),
TUTAM, Tokyo, 63-74 (1985).

19. Tong, W, Clifton, R. J. & Huang, S. H. Pressure-shear impact investigation of strain rate history effects in oxygen-free high-
conductivity copper. J. Mech. Phys. Solids 40, 1251-1294 (1992).

20. Nemat-Nasser, S. & Li, Y. Flow stress of f.c.c. polycrystals with application to OFHC Cu. Acta Mater. 46, 565-577 (1998).

21. Tanner, A. B., McGinty, R. D. & McDowell, D. L. Modeling temperature and strain rate history effects in OFHC Cu. Int. J. Plast. 15,
575-603 (1999).

22. Baig, M., Khan, A. S, Choi, S.-H. & Jeong, A. Shear and multiaxial responses of oxygen free high conductivity (OFHC) copper over
wide range of strain-rates and temperatures and constitutive modeling. Int. J. Plast. 40, 65-80 (2013).

23. Jordan, L. ., Siviour, C. R,, Sunny, G., Bramlette, C. & Spowart, J. E. Strain rate-dependent mechanical properties of OFHC copper.
J. Matter. Sci. 48, 7134-7141 (2013).

24. Rittel, D. et al. On the dynamically stored energy of cold work in pure single crystal and polycrystalline copper. Acta Mater. 60,
3719-3728 (2012).

25. Shi, H., McLaren, A. ], Sellars, C., Shahani, R. & Bolingbroke, R. Hot plane strain compression testing of aluminum alloys. J. Testing
Eval. 25, 61-73 (1997).

26. Le, K. C, Tran, T. M. & Langer, J. S. Thermodynamic dislocation theory of high-temperature deformation in aluminum and steel.
Phys. Rev. E. 96, 013004 (2017).

27. Abbot, M. F, Sellars, C. M., Cizek, P., Linkens, D. A. & Mahfouf, M. Modeling the flow behavior, recrystallization and
crystallographic texture in hot-deformed Fe-30 Wt Pct Ni Austenite. Metal. Mat. Trans. A 38A, 2400-2409 (2007).

28. Hodowany, J., Ravichandran, G., Rosakis, A. J. & Rosakis, P. Partition of plastic work into heat and stored energy in metals. Exp.
Mech. 40, 113-123 (2000).

29. Lee, W.-S., Chen, T.-H,, Lin, C.-E. & Luo W.-Z. Dynamic mechanical response of biomedical 316L stainless steel as function of strain
rate and temperature. Bioinorganic Chem. Appl. 2011, 173782-13 (2011).

30. Rittel, D. A different viewpoint on adiabatic shear localization. J. Phys. D: Appl. Phys. 42(21), 214009 (2009).

31. Le,K. C, Tran, T. M. & Langer, . S. Thermodynamic dislocation theory of adiabatic shear banding in steel. Scripta Mater. 149, 62-65
(2018).

32. De Waele, W,, Koen, F. & Van Haver, W. Characterization of melting and solidification phenomena in electromagnetic punching of
aluminum tubes. J. Manuf. Sci. Eng. 134(011010), 1-10 (2012).

33. Healy, C., Koch, S., Siemers, C., Mukherji, D. & Ackland, G. J. Shear melting and high temperature embrittlement: Theory and
application to machining titanium. Phys. Rev. Letts. 114, 165501 (2015).

34. Lee, W.-S., Chen, T.-H., Lin, C.-E & Lu, G.-T. Adiabatic shearing localization in high strain rate deformation of Al-Sc Alloy. Mater.
Trans. JIM 51, 1216-1221 (2010).

35. Moss, G. L. Shear strains, strain rates and temperature changes in adiabatic shear bands, in Shock Waves and High-Rate Phenomena
in Metals, Concepts and Applications, (Eds) Meyers, M. A. & Murr, L. E., 299-312 (1981).

Acknowledgements
This study was supported by Alek and Research Associates.

Author Contributions
A. Zubelewicz developed the concept and wrote the manuscript.

Additional Information
Competing Interests: The author declares no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:9088 | https://doi.org/10.1038/s41598-019-45533-0 7


https://doi.org/10.1038/s41598-019-45533-0
http://creativecommons.org/licenses/by/4.0/

	Century-long Taylor-Quinney interpretation of plasticity-induced heating reexamined

	Results

	Stress perturbations. 
	Drag-controlled dislocation glide and overstress. 
	Source of plasticity-induced heating. 

	Discussion

	Low strain rates (up to 100/s). 
	High strain rates (above 1000/s). 
	Extreme strain rates (above 105/s). 
	Final remarks. 

	Methods: Mechanisms-Based Constitutive Model

	Acknowledgements

	Figure 1 Taylor-Quinney coefficient for Al 2024 alloys is presented as a function of plastic strain.
	Figure 2 When deformation process is unable to proceed along the previously established trajectory, which would place the material particle in position {z}, then the particle is redirected to a new position {x}.
	Figure 3 Plasticity-induced heat is calculated for as-received OFHC copper.
	Figure 4 The proposed concept is implemented into a constitutive model for annealed OFHC copper.
	Figure 5 The change of temperature is plotted as a function of plastic strain for three temperatures 120 k, 298 K and 863 K and three strain rates (1/s, 100/s and 10000/s).
	Figure 6 The plasticity-induced change of temperature is plotted as a function of plastic strain at strain rate 107/s.




