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Abstract

Nowadays, predictive models are one of the most widely used techniques to
predict material performance subjected to different manufacturing processes.
However, to carry out accurate predictions, these models require reliable input
data which are obtained from thermomechanical tests. Nevertheless, the major-
ity of the work employed during plastic deformation is transformed into heat.
This heat is dissipated to the surroundings and just a small amount is stored in
the deformed sample, making the temperature of the sample to change during
the test. In this context, the adiabatic heating, that could be defined as the
ratio between the heat spent to heat the sample to the plastic work is a key
parameter. This parameter is commonly taken as 0.9 and it is usually used
by commercial finite element software. However, many authors took a different
approach, defining the adiabatic heating as the ratio between the heat experi-
mentally measured to the total plastic work. This second approach is neglecting
heat losses and could lead to an underestimation of this coefficient. In addition,
both approaches are used indistinctly which could lead to misunderstandings.
Thus, the aim of this paper is to measure the adiabatic heating coefficient for
Ti6Al4V sample being deformed using a Gleeble thermomechanical simulator.
A 3D thermodynamic analysis was carried out, taking into account heat losses
by different sources such as radiation, convection, conduction or mass fluxes.

Keywords: Adiabatic self-heating, Infrared measurement, thermodynamic
analysis, Ti6Al4V, compression test

1. Introduction

Material characterization of metal alloys is commonly carried out through
thermomechanical tests. For example, by using Gleeble thermomechanical sim-
ulator, which enable high heating rates and accurate thermomechanical loading,
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the heating being controlled through Joule effect [1]. However, in practice, it5

is quite impossible to reach pure isothermal conditions due to heat conduction
along the sample, conduction between anvils and sample and possible losses into
the surroundings (convection and conduction) [2].

Bennet et al. [3] demonstrated that the stress measurements could differ
more than 20% due to inhomogeneous temperature along the sample. This10

could lead to misprediction on the material properties as stated by Evans and
Scharning [4]. This thermal gradient could also have influence on sample mi-
crostructure [5]. Therefore, during thermomechanical characterization, a proper
temperature control is essential. When the strain rate is low, usually lower than
0.001 s−1, the process could be assumed as isothermal as there is enough time to15

dissipate the heat. Contrary, at higher strain rates, higher than 10 s−1, the pro-
cess can be assumed nearly adiabatic. In the intermediate regime, the process
is neither adiabatic nor isothermal [6, 7].

Temperature is usually measured through thermocouples. For instance, Xiao
et al. [2] carried out a comprehensive study to show the relevance of thermal20

gradients during material characterization. However, the thermal gradient was
measured based on two thermocouples distributed along the sample, which could
not reflect the thermal field properly. Similarly, Kardoulaki et al. [8] or Semiatin
et al. [9] studied the effect of thermal gradients because of resistance heating
by welding three thermocouples along the sample. Shao et al. [10] determined25

the heat flux along the sample during tensile testing with six thermocouples
evenly distributed. This approach notably hampers the data treatment but
could be more realistic on representing the thermal gradient. Thermocouples,
however, influence the heat flow acting as thermodynamic fins, they have limited
transient response and they only allow single point measurements to be done30

[11, 12]. In addition, the spatial resolution of thermocouples is notably limited,
making them an unsuitable option when high thermal gradients are expected
[13].

To address these issues, higher spatial resolutions could be obtained through
infrared cameras, which can be used to measure thermal fields. In comparison35

with thermocouples, this technique presents many advantages such as being
a non-intrusive technique with a very fast response. However, the main dis-
advantage lies in the fact that sources of error such as emissivity, reflections,
absorption and obstructions need to be controlled [14]. Van Rooyen et al. [13]
showed that for high-strain-temperature process this technique is more useful40

than thermocouples to control process temperature.
Together with a proper thermal control of the test, it is worth mentioning

that during plastic deformation the part being deformed is self-heated because
of this high deformation. The majority of the work employed in the deformation
is transformed into heat (phenomenon known as adiabatic self-heating) whereas45

a small amount is kept as stored energy in lattice and contributes to the develop-
ment of dislocation structures [7, 15]. This temperature rise directly influences
the performance of the thermomechanical test as it affects the flow curve of the
material [16]. In addition, it may not only affect the mechanical properties of
the material but also the material microstructure, as stated by [17]. Therefore,50
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the control and knowledge of this temperature rise is a key aspect on the perfor-
mance of the thermomechanical characterization and to develop any accurate
FEM model.

Within this context, different definitions could be found in literature rep-
resenting this phenomenon which, in this work, have been distinguished as β155

and β2. The adiabatic self-heating, β1, could be defined as it was early done
by Taylor and Quinney [18], as the ratio between the heat spent to heat the
sample to the plastic work done. This definition has been used for years and it
is usually taken as 0.9-0.95 [19, 7, 20]. This range of values is widely accepted
and many commercially available FEM software such as Deform, AdvantEdge60

or Forge NXT uses it. For instance, Mathieu et al. [21] or Cuesta et al. [22] in-
cluded this coefficient in their thermal analysis. Nevertheless, other researchers
defined the adiabatic self-heating as the ratio between the heat experimentally
observed via thermal variations to the total plastic work done [23, 24, 25], β2 in
this research. Under pure adiabatic conditions, these definitions would lead to65

the same result, however, when heat losses play an important role (at low strain
rates or at high temperatures) the values reported by each definition could differ
notably.

Although both definitions of adiabatic self-heating are acceptable, it is nec-
essary to establish a proper way to characterize it. In literature, both definitions70

are used indistinctly, which could lead to misunderstandings. See on Table 1
the variation reported in literature for Ti6Al4V.

Table 1: Different values of adiabatic self-heating found in literature for Ti6Al4V under dif-
ferent conditions. Tests carried out at room temperature

Load mode Strain rate (s−1) Def. β Reference
Shear 460 β2 0.2-0.7 [26]

Compression 3000 β2 0.5-1.0 [27]
Compression 3000 β2 0.4 [28]
Compression 2000 β2 0.4-0.5 [24]

Tension 1500-3400 β2 0.3-0.4 [24]
Shear 2800-7000 β2 0.4-0.5 [24]
Tension 500-7000 β2 0.5-0.6 [29]
Tension 0.001-0.01 β1 0.6-0.9 [7]

Compression 1-50 β1 0.9-0.98 [30]

Several attempts were found in literature aiming to measure adiabatic self-
heating. According to an early study from Zhao et al. [31], the temperature
variation during a compression test is a result from the combination between the75

heat generated by plastic deformation, the heat produced due to friction and the
heat loss through conduction between the sample and the dies. This approach
was tested at 300◦C over a wide range of strain rates. In the study, heat losses
due to radiation and convection were assumed to be negligible, which, even at
300◦C, could be a risky assumption leading to a bad estimation of the adiabatic80

self-heating coefficient.
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Rittel et al. [24] characterized the adiabatic self-heating for different mate-
rials, strain rates and load modes at room temperature. In spite of the com-
prehensive study carried out, heat losses such as conduction were not included
in the analysis, which could explain the low values of adiabatic self-heating ob-85

tained at these elevated strain rates. The adiabatic self-heating was directly
determined according to the temperature measurements, that is, β2.

Bonk et al. [20] performed tensile tests in a vacuum chamber to avoid convec-
tion losses. The temperature was measured through different K-thermocouples
distributed along the region of interest. Similar approach was taken by Knysh90

and Korkolis [7] avoiding the necessity of controlling what was happening out-
side the region of interest. The temperature was measured with an infrared
camera whereas Digital Image Correlation was used to determine possible heat
losses due to mass flux. However, both approaches were carried out at low strain
rates, typical from tensile tests but far different from industrial conditions.95

Also, the temperature is a relevant aspect to be taken into consideration
when characterizing this coefficient [32, 33] as higher temperatures imply higher
heat losses. Therefore, a proper way to characterize it at high temperatures
would be needed as it is briefly analysed in literature. Likewise, [24] demon-
strated the dependence of this parameter on the loading mode and the material,100

also proving that even at strain rates higher than 1000 s−1, β2, could be far dif-
ferent from 1.

Thus, although adiabatic self-heating was experimentally measured by dif-
ferent researchers, no agreement was found between them. In addition, the ma-
jority of the tests were made at low temperatures (up to 300◦C to the best of our105

knowledge) although it was demonstrated that it can notably vary with tem-
perature due to the increase on heat losses. Regarding the techniques employed
on the adiabatic self-heating characterization, thermal imaging or thermocouple
measurements are the most widely used. However, as it was explained above,
thermocouples embedded to the specimen may change the heat flux and they110

only allow single point measurements to be done. Thus, infrared imaging seems
to be the best option. In addition, heat losses play an important role so they
should be included in the analysis.

This paper aims to show a technique to measure the adiabatic heating for an
aeronautical alloy (Ti6Al4V), considering heat losses by radiation, convention115

and conduction. The technique proposed considers a 3D control volume con-
taining the region of interest (the region of shear strain localization) according
to DIC measurements. High speed infrared filming allows the evolution of the
process to be determined and the adiabatic heating was obtained at different
stages of the compression tests. The effect of temperature was also analysed120

within the paper.
The paper is organized as follows. The first section shows the the physical

background, employed methods and used approximations to compute the adia-
batic self-heating coefficient (heat losses, approaches). Then, the description of
the experimental set-up is presented. Following, the results are presented and125

discussed and, finally, the conclusions are shown.
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2. Theoretical basis

To carry out material characterization, the material is plastically deformed
by controlling some physical parameters such as temperature, compression load
and displacement, which define plastic strain and strain rate.130

However as stated above, due the to the energy conservation law, the sample
temperature may change during the test. If a control volume is considered,
during the test, the sample is subjected to a mechanical work, i.e. a certain
amount of energy is introduced into the system that has to be either dissipated
or stored into this volume. The amount of energy introduced by the deformation
process, Wp, can be calculated by equation (1)

Wp =

Lf∫
0

FdL (1)

where F is the compression load and L is the displacement, that is, the area
under the force curve obtained from the Gleeble tests.

According to the schematic view of the energy balance shown in figure 1,
this energy is transformed as given by equation 2.

Wp = Qm +Qcond +Qconv +Qrad +Qmt + Estored (2)

where each term of this equation (2) is explained and analysed in the following135

paragraphs.

Figure 1: Control volume considered for the adiabatic self-heating calculus
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Qm is the heat associated with the temperature rise measured with the
infrared camera in the 3D control volume and can be determined according to
equation (3).

Qm = ρcpV∆TIR (3)

where ρ and cp are the density and the specific heat capacity of the material,140

assumed to be constant during the test, V is the volume of the shear zone
(control volume) and ∆TIR is the temperature rise measured with the infrared
camera.

Qcond is referred to the heat transfer between the control volume and the
rest of the sample by conduction (see Figure 1). This heat loss can be quantified145

by equation (4).

Qcond = ρcpV dα
∂2T

∂x2
i

= kV
∂2T

∂x2
i

(4)

where dα is the thermal diffusivity of the material, T is the temperature, xi

represents the coordinate referred to the heat flux direction and k is the heat

conduction.
∂2T

∂x2
i

was determined based on infrared measurements.

Qconv and Qrad are the heat losses of the volume control into the surround-150

ings, representing the convection energy and the losses due to radiation, respec-
tively. Convection losses can be calculated by equation (5).

Qconv = Alossh(Tsurf − Tair) (5)

where Aloss is the section of losses, this means the section in direct contact with
the air, h is the heat convection coefficient of the air, which was set to 10 W/m2K
according to [34], Tsurf is the average temperature of the sample measured155

with the infrared camera and Tair is the temperature of the surroundings (room
temperature), both measured in K.

Likewise, the energy loss due to radiation is given by equation (6).

Qrad = AlossεemσSB(T
4
surf − T 4

air) (6)

where εem is the emissivity of the surface and σSB is the Stefan-Boltzmann’s
constant.160

Qmt is related to the mass exchange between the control volume and the
surroundings. However, with the help of a high speed filming camera and an
image correlation software it was shown that this heat loss was negligible in the
present work.

Finally, Estored is referred to other aspects such as restoration processes165

(dynamic recrystallization, recovery), the development of dislocation structures
or stored lattice energy.

Therefore, the adiabatic self-heating can be expressed by equation (7) [7].

β1 =
Q

Wp
(7)

6

Electronic copy available at: https://ssrn.com/abstract=4084591



which can be calculated as:

β1 =
Qm + (Qcond +Qconv +Qrad +Qmt)

Wp
(8)

Alternatively, several authors, defined the adiabatic self-heating as the ratio
between the heat measured via the temperature variation and the plastic work,
i.e.

β2 =
Qm

Wp
(9)

3. Experimental set-up170

Uniaxial compression loading of the specimens was carried out using a Glee-
ble 3500 thermo-mechanical testing machine. The specimens were located be-
tween two tungsten carbide anvils. The friction between the anvils and the
specimen was negligible thanks to the use of graphite sheets. The vacuum
chamber was opened so the process could be filmed. Therefore, vacuum was175

not created. This leads to heat losses due to convection and could cause the
oxidation of the samples. Although oxidation could change the emissivity of the
surface, this was constantly controlled through thermocouple measurement and
IR camera comparison.

The machine heats the specimen based on the Joule effect with a heating180

rate of 10◦C/s up to the desired temperature. The testing temperature was held
constant for 30 s to ensure the homogeneity along the sample. The temperature
was controlled through a K-thermocouple welded to the specimen (see Figure
2). In the present case, these temperatures were room temperature (RT) and
600◦C. The Gleeble machine records the force through a Kistler dynamometer185

and the displacement during the process, in order to analytically determine the
plastic strain.

The specimen employed consisted of a shear sample similar to the one shown
in [1]. The compressed distance was 2 mm and the speed was kept constant and
set to 1.9 mm/s to keep the strain rate constant during the experimental test.190

All the tests were filmed with a frame rate of 9000 frames per second using
a Photron FASTCAM APX-RS250K. The objective used was a Navitar 12X.
The sample was lit with HMI HSL 250 cool light (see Figure 2a). Thanks to
high speed filming, it was proven that the volume of the shear zone remained
almost constant during the test, variations being lower than 5%.195

To carry out Digital Image Correlation (DIC) measurements from this sur-
face, a speckle pattern was created. Different painting methods were tested to
ensure good adhesion under the tested conditions, with enough resolution and
no decorrelation problems. The aim of these measurements was to properly
determine the shear zone and to obtain the strain fields. DIC analysis was done200

using GOM Correlate software. The noise error on plastic stain measurements
was quantified by analysing the equivalent plastic strain obtained between 100
frames without movement.
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Figure 2: Experimental set-up: a) Photron FASTCAM APX-RS250K with HMI HSL 250
cool light; b) FLIR Titanium 550M with focus on the shear zone (infrared image) and the
K-thermocouple

Infrared images of the sample being deformed were taken using the FLIR
Titanium 550M with 1000 Hz of sampling frequency. The emissivity was char-205

acterized thanks to the thermocouple welded to the surface as Figure 2b shows.
At high temperatures, the effect of reflected temperature was totally negligible
and the emissivity could be directly determined by comparing infrared and ther-
mocouple measurements. However, at room temperature the effect of reflected
temperature must be properly characterized. In this case, the diffuser reflector210

method was employed [35]. The self-heating of the material was used as the
heating source and the anvil reflection was employed to estimate the reflected
temperature (see Figure 3). For this specific case, the reflected temperature was
32◦C.

Finally, material microstructure was analysed so as to study the existence215

of some changes in the microstructure due to the deformation process. The
deformed samples were mounted on resin and polished up to mirror finishing.
Then, they were etched with Kroll’s reagent to reveal the microstructure. For
each sample geometry, the undeformed microstructure was compared with the
deformed one at each temperature.220

The material employed was the alloy Ti6Al4V, provided as a hot rolled
bar with a diameter of 80 mm. The material was delivered in the annealed
condition. Figure 4 shows the microstructure with primary α grains and α+ β
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Figure 3: Determination of the reflected temperature. Apparent temperatures given in Celsius
degrees (ROI: Region of Interest)

colonies with an average grain size of 10.5 ASTM. The measured microhardness
was 350HV0.05. The density was 4430 kg/m3 and the chemical composition is225

summarized in Table 2.

Figure 4: Initial microstructure of the Ti6Al4V employed. Scale bar: 50 µm

Material properties were taken from literature [36, 37, 38], being the specific
heat capacity 519 and 680 J/kgK and the heat conductivity 6.7 and 10 W/mK,
at room temperature and at 600◦C, respectively.

4. Results and discussion230

4.1. Force analysis

The force results for each condition are shown in Figure 5. The area within
the curve represents the plastic work done (after removing the elastic effect).
Two totally different behaviours were observed at the two temperatures. When
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Table 2: Chemical composition of the Ti6Al4V

Element V Al Fe C O N Ti
Weight percent 4.05 6.36 0.16 0.015 0.019 0.006 Bal.

the test was carried out at room temperature, the flow behaviour shows the235

typical strain hardening behaviour up to drastic brittle failure when the dis-
placement is close to 1 mm.

In contrast, higher ductility was observed at 600◦C and no macroscopic fail-
ure seemed to take place. In addition, there is a decrease in the force when
the displacement is close to 0.5 mm, which can be related to restoration mi-240

crostructural processes such as dynamic recrystallization due to deformation at
high temperature.

Figure 5: Force-displacement diagrams

4.2. Digital image correlation analysis

The main aim of carrying out DIC analysis is to determine the volume of
the shear zone in order to define the control volume and the area of losses so245

as to be applied in equations (1)-(6). The relevance of the losses due to mass
transfer will be also analysed considering the speed component on Y direction.

The method employed to create the pattern was speckle painting technique
as it is widely accepted because of its simplicity and cheapness. The test at
600◦C was taken as reference to test the different possibilities. The aim was to250

find a proper technique to obtain a surface with a good speckle pattern in order
to measure strain at high temperatures. Therefore, the goal was to check the
capability of the technique of being employed (in terms of adhesion, brightness
or paint crack) rather than create the best possible speckle pattern.
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Eight different techniques were tested varying the surface finishing between255

polishing (etched and not), wire electro discharge machining (WEDM) surface
and sandblasting. White speckles were randomly sprayed with Molydal NB 25
which consists of small particles of boron nitride. This paint works at tem-
peratures up to 1000◦C. Some of the surfaces were previously painted black
trying two different paintings, PYRO FEU matt black anti-caloric paint, re-260

sistant at high temperatures (up to 900◦C) and AREMCO HiE-Coat 840-MX
ceramic-based which is a black pigmented coating for metals up to 1300◦C.

Among all the techniques tested, at high temperature, the best technique
found consisted of: (i) the WEDM surface was directly painted in black with
AREMCO HiE-Coat 840-MX; (ii) the painting was cured to ensure good adhe-265

sion; (iii) white speckles were randomly spread along the surface with Molydal
NB 25. For the tests at room temperature, the procedure was similar but the
AREMCO black paint was substituted by PYRO-FEU 24950-6 900◦C thermal
paint, making the curing process unnecessary at this temperature.

Measurements were carried out using GOM Correlate software. After deter-270

mining the best option to create the speckle pattern, the quality was analysed
using software criterion as it is shown in Figure 6. The noise error on plastic
stain measurements was quantified the variation of plastic strain between these
100 frames being lower than 0.005 for the whole set of conditions tested.

Figure 6: a) Example of an speckle pattern employed for DIC analysis (at 600◦C). b) Quality
of the speckle pattern created according to GOM Correlate software

The speckle sizes were in the range from 0.02 to 0.12 mm. Because of the275

intense distortion expected (due to severe shear strain), the subset size was set
to 60 pixels (which is 0.35 mm) with a step size of 20 pixels according to [39].
The subset size is the width of the square to mesh the reference image. The
step size is the distance between subset centres.

As an example, a picture of the DIC measurements is shown in Figure 7,280

the strain field obtained is similar to the ones shown in [40, 41] so the shear
approach is assumed to be valid for the study. As can be seen, the shear zone
can be approximated by a parallelepiped and its dimensions lead to a volume
of 21 mm3.
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Figure 7: Equivalent plastic strain field (T=600◦C)

It is worth mentioning that the volume was observed to remain almost con-285

stant during deformation, once the shear zone has been formed, at both tem-
peratures. The measured thickness of the shear zone, based on the equivalent
strain field, was 1.38 mm.

The possible material fluxes into and out of the control volume may influence
heat losses and could be relevant in the calculus of the adiabatic self-heating.290

Therefore, it is necessary to determine whether some particles tend to travel
out of the control volume. To carry out this estimation, the possible existence
of velocity in Y direction would be a proper indicator. It is worth noting that
compression forces are applied in horizontal direction according to the coordi-
nates shown in Figure 7. The velocity field in Y direction is shown in Figure295

8. At 600◦C no presence of velocity in Y direction was found. The same result
was obtained at 20◦C. Thus, the heat losses due to mass transfer (Qmt) can be
neglected.

4.3. Surface temperature analysis

The temperature evolution of a point located in the centre of the shear zone300

was determined by tracking a 3x3 pixel. Figure 9 shows the increment of the
temperature with respect to the programmed one, that is, RT and 600◦. It can
be observed that the measured temperature increment is slightly higher in the
room temperature case whereas the heating rate is notably higher.

To calculate heat losses due to convection (Qconv) and radiation (Qrad)305

the average temperature of the whole shear zone for each taken thermogram
was used. For instance, in Figure 10 it can be seen the temperature evolution
taking different measurement protocols, with no remarkable variation between
the single point and the ROI measurement. However, it could be also observed
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Figure 8: Velocity in vertical direction: vy field (T=600◦C)

Figure 9: Temperature rise during the process in the centre of the shear zone
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how the use of thermocouples could give wrong values, as the measurement310

strongly depends on the position of the thermocouple among other issues.

Figure 10: Temperature evolution during a thermomechanical test (sample tested at 600◦C).
uT = ± 30◦C

In order to also estimate the heat losses due to conduction it is necessary

to determine
∂2T

∂x2
i

. Based on infrared measurements, the conduction flux along

the shear zone can be reduced to a flux in Y direction as Figure 11 shows.

Figure 11: Left: Temperature field within the shear zone at 20◦C. Right: Temperature profile
along Y direction to determine heat losses due to conduction

Based on Figure 11 (right side), it can be seen how the temperature profile315

along the shear zone is symmetric. Therefore, in order to numerically calculate
∂2T

∂x2
i

(being xi = Y in the present case) the shear zone was divided into two

halves. The average value of
d2T

dY 2
was numerically calculated for each half at

each frame. Finally, heat conduction losses can be estimated by transforming
Equation 4 into Equation 10.320
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Qcond = 2(k
V

2

d2T

dY 2
) (10)

4.4. Determination of adiabatic self-heating

The results obtained at 20◦C are shown in Figure 12. First of all, it is worth
highlighting that radiation and convection losses were observed to be negligible
under these conditions as they always represented less than 0.1 % of the whole
energy. The term named as ”others” represent the residual in which Estored is325

included.
The average value of β1 during the whole test was 0.88 which is in agree-

ment with the values reported in literature [7]. In this case, the conduction
losses progressively increase with time, reaching close to 5% of the total energy
introduced. The value of β2, calculated only considering Qm and Wp was close330

to 0.84. With respect to the term ”others”, its value is around 10%, which could
be related to the stored energy in terms of microstructural aspects.

Figure 12: Room temperature: a) Calculus of power including all possible heat losses, b) heat
losses as a percentage of Wp

According to different authors, Ti6Al4V suffers flow instabilities and inho-
mogeneous flow at room temperature which may lead to adiabatic shear bands,
resulting in local melting and fracture [42, 43]. In Figure 13 the initial and final335

microstructure at room temperature can be compared. It can be seen, in the
final microstructure, a thin affected layer in which the microstructure is oriented
in the fracture direction (probably an adiabatic shear band) which could explain
the stored energy.

The same analysis was carried out at 600◦C as Figure 14 shows. Under this340

condition, radiation represents more than 20% of all of the heat losses so this
term has to be considered in the analysis to calculate the adiabatic self-heating
coefficient. Convection losses could be also relevant, representing around the
5% of the heat losses as a first approach.

The average value of β1 was 0.87, again in agreement with the values re-345

ported in literature [7]. However, the value of β2 was 0.57 due to the high level
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Figure 13: Room temperature: a) Initial microstructure of Ti-6Al-4V (α+β structure), b)
Microstructure after fracture: affected zone. Scale bar: 50 µm. Magnification: 500X

of losses. Therefore, it can be seen how, when the heat losses are not relatively
relevant (in the room temperature case radiation and convection losses are to-
tally negligible), the values of β1 and β2 are quite close. These conditions are
typical for tests carried out at high strain rates or at low temperatures. Finally,350

it was observed that the term ”others”, again, represents around the 10% of all
energy. As in previous case, under these conditions, adiabatic shear banding is
expected [44].

Figure 14: T = 600◦C: a) Calculus of power including all possible heat losses, b) heat losses
as a percentage of Wp

The microstructure before and after the deformation test is shown in Figure
15. As it can be seen, the initial microstructure did not present any remarkable355

different compared with the one shown in Figure 13a, so the heating up to 600◦C
does not imply any phase change in the material, just causing an increase in
the grain size. In contrast, as the ductility was observed to be higher (see
Figure 5) no drastic failure was observed. Although the crack has started, it
has not enough time to propagate and cause the drastic failure. Again, the360

microstructure shows the orientation in the direction of the shear force, which
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could explain the amount of energy stored. In addition, grain elongation could
be observed close to the shear banding zone, which could be an indicator of
dynamic recovery, as some authors reported [45, 46].

Figure 15: T = 600◦C: a) Initial microstructure of Ti-6Al-4V (α+β structure), b) Microstruc-
ture after deformation: affected zone. Scale bar: 50 µm. Magnification: 500X

The amount of energy stored was proved to be constant in the range of365

temperatures from 20 to 600◦C, the adiabatic heating coefficient (β1) being
close to the widely reported 90% under both conditions. As this parameter is
important in numerical simulations, if the model is able to take into account
thermal losses such as radiation or convection, its value can be assumed to be 0.9
whereas if the model does not include this, something typical for 2D models, its370

value should be corrected as radiation losses could represent more than 20% of
all energy introduced in the system. In addition, this parameter is also relevant
in material characterization as it determines the real temperature at which the
test was carried out.

5. Conclusions375

After analysing all the results, the following conclusions can be drawn:

� A technique to measure the adiabatic self-heating under shear conditions
with a 3D control volume is proposed considering heat losses and the
energy measured through infrared measurement at different temperatures,
demonstrating its capability at low and high temperatures.380

� The adiabatic heating, β1, was demonstrated to be close to 0.9 as it is
widely reported in literature under both conditions. This parameter is
relevant on numerical simulations and can be set to 0.9 if the model is
able to take into account heat losses such as convection or radiation.
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� Different approaches were found in literature defining the adiabatic heat-385

ing value. With this methodology, it was shown that, although β1 remains
almost constant at different temperatures, the value of β2, due to the rele-
vance of the heat losses, is notably lower when the temperature increases.
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