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Abstract

Background The use of the Taylor-Quinney coefficient for introducing a thermal dissipation term into material models relies
on understanding its dependencies. These are usually determined through extensive experimentation, wherein temperature
variations are monitored in a test piece during mechanical loading.

Objective This study aims to reduce the cost and time necessary to determining the dependencies of the Taylor-Quinney
coefficient by proposing a novel small specimen inverse testing method and demonstrating its use on aluminium alloy 7175.
Methods The method proposed is based on mechanical testing of a novel small ring specimen in parallel with FEA simulations.
In the experiments, small rings of 7175-T7351 aluminium alloy, 20 mm in outer diameter, were loaded between two pins for
different pin displacement rates (namely 1, 1.5 and 2 mm/s) at room temperature and the local specimen temperature field
was monitored using an infra-red thermal camera. Fully coupled thermal-mechanical simulations of the tests were performed
using a range of Taylor-Quinney coefficients, and the resulting temperature evolutions compared to the experimental results
in order to determine appropriate coefficient values for the material.

Results The method presented shows good repeatability and allows for clear observation of thermal dissipation. Taylor-
Quinney values ranging 0.51-0.59 are reported for the 7175 alloy, in line with values reported in the literature for similar
alloys. Density, specific heat capacity and thermal conductivity, fundamental thermal material properties necessary for the
simulations, are also reported for the alloy.

Conclusions The method detailed shows promise for determining Taylor-Quinney coefficients in a wide range of experimen-
tal conditions and is proposed as a cheap and fast alternative to full-scale specimen testing of Taylor-Quinney coefficients.
Taylor-Quinney values obtained for 7175 aluminium are shown to be much lower than the value of 0.9 often proposed for
materials.

Keywords Small Ring - Taylor-Quinney - Aluminium - 7175 - Inverse method - Infrared thermography - Mechanical
dissipation - Plasticity

Introduction fundamental energy balances. It is well known that in many

materials, after yield, an increasingly large fraction of input

In order to provide a thermodynamic justification for mate-
rial deformation and damage accumulation models, rigor-
ous experimental methods are required which can inform
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mechanical energy is dissipated as heat [1-3]. In sufficient
circumstances (highly localised, high strain rate loadings, for
example) this dissipated energy can be observed as a signifi-
cant change in temperature. The Taylor-Quinney coefficient
may be defined as the ratio of either the energy dissipated
as heat during plastic straining to the total plastic work done
on the material element, noted f,,, or of thermal dissipa-
tion power to plastic power, noted f;;, as will be expanded
upon in “Defining Taylor-Quinney Coefficients” section. It
is the most fundamental material parameter associated with
thermoplastic effects, however values are often assumed in
the literature without proper experimental justification [4].
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In addition to allowing for the more robust thermodynamic
formulations of material constitutive equations, representa-
tive Taylor-Quinney values (or more aptly, Taylor-Quinney
relationships since multiple dependencies have been experi-
mentally demonstrated in the literature, as will be discussed
in “Known Dependencies of the Taylor-Quinney Coeffi-
cients” section) may be used to evaluate plastic dissipation
fractions in sophisticated energetic failure criteria. Examples
of this are the work of Daily and Klingbeil in relation to low
cycle fatigue crack growth [5] and that of Einav et al. regard-
ing development of a coupled damage-plasticity material
model [6]. Taylor-Quinney values are of further interest to
the simulation of fast deformation processes such as high-
speed machining and ballistics where plasticity-induced
heat generation can lead to sizeable changes in material
properties [7].

The most common way of determining Taylor-Quinney
coefficients is by measuring temperature values on a specimen
while it is being deformed plastically. For high loading rate
testing, this can for instance be done using split-Hopkinson
bars [2—4, 8—10] while for slower rates tensile or torsion tests
are well established [3, 10-14]. The widespread use of these
two experimental methods and their respective loading rate
capabilities has highlighted the dependency of Taylor-Quinney
coefficients on strain rate for certain materials such as alpha-
Titanium [3], stainless steel 301 [2], and pure titanium, tin, iron
and copper [10] in addition to a widely known dependency on
strain for many materials (see for instance [2, 3, 8, 10, 15, 16]).
Recent developments in the determination of Taylor-Quinney
coefficients are the use of inverse analysis whereby experi-
mental work is assisted by FEA [13, 14, 17, 18] and the meas-
urement of strain using digital image correlation (DIC) [11,
19-24]. Further review of the literature describing methods
of obtaining Taylor-Quinney values and their dependencies is
to be found in “Known Dependencies of the Taylor-Quinney
Coefficients” section. These test methods are all typically
performed on conventional, full-sized specimens, raising the
issue of keeping track of large moving specimens (potentially
within a heating chamber) while maintaining quality tempera-
ture readings.

The novel method presented here for obtaining Taylor-
Quinney parameters partially assuages these difficulties by
using a miniature ring as testing specimen, thereby reducing
the surface areas that need to be tracked and on which tem-
perature needs to be read. The ring shape of the specimen
also permits a localisation of stress and of the accompany-
ing temperature change, simplifying temperature readings
while allowing a large portion of the specimen to be visible
outside of the machine grips. Finally, the small dimensions
of the specimen along with its simple design allow it to be
manufactured in large batches at low cost and from a wide
range of raw materials. Full-scale ring specimens have been
used in testing to check for defects in piping [25] and small

scalloped rings have been used to determine transverse tube
properties [26]. Hyde and Sun also proposed a small ring
test as a high sensitivity method for the study of primary and
steady state creep [27]. Large (by small specimen standards)
gauge lengths of approximately 50 mm were noted for mod-
est levels of total deformation, however it must be noted
that gauge length is a function of total ring deflection. The
small ring test has also seen recent application for deter-
mining the tensile properties of 7175 aluminium [28]. This
paper however relates the first use of this type of specimen
for the determination of Taylor-Quinney coefficients. The
small ring test set-up is summarised in Fig. 1 where both the
undeformed and deformed specimen states are shown and
the ring is loaded along the y axis. In such tests, a ring is
loaded by two pins (allowing for self alignment and a mini-
mal influence of friction on the specimen response) such
that it may elongate. For creep testing, a load P is applied
diametrically and deflection of the pins is monitored. For
nominally constant load creep tests (equivalent to traditional
full sized uniaxial tests) adaptive loading must be imple-
mented to account for the change in reference stress as the
ring deflects [29].

The testing method presented in the paper is illustrated
by determining Taylor-Quinney values for aluminium alloy
7175-T7351. Due to an attractive combination of (relatively)
high strength and low density, the 7000 series of aluminium
alloys which includes the 7175-T7351 alloy have numerous
naval, aerospace, and military applications [30-32] and have
consequently received a great deal of attention in the litera-
ture. In the work of Benoit et al., for example, the micro-
structure of two 7000 series alloys was analysed, in addi-
tion to room temperature values of fundamental mechanical
response parameters such as yield stress, ultimate tensile
strength, elongation at fracture, and fracture initiation
energy [30]. The orientation of sample forgings and grain
size demonstrated no significant influence on yield stress.
For 7175 alloys at room temperature, yield strength values
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Fig.1 A schematic of the small ring testing method, showing (a) unde-
formed and (b) deformed specimens
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of approximately 338 + 8.5 MPa were determined. Of par-
ticular note was the identification of Zn, Mg, and Cu pre-
cipitates, which may act as hindrances to dislocation motion
(thereby providing an important strengthening mechanism
and potentially affecting Taylor-Quinney coefficient values).
Zn and Mg precipitates were particularly noted for promot-
ing solution strengthening, precipitate strengthening, and
stacking fault strengthening mechanisms. 7175-T735 alloys
were also studied in the work of Jaya Rao et al. using nonlin-
ear ultrasonic non-destructive methods [33]. Samples with
prior plastic straining were analysed, with resulting nonlin-
ear ultrasonic parameter variations suggesting a two stage
dislocation process in the material’s deformation behaviour.
No Taylor-Quinney values were however found in the litera-
ture for this material.

In the present work, tensile small ring tests were per-
formed on 7175 aluminium at room temperature using a
constant pin displacement rate while ring temperature was
recorded to observe the heating caused by thermoplastic
effects. Coupled thermal-mechanical FEA simulations of
the tests were performed using an elastic-plastic material
model and a range of arbitrary Taylor-Quinney coefficients.
Experimental and simulated results were then compared
in order to deduce values of g, for the material using an
inverse method. It is worth noting that while a 7000 series
aluminium alloy is used in the present work due to the indus-
trial potential of these alloys, it is expected that the same
technique could be applied to any material for which the
representative volume element is smaller than the small ring
geometry.

Thermoplastic and Thermoelastic Effects
for Moderate Strain Rates

Defining Taylor-Quinney Coefficients

Heat generation associated with material straining has
received a good deal of attention in the literature. Particular
attention has been paid to the Taylor-Quinney coefficient,
the most fundamental parameter associated with thermo-
plastic effects which is of particularly importance in impact
analyses [34]. Rittel has however noted that Taylor-Quinney
coefficient values are often simply assumed to be 0.9 in oth-
erwise detailed simulations, despite dependencies on factors
such as loading rate being experimentally demonstrable [4].
The Taylor-Quinney coefficient (f) may in fact be defined
as a function of powers or of energies. In the first case we
will denote it f;¢ and it can be expressed by equation (1),
while in the second case it will be denoted f,,, and can be
expressed by equation (2) [15]. In these relations gp and wp
are the specific energy dissipated as heat (due to irrevers-
ibilities associated with plasticity or damage, for example)

and specific plastic work (total mechanical work minus elas-
tic energy), respectively, while a dot denotes rate terms. Note
that lower case terms used in this section relate to specific
quantities. It is of course easy to show that the fraction of
plastic power stored, #, is related to fye by 1 = 1 — B4 [35].
A relationship between ¢ and f;,, can be developed as
equation (3) [36]. In the present work, values of g, are
determined, such that they may at times be referred to as f
for simplicity.

qp

ﬂdiff = W_P (D
qp 1 [
. = = o Wpd
ﬂmt Wp Wp A ﬂdlff wpdT (2)
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Known Dependencies of the Taylor-Quinney
Coefficients

The determination of S and g, for polymer materials has
received particular attention in the literature. Rittel used
split-Hopkinson bars to study the evolution of both forms
of the Taylor-Quinney coefficient in polycarbonate at strain
rates ranging 5000 - 8000 s~'. It was noted that both f,; and
Py are strain and strain-rate dependent and that they evolve
differently [15]. Shao et al. considered the glassy polymers
polycarbonate (PC) and polymethyl methacrylate (PMMA)
and showed, using material models which accounted for
strain hardening and softening, that f,,, can vary between
approximately 0.5 and 0.8 (based on plastic strain magnitude
and loading rate) [34]. Maurel-Pantel and co-workers inves-
tigated semi-crystalline polyamide 66 (PA66) using digital
image correlation (DIC) and infra-red imaging techniques
(to evaluate total strain and thermal field parameters, respec-
tively) at multiple tensile strain rates, namely 0.1/s, 0.01/s,
and 0.001/s [37]. A difference in peak temperature of 15 °C
was noted between different loading rate results, with similar
observations for shear tests. Constitutive relations used in
this work were based on Billon [38]. PA66 was also studied
by Benaarbia et al. for low cycle fatigue conditions [39].
Cycle by cycle evaluations of f;;4 highlighted hot spots in
dissipation fields and a range of values (from 0.4 to 0.8)
were noted (over approximately 7000 loading cycles).

In metals too the study of plasticity-induced thermal
dissipation has attracted attention, in particular due to the
importance of heat generation in high strain rate problems
such as impact and industrial forming. Split-Hopkinson (or
Kolsky) bars have been extensively used to study g and
B, in experimental studies. Rittel and coworkers for instance
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used split-Hopkinson bars to study the dependence of g, on
the dynamic loading mode, and potentially large fluctua-
tions were shown to correlate with loading mode for certain
materials (e.g. annealed commercially pure Titanium, grade
2) [4]. Similarly, Hodowany and collaborators used both
Kolsky bars and a servohydraulic load frame to determine
Pairr values in 2024 aluminium and alpha-Titanium for strain
rates ranging 1 - 3000 s~! [3, 8]. In the aluminium, values
of f4 were found to depend on strain but not strain rate
and ranged 0.3 - 0.6 while in the Titanium both dependen-
cies were shown and f;; values ranged 0.6 - (=) 1. In both
metals the amount of energy released as heat increased with
plastic strain, until 4 was almost 1. Using similar method-
ology, Vazquez-Fernandez et al. studied the impact of strain
history and rate on f,,, values for austenitic stainless steel
316 and metastable austenitic stainless steel 301 [2]. Results
indicated that while Taylor-Quinney factors depended on
the level of strain for both metals, only the 316 steel showed
strain rate-dependency. Jovic et al. used split-Hopklinson
bars to examine Taylor-Quinney values for 304L stainless
steel and noted a decrease in f,,, with increasing strain [16].
A strong dependence of f;;; on strain rate was noted in the
work of Fekete for 15Ch2MFA (bainitic structure with fine
grains) reactor steel, although 08Ch18N10T (austenitic
structure with coarse grains) showed negligible levels of
loading rate dependency [35]. Multi-phase (Martensite and
Austenite) 304 stainless steel materials were analysed by
Zaera et al. [40]. This work highlighted that phase trans-
formation mechanisms can release latent heat, leading to
experimental observations where f or f,,, take a value
greater than unity, an observation also made by Rusinek
et al. for fy in TRIP steel 800 [41]. Polycrystalline alu-
minium was investigated by Badulescu, with a relationship
between f,;; and grain orientation suggested [42]. Soares
et al. studied S and f,,, in high purity copper, tin, titanium
and iron at strain rates ranging 1.25x107* to 3100 s~! using
tensile testing and split-Hopkinson bars and showed high
strain and strain rate dependency in all materials [10]. Varga
and Kingstedt studied the influence of microstructure on
measured f;,, in laser powder bed fusion manufactured and
wrought Inconel 718 using tension split-Hopkinson bars at
a strain rate of 360 s~! [7]. They reported that in this metal
initial dislocation density and y’ and y”" hardening had little
influence on measured f,,, values while a dependence on
grain size was observed.

Thermomechanical Modelling

It is worth noting here (in order to assist discussion later
in the present work) that the measurement of small tem-
perature changes on the surface of components/specimens
has been used for many years to evaluate stress fields in

elastic loading cases. Such techniques generally known as
thermoelastic stress analysis methods exploit the coupling
between stress and temperature and commonly require that
material samples are cycled at such a rate that conduc-
tion can be neglected [43]. A general expression for the
temperature change associated with thermoelastic mecha-
nisms is given in equation (4), where T is the observed
temperature, p is the material density, C, is the specific
heat capacity at constant strain, o;; is a component of the
symmetric stress tensor, €; is a component of the sym-
metric total strain tensor, and Q is an input heat. Since
temperature is measured at the surface and adiabatic con-
ditions are assumed, the temperature changes measured
are related to surface stresses so that plane stress condi-
tions can be assumed [43]. Furthermore, if conduction is
neglected and it is reasonable to consider parameters such
as Young’s modulus and Poisson’s ratio (£ and v, respec-
tively) independent of temperature, equation (4) may be
simplified and rearranged to give equation (5), which can
relate measured temperature fluctuations to stress state.
Note that C, may be related to the specific heat capacity
at constant pressure (Cp) by equation (6) (where « is the
coefficient of thermal expansion) and that a/pC, is often
referred to as the thermoelastic constant. Thermodynamic
justification for thermoelastic effects (and importantly
equation (4)) is based on the assumption of reversibility
in elastic deformation [44]. The Helmholtz free energy
(w) may be defined as the internal energy (u, a function
of temperature and total strain) minus the product of tem-
perature (7)) and entropy (s), or y = u — Ts. Recalling the
first and second laws of thermodynamics and evaluating
specific heat and work contributions, an expression for the
increment in entropy may be found such that equation (4)
can be derived [44].

AT

T ij Q ..
= — .. + — fi , —1’ 2,3
- €lj - ori,j (4)
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In irreversible processes, such as plastic deformation,
there is always an increase in entropy [44]. The definition
of Helmholtz free energy presented above (v = u — T¥)
is still valid, however it is important to note that in the
elastic-plastic case internal energy is a function of state
variables related to, for example, kinematic and isotropic
hardening (allowing for the quantification of plastic strain)
in addition to the elastic strain component and temperature
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(as was assumed in the thermoelastic case). The Clausius-
Duhem inequality expresses the second law of thermo-
dynamics in a way which is convenient for continuum
mechanics study and may be represented by equation (7),
where 6 and ¢ are the stress and strain rate tensors, respec-
tively, and ¢ is a heat flux. Equation (7) quantifies a total
dissipation d which may be decomposed into an intrinsic
component 6, and a thermal conduction component &,
such that d = 6, + 6,, [39, 45, 46]. Expressions for the
two are given respectively in equations (8) and (9). Note
that the former is related to variations in internal variables
reflecting a change in the material’s microstructure and the
latter is related to the existence of a temperature gradient
across the material. In order to experimentally evaluate
0;, (= gp) the heat equation must be solved (equation (10),
where « is the thermal conductivity). The thermomechani-
cal coupling contributions w,,,. included in the heat equa-
tion have been neglected in some studies [39], however
evaluation may be related in some cases to thermoelastic
power [17].
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Multiple excellent review articles have been published on
thermoplastic effects from both theoretical and experimental
perspectives. Interested readers are directed to the work of
Bertram and Krawietz [46], Knysh and Korkolis [36], Einav
et al. [6], and Pottier et al. [17].

Experimental Setup

The purpose of the small ring testing was to pull rings apart
at different rates while monitoring the temperature changes
that accompany plastic deformation. Tests were completed
using an Instron 8862 test frame (see Fig. 2) and the ring
specimens had the dimensions given in Fig. 3. In this set-
up, load was transferred from the machine end grips to
the small ring sample through Nimonic 80A loading fix-
tures. The fixtures were button-ended, fixed to the machine
using hydraulic collet grips and transmitted load to the ring
through Nimonic 80A loading pins. In order to ensure the
integrity of the fixtures for investigations in materials of all

Loading
direction

Pins

Loading
fixtures

Ring
specimen
(imaged surface)

(©)

Fig.2 Experimental set-up used to measure plasticity-driven temper-
ature change showing (a) the positioning of the rings and camera, (b)
a close up view of the small ring within the loading fixtures, and (c)
a detail drawing of the ring in its mounted position with a partial cut

stiffnesses, the fixtures were made robust with thick cross-
sections. This had the effect of obscuring part of the ring
but left a sufficient area visible for the analysis presented
here. The ring shown in Fig. 2 was not prepared for thermal
imaging and is shown for representation purposes only. The
induction coil visible in the figure was not used for the work
presented in this article.

The tests were run in displacement control using cross-
head position to approximate pin displacement. The Young’s
modulus of Nimonic is approximately three times greater
than that of 7175 aluminium and the ring structure of the
specimens gave them high flexibility compared to the fix-
tures. As a result, for a pin load of 2 kN, the upper end
of the rupture load of the rings, pin displacements meas-
ured were around 1.5 mm of which a strength of materials
computation suggests less than 1 % can be attributed to the
deformation of the set-up. The machine, fixtures and pins
were thus considered to deform very little and cross-head
and pin displacements were assumed to be approximately
equal. Three pin loading rates (namely 1, 1.5 and 2 mm/s)
were applied in order to reveal any rate dependencies for the
7175 aluminium and alter the time scales for heat transfer.
Considering an equivalent gauge length of 40 mm for the
specimens [27], these displacement rates can be associated

©20.0 £0.05

?13.6070 55

] ) ) 2.50
All dimensions in mm

Fig.3 Dimensions of the small ring specimens
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with equivalent strain rates of roughly 2.5, 3.8 and 5 %,
respectively. These equivalent rates are given for reference
only and do not reflect a physical quantity within the sample.
Two tests were run per loading rate for a total of 6 tests.

Temperature fields on the rings were monitored using a
FLIR SC7000 series infra-red (IR) thermal camera. They
were read on the flat front surface of the rings, as shown in
Fig. 2, and sampled at 250 Hz. In order to increase the qual-
ity of temperature measurements, the imaged surfaces were
lightly abraded using grits P240 to P4000 (abrasive particles
of sizes 60 and 5 pm respectively) before applying a light
coating of matte black PlastiKote paint.

To determine a value of emissivity for the ring’s coated
surface and calibrate the camera, thermocouple readings of
the atmosphere surrounding a ring were compared to tem-
peratures measured by the camera on the ring assuming an
emissivity of 1. Using this method, an emissivity of over
0.99 was determined for the treated surface at room tem-
perature. For a real temperature change of 2 K, the difference
measured by the camera without correcting for emissivity
is then over 1.995 K so that the error linked to ignoring
emissivity correction is around 0.3 %. Considering the low
impact of correction, it was assumed in the foregoing that
the treated surface has a perfect emissivity of 1.

Heat Exchange Characterisation

In order to investigate thermoplastic effects and estimate
Taylor-Quinney coefficients, it is necessary to solve the heat
equation (equation (10)). Thermal source terms related to
plastic straining must be considered alongside losses to the
testing environment (by natural convection, for example) in
order to approximate the dynamic temperature field. To this
end, some fundamental material properties of 7175-T7351
aluminium need to be determined, namely specific heat capac-
ity, thermal conductivity and density (see equation (10)).
Another necessary precondition to solving the heat equation
is a characterisation of the heat loss mechanisms. Fundamen-
tal thermal properties of 7175-T7351 aluminium were there-
fore explored and are presented here in a first section while a
second section deals with the heat transfers between the ring
and its surroundings. Temperature dependence of the thermal
properties of interest was ignored due to the very limited scale
of temperature variation observed during testing (< 3 K).

Thermal Parameter Determination

Specific heat capacity for 7175 aluminium was estimated
using a Netzsch DSC 204 HP Differential Scanning Calo-
rimeter. Tests were performed at ambient conditions. Vari-
ations in specific heat capacity were observed over a 5 hour
period in order to determine the stability of the results.

0.866

)

1 K41

- 0.865¢

0.864

Cp (kagg

0.863 : :
100 200
Time (min)

300

Fig.4 Variations in specific heat capacity (Cp) recorded over 5 hours

The data obtained is presented in Fig. 4 and shows only
minor variations over the sampling period. A mean value
of 864.40 J.kg~". K~! will be used in the following analyses.

The Wiedemann-Franz law is used in the present work in
order to estimate thermal conductivity based on electrical
conductivity measurements. It may be expressed in the form
shown in equation (11), where x is thermal conductivity,
oy is electrical conductivity, T is instantaneous temperature
(here assumed to be 293 K, representative of typical labo-
ratory ambient temperatures), and L is the Lorenz number
(here taken to be 2.44 x 1078 W.Q.K~?) [47]. Four point
direct current potential drop tests were performed using 4
injection current levels on a 0.03 m X 0.072 m X 0.6 m bar of
the 7175 aluminium. Results are presented in Table 1. Diffi-
culties in reading small potential drops are suggested for the
apparent dependency of thermal conductivity on injection
current observed in Table 1, therefore a value of 190.04 W.
m~LK~!is recommended here (being the average of the “sta-
bilised” 2.5 A and 3 A results).

K

Density for the 7175 aluminium was estimated using a
MicroMetrics Accupyc 1330 pycnometer. 10 successive
runs (purges) were performed on a 19.1867 g sample. A
mean density value of 2.7581 g.cm™ was found, with a peak
deviation from mean of 0.0487 %.

Heat Loss To The Surroundings

In the experimental set-up, the only solid bodies in contact
with the ring were the two Nimonic pins. Since Nimonic
80A has a thermal conductivity of around 11.2 W K
or around 6 % of that of 7175 aluminium [48] and the sur-
face of contact was minimal due to the tangential nature of
contact, heat transfer between the ring and its surroundings
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Table 1 A summary of four

: . i ! Current (A) Potential Resistance (u€2)  Electrical Electrical Thermal
point potential drop test r.es.ults Drop (uV) Resistivity (Q.m) Conductivity Conductivity
performed on 7175 aluminium 1 -1

) (S.m™) (W.m™ K™Y
and resulting thermal
condnctivity estimations (based 9.5 9.5 3.42x1078 29.24 x 10° 209.04
on the Wiedemann-Franz law, 2 20 10 3.60 x 1078 27.78 x 100 198.59
see equation (11))
2.5 26 10.4 3.74x 1078 26.71 x 10° 190.95
3 31.5 10.5 3.78 x 1078 26.46 x 10° 189.13

through thermal conduction could be ignored. Similarly, the
temperature increase of the rings never exceeded 2 K during
testing, making heat transfer through radiation insignificant
as it scales with the fourth power of the temperature differ-
ence between object and surroundings. On the other hand,
the large surface-to-volume ratio of the rings led to compara-
tively high convective heat fluxes. Heat exchange between
the ring and its surroundings was therefore assumed to be
dominated by natural convection, such that it could be fully
characterised by convective heat transfer coefficients.

Since the temperature of the surroundings was kept
constant (within 1 °C) throughout all the tests presented
here, heat loss in all tests was characterised by the same
convective heat transfer coefficient. A heat transfer coef-
ficient for 7175 aluminium rings was estimated by measur-
ing the temperature of a ring over time as it cooled through
natural convection after having been heated by mechanical
deformation and having been given time for its tempera-
ture field to homogenise through diffusion. Its derivation
is detailed in the following paragraphs.

The total heat transfer power for a body of volume V
changing temperature at rate 7 is given by equation (12),
where # and C, are the density and specific heat capacity,
respectively. The convective power is given by equation
(13) where A is the convective surface area of the body, &
is the heat transfer coefficient, 7| is the surface tempera-
ture of the body and T, is the temperature of the surround-
ings of the body outside of its thermal boundary layer.

Q = VpC,T (12)

Qconv = Ah(Tv - Too) (13)

Since heat loss was dominated by convection, then for a
ring not undergoing mechanical deformation Q = Q,,,,,- By
equating and reworking equations (12) and (13), the heat
transfer coefficient can then be expressed as equation (14).

4 T

h=Ype L __
pCPTs_Too

) (14)

The surface area and volume of the ring were respec-
tively 602 mm? and 422 mm?. Before the ring was heated

it was homogeneously at room temperature and its sur-
face temperature was therefore 7, = T,. By averaging
temperature readings on the ring before it was heated,
T, was thus obtained. Two regions of interest (ROIs) of
396 pixels on each side of the loading fixture in the first
acquired temperature field frame were averaged, result-
ing in T, = 20.09 °C. Figure 5(a) shows a heatmap of the
temperature field in this first frame and the ROIs used for
averaging. Since, as explained above, the ring was at room
temperature at this point in time, it is hardly discernible
from the background. To remedy this, its outline has been
highlighted in blue. The coil and thermocouple visible in
the frame were not used in the work presented here.

Using the thermal parameters detailed in “Thermal
Parameter Determination” section and equation (15), a ther-
mal diffusivity @ =7.97 x 107 m2.s~! was determined for
7175 aluminium. Considering the wall thickness w of the
ring as characteristic length L, and using equation (16), a
characteristic heat diffusion time 7 of 0.129 s was proposed
for the rings. For such fast heat diffusion, any gradients in
the temperature field caused by localised plasticity were
seen to dissipate within seconds of the end of mechanical
loading.

_ Kk
@ = PCP (15)
L2
r=-12 (16)
a
. 21 25) [22.5; 25]
‘,ROIS [y ¥ Coil

20.5 22.25

7 (unused)

o
N1

)
3
Temperature (°C)

Temperature (°C)

21.75

sy Thermocouple

Ring [
wwd (unused)

outline

%
-

[19; 21.5)

(a) (b)
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By taking two IR measurement frames at instants t; < f,
over a second after mechanical deformation had stopped,
any local temperature peaks on the ring’s surface had disap-
peared and a homogeneous temperature field could therefore
be measured on the ring. Homogeneous cooling of the ring
could then be observed and 7 was approximated using a first
order forward finite difference scheme. The first frame was
taken 3 s after the end of loading and was separated from
the second frame by 1.684 s. ROIs of 506 pixels on each
side of the ring were used to determine average temperature
values at both instants. Ty was taken as the spatial average
temperature at ¢ = t; with a value of 22.27 °C. The aver-
age temperature value at f = 1, was 22.03 °C, making the
cooling rate T = 0.14 K/s. Figure 5 shows the heatmap of
the temperature field at = ¢, overlaid with the ROIs used
for averaging temperature. Using the values given here and
Eq. 14, the heat transfer coefficient was found to be 106.5 W.
m‘2.K_1, an acceptable value when considering the large
surface to volume ratio of the specimens [49].

Simulations

In addition to the experimental work detailed above, fully
coupled thermo-mechanical simulations of the experiments
were performed to compute the temperature change caused
by plastic dissipation for various f,,, values. The simulations
aimed to reproduce experimental conditions and were con-
ducted with pin displacement rates identical to those used in
the experimental investigations. For each displacement rate,
individual simulations were conducted for Taylor-Quinney
coefficients of 0.4, 0.5, 0.6, 0.8 and 0.9. Full coupling of the
thermal and mechanical effects was necessary to account for
heat production and conduction within the material during
loading. The simulations were solved in Abaqus standard
using eighth models to take full advantage of the three sym-
metry planes within the set-up. Geometric non-linearity was
taken into account due to bending effects. The model used
is shown in Fig. 6 in its undeformed state with boundary
conditions.

The material model used was elastic-plastic with time-
independent isotropic hardening for simplicity. The data
used for the constitutive law was obtained from graph
WA.311 of the ASM Atlas [50]. A Young’s modulus value
of 13.9 GPa was used and the plasticity relation was input-
ted as an array of 17 stress-plastic strain values. Outside
the bounds of behaviour presented in [50], perfect plastic-
ity was assumed by Abaqus. The candidate Taylor-Quinney
coefficients were implemented in Abaqus using the inelastic
heat fraction property, and the density and thermal proper-
ties used for the material were those detailed in “Thermal
Parameter Determination”. Elements used to model the ring

&

Fig.6 Simulation set-up

were C3D8T trilinear fully integrated thermally coupled
brick elements.

The contact between the ring and pin was modelled as
hard, frictionless, and adiabatic due to the low thermal dif-
fusivity of Nimonic 80A and the small contact area with
the ring. The pin was modelled as an analytic rigid shell
linked to a reference point where all rotations were blocked
as well as displacements in the x and z directions shown in
Fig. 6. An initial temperature field of 293 K was applied
evenly to the part and a convection boundary condition was
applied on the outside surfaces using a film condition. The
film coefficient used was the heat transfer coefficient deter-
mined in “Heat Loss to the Surroundings” section for the
experimental configuration. All simulations were led up to
a final pin displacement of 1.5 mm (0.75 mm in the model
due to symmetry). Loading speed was controlled by setting
step durations, affecting thermal transfers but not mechani-
cal behaviour.

Results

Conventional (full size) monotonic testing has suggested
minimal time dependency in the constitutive behaviour of
AA 7175 at room temperature [28, 51]. Results presented
in Fig. 7(a), which show the relationship between pin load
and displacement at the strain rates considered here, support
this observation for pin displacement rates ranging 1 - 2
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Fig.7 Pin load/displacement relationships up to 1.5 mm displace-
ment obtained from (a) all experiments at the three loading rates (1,
1.5 and 2 mm/s), and (b) coupled simulations (with experimental
results for comparison)

mm/s. A remarkable level of repeatability should be noted
in all observations made here; this directly follows from
the self aligning nature of the small ring specimen and the
negligible influence of friction on the recorded specimen
response [28]. The small differences between curves are
largely offsets in displacement values. Indeed, the set-up
required pre-loading of specimens by hand leading to pre-
load values ranging 10 - 100 N and consequently to differ-
ences in reference pin positions. Further evidence of speci-
men response repeatability can be seen in the time series
plots shown in Fig. 8. The data plotted in this figure comes
from the same tests as Fig. 7(a) but is shown until rupture.
Figure 7(b) shows the pin force-pin displacement curve
computed by the simulations alongside experimental data
obtained for all three pin displacement rates. For each pin
displacement rate, only the data obtained from the first
test is shown to avoid overcrowding the figure. As the
material model used in the simulations didn’t account for
temperature change and wasn’t time-dependant, the pin
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Fig.8 Pin load/time relationships until failure observed for loading
rates of 1 mm/s, 1.5 mm/s and 2 mm/s

displacement rate had no impact on the force-displacement
curve so a single curve is shown for simulated results. The
simulation data closely follows the experimental data, sug-
gesting that the simulations were representative of mate-
rial behaviour and yielded realistic plastic strain values.

The temperature fields obtained from the simulations
evolved as expected during loading, with initially homoge-
neous values giving way to pockets of higher temperature
in areas where plasticity was located. The regions with the
highest generated temperature were therefore the area of
contact with the pins (in the 12 and 6 o’clock positions of
the ring, along the loading axis) and the midplane between
the pins (3 and 9 o’clock positions). Figure 9b shows the
temperature field obtained through simulation at 1.5 mm pin
displacement at 2 mm/s and illustrates these features. Since
the material model used was not temperature-sensitive, the
simulated results for all displacement rates and values of f
had this same shape. Experimental temperature fields had
a similar shape on the visible regions of the ring, with the
3 and 9 o’clock positions measurably hotter than their sur-
roundings for the higher loading rate of 2 mm/s. The area
of the ring in contact with the pins is hidden by the loading
fixtures however, obscuring the high temperature variations
that occur there. Figure 9(a) shows the temperature field at
1.5mm pin displacement of the first experiment at 2 mm/s.
The temperature gradient around the 3 and 9 o’clock posi-
tions is evident. It is worth noting here that the fixtures
and coil only read as hot because they have different emis-
sivities from the treated copper ring and are in fact at room
temperature.

In order to compare experimental and simulated tem-
perature results, a region of interest was chosen over which
values were averaged. The ROI was chosen as a line cutting
radially through the wall thickness of the ring in the nine
o’clock position, as illustrated in Fig. 10(a) for experimental
results and Fig. 9(b) for simulation results. Obtaining values
along this ROI was straightforward for simulated cases. For
experimental results on the other hand, tracking the posi-
tion of the ROI throughout the test was necessary to keep

Delta T (K)
+1.192e+00

Temperature (°C)

+6.800e-01
-2.932e+02

Y

X
(b)

o
&

Fig. 9 Relative temperature field on a small ring specimen loaded at
2 mm/s after 1.5 mm pin displacement, (a) experimental and (b) sim-
ulated with g = 0.9 (mirrored on XY, XZ and YZ planes, with ROI
nodes highlighted)
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direction

(@) Beginning of test (b) Middle of test (€) End of test

Fig. 10 Detected pin positions and ROI overlaid on levels-of-grey
heatmaps for IR data representative of the full test

it static on the ring since the ring moved within the field of
view during testing. Bespoke Matlab scripts were developed
to automatically detect the position of the ring within IR
camera frames. For each frame of data, the script first found
the position of the pins using Matlab’s edge function for
Sobel edge detection and deduced the position of the ring’s
centre as the middle point between the pins. It then found
the edges of the ring within a reduced region by using the
Sobel method and an initial guess of the edge locations. The
pixels closest to the inside and outside edges of the ring were
omitted as they tended to overlap with the surroundings,
leading to temperature artefacts. Figure 10 shows the posi-
tions of pins detected by the script as well as the data points
used for temperature sampling at three frames representative
of a full test. An induction coil is discernible in the figure
but was not used for these experiments. Between the frames
shown in Fig. 10(a) and (c), the sampling zone moved by
around 4 pixels both horizontally and vertically for a ring
wall thickness of around 18 pixels. It is however important
to note that, as the ROI was located on a plane of symmetry
in the specimen, it was assumed to remain planar.

There were circa 250 to 500 frames per test depending
on the displacement rate. By automating the recognition of
the ring and the location of the sampling zone, temperature
values were extracted consistently from this ROI at every
frame. Figure 11 shows the temperature profile across the
sampling zone at regular time intervals for each test con-
ducted. Here, the position x is measured from the outside
surface of the ring inward and w is the wall thickness, as
illustrated in Fig. 10(a). Generally, uniform temperature pro-
files were observed through the specimen wall thickness,
with the average magnitude of these temperature profiles
first decreasing with test time due to thermoelastic effects
then increasing due to thermal dissipation. For every test
the initial temperature drop was smaller than the following
increase, with values ranging 0.14-0.18 °C and 0.58-1.7 °C,
respectively. Some variation was observed in the tempera-
ture values along the profile but no significant features
were visible, in keeping with the simulated results. Since
the stress and plastic strain fields within the ROI are inho-
mogenous (the inside edge of the ring sees higher stresses

&

0s
o 0s
—~ 0585 — 202 026s|
e 1155 & 5 &
< Mol A 176 =~ 20 #*051s| <
g s Shsog A0T6s| £
£ ©234s] 2 g3 oL02s| £
£ g £
o o o
E £19.6 e
g g | g
= = 19.4M e
0 05 1 15 0 05 1 15

Position on ring (x/w) Position on ring (x/w)

(b) 1.5 mm/s - Test 1

Position on ring (x/w)

(@) 1 mm/s - Test 1 (€) 2 mm/s - Test 1

0s

0.29 s
#0.58 s
A09s
Ay © 1.19 s

<)

Temperature (°C)

Temperature (°C)
Temperature (°

0 0.5 1 15 0 0.5 1 1.5 0 0.5 1 15
Position on ring (x/w) Position on ring (x/w) Position on ring (x/w)

(d) 1 mm/s - Test 2 (€) 1.5 mm/s - Test 2 (f) 2 mm/s - Test 2

Fig. 11 Temperature profiles in ring at regular time intervals for pin
displacement rates of (a and d) 1 mm/s, (b and e) 1.5 mm/s, and (c
and f) 2 mm/s

and more plasticity than the outside), this implies that heat
generation differences in the ROI due to inhomogeneous
plastic deformation were compensated by fast heat diffusion.
Testing conditions are therefore not adiabatic, agreeing with
the observation that the characteristic diffusion time was
short for the experimental time-scales (see “Heat Loss to
the Surroundings” section). This interpretation is supported
by noting that a Fourier number of 7.8, computed using the
formula Fyy = az,, / Lih [52], can be determined for these con-
ditions if a characteristic process time #, of 1 s is taken.
Varga and Kingstedt report that the Fourier number needs
to be under 0.01 for a process to be considered adiabatic [7].

The experimental and simulated ROI average tempera-
ture changes AT = T(¢) — T(t = 0) at time t were then com-
pared to determine f,,, denoted f here for ease, values for
7175 aluminium by using an inverse technique. Figure 12(a)
shows experimental temperature change - pin displacement
curves superposed with simulated ones for the 1.5 mm/s
case. The experimental results clearly show an initial ther-
moelastic temperature reduction followed by a thermoplastic
temperature increase, a behaviour also visible in Fig. 11.
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Displacement (mm) Displacement (mm)

(a) (b) ()

Fig. 12 Experimental and simulated temperature change - displacement
curves during testing of a ring at a pin displacement rate of 1.5 mm/s
(a) before and (b) after removing thermoelastic effects, and (c) com-
mon legend
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For displacement rates of 1, 1.5, and 2 mm/s the minimum
values of the initial temperature drops averaged over two
tests were respectively —0.156, —0.174, and —0.160 K. The
simulated results do not show these initial temperature drops
because the model used in the simulations accounted only
for heat generation caused by plastic deformation and wasn’t
capable of replicating thermoelastic effects. However, this
does not invalidate the model since non-plastic behaviour
such as these thermoelastic effects can be ignored in the
determination of the Taylor-Quinney coefficient which
relates only plastic work and heat dissipation. To better com-
pare experimental and simulated results, the initial thermoe-
lastic cooling was removed from temperature change values.
This was done by defining a new temperature change vari-
able AT, with the lowest temperature reached as reference
temperature, such that AT,,IM = T(¢#) — min(T). Figure 12(b)
shows AT, versus displacement for both experimental and
simulated results for a pin displacement rate of 1.5 mm/s.
Experimental results processed in this way for all three
testing displacement rates are shown in Fig. 13 together with
simulation results for the same pin displacement rates and
Taylor-Quinney coefficients ranging 0.4 - 0.9. Generally,
simulation and experimental curves can be clearly seen to
evolve similarly for all three displacement rates, with ini-
tially non-linear behaviour followed by fairly linear behav-
iour. This shift in behaviour corresponds to the passage
within the ROI from elastic to plastic conditions. Indeed
since the plastic behaviour of the material is close to per-
fectly plastic, plastic work and therefore dissipated heat are
nearly constant for a given plastic strain increment. As the
material within the ROI transitions from elastic to plastic
conditions, the heat dissipation per pin displacement incre-
ment increases until enough of the ROI is plastic that an
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Fig. 13 Experimental and simulated values of average temperature
change versus pin displacement for pin displacement rates of (a) 1,
(b) 1.5 and (c) 2 mm/s, and (d) common legend

almost linear relationship between heat generation and pin
displacement increments is established. Since heat losses by
convection and conduction scale linearly with temperature,
a near-linear relationship between temperature and displace-
ment increments is also obtained. For both displacement
rates of 1 and 1.5 mm/s, the experimental results from the
two tests were very similar, suggesting good repeatability of
the tests. These results were visually closest to the simula-
tion results obtained for f = 0.4. This observation is backed
up for all four tests by measures of root mean square error
(RMSE) which were lowest for Taylor-Quinney values of
0.4 as compared to all others. The RMSE values obtained
for pin displacement rates of 1 and 1.5 mm/s and g values of
0.4 thus spanned 2.92¢-2-4.97¢-2 °C while for other g val-
ues RMSE ranged 7.21e-2-5.3e-1 °C with error increasing
with . For the 2 mm/s case, experimental curves for the two
tests show different initial non-linear behaviour but match up
well in their linear portions. Visually, the simulated curves
obtained for Taylor-Quinney coefficients of 0.5 and 0.6 have
the closest linear behaviour to the experimental curves in
this 2 mm/s case. This observation is confirmed by values
of RMSE of 6.16e-2 and 2.83e-2 °C, respectively, for test 1
and p= 0.6, and test 2 and f = 0.5.

Discussion

The geometry of the small rings used along with relatively
low pin displacement rates allowed for straight-forward
detection and tracking of the region of interest for tempera-
ture measurements. It is worth noting here that while the
displacement rates used were low enough to avoid fast move-
ment of the ROI, they were nonetheless high enough that
plasticity-generated heat could be captured by the camera.
Temperature changes within the ring were therefore easy to
measure with total ranges of over 1.5 K in some tests.

No strong rate dependency in the mechanical behaviour
of AA 7175 was observed for loading rates of 1 to 2 mm/s.
Note that the rings used here have an equivalent gauge
length of around 40 mm [27], implying equivalent strain
rates of 2.5 - 5%/s, respectively. Exploration of rate depend-
ency outside this range can be achieved using similar equip-
ment to that detailed here, the limiting parameters being the
shutter speed of the camera, the displacement rate achievable
by the testing set-up, and, as with all FEA simulations, the
capability of the software to resolve fast contact loading. It is
also to be expected that by increasing loading rates and con-
sequently reducing time scales over which heat transfer may
take place, high local temperature peaks will appear on the
ring where plastic strain concentrates. In such a case local
temperature changes could potentially be related to local
strain rates, allowing for a single experiment to yield Taylor-
Quinney coefficients for multiple strain rates. Future work
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could examine the possibilities offered by such testing con-
ditions. Digital image correlation (DIC) could for instance
be used to determine local strain rates synchronously with
the IR thermography measures, a technique that has seen
recent development [11, 19-22]. Alternatively, DIC could be
done using infrared thermography imaging directly [23, 24].
Considering the characteristic diffusive time of 0.129 s com-
puted for the ring, displacement rates considerably higher
than the ones applied here may need to be used in order to
achieve such conditions.

As expected, for the range of displacement rates consid-
ered the temperature change in a ring for a given pin dis-
placement increases with loading rate. Using first-order
polynomials fitted to the linear sections of the experimental
data we can for instance determine that a pin displacement
of 1.3 mm results in average temperature increases of 0.58,
0.66, and 0.84 K for displacement rates of 1, 1.5, and 2 mm/s
respectively. It is important to note here that all test times
were of the order of 2 s and ambient temperature within
the room remained stable throughout, such that the entire
change in temperature can be ascribed to plasticity-driven
heat generation.

Evidence of thermoelastic effects is also clearly discern-
ible in the results presented here. These effects lead to drops
in temperature of over 0.1 K and are evident in Figs. 11 and
12(a). They were ignored in the present work as they hold
no relation to the Taylor-Quinney coefficient but could be
of interest for other applications. The non-cyclic nature of
the current tensile pin-loaded small ring test makes further
examination of these effects difficult however as relevant
conditions have clearly not been achieved. The results dis-
cussed here do nonetheless indicate a potential focus for
future work, and a small ring cyclic testing method is cur-
rently in development at the University of Nottingham that
could hold promise in this regard'

The temperature - pin displacement curves simulated
using arbitrarily chosen Taylor-Quinney coefficients line up
well with the experimental results. Since the higher strain
portion of the curves pertains unambiguously to plastic
behaviour however, further analysis of them can give bet-
ter approximations of the Taylor-Quinney coefficient. The
slopes of the linear portions of all experimental and simu-
lated curves were therefore computed by fitting linear func-
tions to the data using a least-squares optimisation method.
As expected the fit is very good for all experimental and sim-
ulated curves due to the low levels of hardening shown by
AA7175, with 0.9933 and 0.9997 being the lowest R values
for experimental and simulated fits, respectively. For each
displacement rate, a relationship of the form dT /du = af + b

! PhD thesis to be published shortly by J. Kazakeviciute entitled
“Development of a Small Ring Specimen Cyclic Testing Technique”
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Fig. 14 Deducing Taylor-Quinney coefficients for pin displacement rates
of 1, 1.5 and 2 mm/s

can be produced using simulated data. Taylor-Quinney
coefficients for each experiment can then be obtained by
inputting slopes fitted to experimental data into these rela-
tionships. Figure 14 shows the functions obtained using
simulation data for all three displacement rates as well as
the experimental Taylor-Quinney values obtained. For each
displacement rate the Taylor-Quinney coefficient values
obtained for the two tests are fairly close together, with rela-
tive differences of 6.2%, 6.5%, and 10.3% respectively for
the 1, 1.5, and 2 mm/s cases, where the relative difference in
a pair of f values is defined as (8, — Bin)/ Bmin- The aver-
age Taylor-Quinney values for pin displacement rates of 1,
1.5 and 2 mm/s are 0.59, 0.51, and 0.51, respectively. It will
be noted that these values are higher than the ones estimated
in “Results” section using the full experimental data. This
can be interpreted as an increase in Taylor-Quinney values
with increasing strain. Such phenomena have been observed
for other materials such as stainless steels 316 and 301 [2],
7075 aluminium [53] and 2024 aluminium [3].

As touched upon previously, for materials with low levels
of hardening and in cases where conduction and convection
scale linearly with temperature, a linear relationship can be
expected between the Taylor-Quinney coefficient and the
temperature increase caused by a given pin displacement
increment in regions where the material deforms plastically.
This is manifestly the case here considering that the linear
relations shown in Fig. 14 were all obtained by fitting with
an R? of almost 1. In such cases it is therefore not strictly
necessary to run simulations with more than two Taylor-
Quinney values but it allows for a visual estimation of f
using graphs such as Fig. 13 for little additional computa-
tional cost. For materials which exhibit more pronounced
hardening or softening behaviours such linear relationship
are not to be expected and more simulations may be needed.
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The relatively low values obtained for the Taylor-Quinney
coefficient here have precedent in aluminium alloys, as alu-
minium alloy 2024 has been shown to have a Sy value of
less than 0.4 in some cases [3, 8]. Values of fi, of under
0.4 have also been reported by Rittel et al. in both alloys
2024 and 5086 [4], values of 0.4 to 0.7 have been measured
for pure aluminium [9], and values of 0.3 to 1 have been
reported for alloy 7075 [53].

Conclusions

A small ring tensile testing technique has been employed
in order to investigate thermoplastic effects in 7175-T7351
aluminium alloy. Results presented indicate that it is suitable
for modest strain rates with potentially rich applications at
rates higher than those considered here. The good levels of
repeatability shown allied with the small amounts of source
material needed have the potential to make small ring ten-
sile tests an effective and efficient means to study some of
the various dependencies associated with f. High levels of
plasticity have allowed for temperature changes of over to
1 °C to be observed, resulting from intrinsic dissipation.
Small specimens hold advantages over full sized equivalents
in this field of study in that their small dimensions allow
for easy temperature control and measurement. The small
ring specimen and testing method presented here hold the
further advantages of localising plasticity to a region of the
ring while allowing for precise strain measurements thanks
to a high effective gauge length. Furthermore, the simplicity
of the small ring design and its reduced size make it cheap
to manufacture out of small amounts of material. By com-
bining the experimental results with fully-coupled thermal-
mechanical Abaqus simulations it was furthermore shown
that physically reasonable Taylor-Quinney coefficients rang-
ing 0.48-0.61 could be determined for 7175 aluminium using
this set-up. As compared to full sized samples failure is less
repeatable (see Fig. 8) however and it is unclear at present
how sensitive these results are to tolerances in the specimen
design. The isolation of noise in results of this type is a prob-
lem that plagues all testing (full sized or small), however the
levels of temperature change seen here are large enough that
the impact of noise on measured data can be minimised.
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