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Over the infrared (IR) spectrum metals have relatively low emissivity. Considering that modern studies focused
on determining the Taylor-Quinney coefficient rely on IR-based measurements to quantify temperature rise,
there is a need to improve measurement certainty. This is of particular concern during the earliest stages
of deformation when small temperature rises result in a low IR-signal to noise ratio. Herein an economical
approach to improving signal quality is presented based on the deposition of a thin high emissivity coating
on the material substrate (i.e., specimen) of interest. Coating material and coating thickness selection are
founded on both heat transfer and electromagnetic performance. A maximum allowable thickness of 1 pm was
determined for the coating to ensure the recorded temperature of the coating closely matches the temperature
of the deforming substrate (i.e., specimen) during the sub-millisecond duration of a split-Hopkinson (or
Kolsky) pressure bar experiment. Using the transfer matrix method, the spectral emissivity of coatings made
from commonly available metallic deposition sources with increasing thicknesses was calculated. Theoretical
predictions identified a 250 nm thick Ti coating as a promising candidate for increasing surface emissivity
without the coating acting as a thermal barrier. Confirmation of the coating layer’s ability to substantially
improve IR signal amplitudes was examined experimentally for two low emissivity materials, specifically OFHC
copper (Cu) and Magnesium (Mg) alloy AZ31B. IR detector calibration experiments showed a four to six times
improvement in signal amplitude compared to native Cu and Mg surfaces. Additionally, the calibration curves
of coated specimens converge exhibiting the same behavior allowing for a unified calibration curve to be used
regardless of substrate material. Split-Hopkinson pressure bar experiments supported by IR thermography were
conducted on coated specimens and Taylor-Quinney coefficients are reported. Taylor—Quinney coefficients
obtained, are compared to literature values when appropriate, and show positive agreement to previously
reported values. Real-time high-speed imaging and post-mortem analysis showed robust adhesion between the
substrate to the thin Ti layer up to 16% strain.

1. Introduction occurring during deformation is significant (high g) and thermal soft-

ening is considerable, failure modes may be altered [12-14]. Specific

Deforming crystalline metallic solids store a portion of their strain
energy through defects such as dislocations, deformation twins, and
residual strains [1-5]. The remainder of this energy is converted to
heat. The efficiency of the conversion of plastic work (or power) to
heat is commonly referred to as the Taylor-Quinney or f coefficient.
It is of crucial importance to have a thorough understanding of the
Taylor—Quinney coefficient when developing temperature-dependent
constitutive models that are used to predict macroscopic stress strain
behavior [6-9] and the onset of thermoplastic instabilities [10,11] such
as adiabatic shear band formation. Additionally, if the temperature rise
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applications where the interplay of self heating and thermal softening
are of interest include high speed machining, ballistic performance,
metal forming, and vehicle crash.

Based on the pioneering work of Taylor and co-workers [2], the
Taylor-Quinney coefficient is commonly assumed to be g = 0.9, a
90% efficiency when converting the work of deformation to heat, re-
gardless of material. Modern experimental efforts have shown that this
constant conversion efficiency assumption to be an oversimplification
whereas several factors such as strain [3,15,16], strain rate [16,17],
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Fig. 1. A summary of recently reported Taylor—Quinney coefficients of metallic systems measured using non-contact techniques under adiabatic conditions at dynamic strain
rates [3,5,15-18,21,22,24-32]. The red vertical dashed line at 0.9 represents the commonly used approximation of the Taylor-Quinney factor.

loading mode [18], grain size [19-21], and active deformation mech-
anisms [22] strongly affect reported Taylor—Quinney coefficients. Two
versions of the Taylor—Quinney coefficient are reported in literature,
the conversion of plastic power to heat generation rate (f,;, ), and the
conversion of plastic work to heat (8;,,) [23]. Due to thermodynamic
restrictions, f,,, is always inferior to one unless a latent heat source
(e.g., phase transformation) is present during deformation. Alterna-
tively, f,;;, has no such restrictions. Fig. 1 presents a summary of
experimentally measured Taylor—Quinney coefficients for a variety of
metallic material systems. Studies included in Fig. 1 are limited to
those that utilized non-contact temperature measurements (e.g., py-
rometry) and used high-strain rate experimental techniques to achieve
adiabatic loading conditions. Strain rates, loading configuration, and
the span of the selected Taylor-Quinney coefficient value (g, vs.
Bairs) observed during plastic strain accumulation are reported. Ad-
ditional details pertaining to material condition, microstructure, and
temperature measurement techniques can be found in the respective
reference.

Experimental measurement of the Taylor-Quinney coefficient re-
quires the synchronized recording of stress, strain, and temperature
rise. This requirement is frequently accomplished using a split-
Hopkinson pressure bar (SHPB) along with non-contact infrared (IR)
thermography. Two prominent optical configurations utilized for non-
contact IR thermography include the Newtonian optical system [17,
33,34] and double-Schwarzschild optical system [35-37]. Once the
optical system is built and aligned the output of the IR detector is solely
a function of the interrogated sample’s emissivity and temperature.
Although IR detectors have high responsivity, the emissivity of metals
tends to be low over the IR range. Careful optical system alignment
and calibration is necessary to convert IR detector voltage outputs to
temperature. As is shown in Fig. 1, there is considerable lab-to-lab and
material-to-material variation in reported Taylor—-Quinney coefficients.
The most critical step in the reduction of data during post-processing of
Taylor—Quinney coefficient experiments is the assignment of calibration
curves that convert detector outputs to temperature. Slight variations
in the calibration curve can result in dramatically different reported

values. Additionally, identifying calibration curves at temperatures
close to ambient is challenging due to signal amplitudes being close
to the IR detector noise floor. The goal of the presented work is to
propose a solution to the low emissivity exhibited by metals, with
the objective of improving signal quality thereby making calibration
curves less susceptible to noise contamination and to improve near
room temperature measurement.

The use of coatings to tailor surface emissivity has received sig-
nificant attention from radiative cooling [38] to spacecraft applica-
tions [39,40]. E-beam evaporation [39], micro-arc oxidation [41,42],
physical vapor deposition [40], chemical vapor deposition [43] can
be utilized to create a high emissivity surface coating. These meth-
ods are difficult to translate to Taylor—Quinney coefficient studies.
Mechanically, any applied high-emissivity coatings must have robust
adhesion, deform freely with the underlying substrate without exhibit-
ing catastrophic failure for at least one loading cycle, and must not
be susceptible to inertial effects during high strain rate deformation.
Optically, the coating must exhibit a constant emissivity ensuring that
thickness changes during plastic deformation do not alter its perfor-
mance. Additionally, the coating must be thin enough such that heat
transfer through the coating thickness occurs over the short duration
of a SHPB experiment ensuring that coating surface measurements
closely match those of the deforming substrate. These challenges are
investigated theoretically and experimentally in the presented work.

2. Methodology
2.1. Coating Design — Optical performance over the IR spectrum

The electromagnetic waves emitted by a medium are a function of
temperature, emissivity, and wavelength of the incident radiation. As
temperature and emissivity increase, total emissive power increases.
This physical property of materials, allows the measurement of temper-
ature rise using non-contact IR detectors (e.g., MCT or InSb element
arrays, infrared cameras). As an electromagnetic wave interacts with
a medium, a portion of the wave is reflected, a portion is absorbed,
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Fig. 2. Schematic of the TMM algorithm to predict the emissivity.

and the remainder is transmitted through the medium. For normal in-
cident radiation, an estimate of surface reflectivity (R) can be obtained
according to Fresnel’s formula, presented in Eq. (1),

_ =12+

T
where, n and k are the refractive index and extinction coefficient,
respectively. Assuming a uniform isotropic opaque material in thermal
equilibrium, surface emissivity (¢) is related to surface reflectivity (R),
through ¢ = 1 — R. The extinction coefficient (k) for most metals is
high over the IR range, with Cu and Mg having values of 63 [44]
and 43.2 [45] at a wavelength of 10 pm, respectively. The refractive
indexes for Cu and Mg, also at a wavelength of 10 pm, are 8.31 [44]
and 21.3 [45], respectively. Thus, their reflectivity approaches one and
their emissivity trends towards small values (e.g., e = 0.008 for Cu and
e = 0.036 for Mg). As a direct consequence of low material emissivity,
captured IR signals, particularly those obtained at the earliest stages of
plasticity during an IR thermography experiment or those associated
with deformation heterogeneities are challenging to interpret.

There are multiple approaches to improving IR signal amplitude.
These include optimizing optical system parameters to maximize emis-
sive power received by the IR detector [37], increasing a material’s
emissivity through greater surface roughness [38,46], modifying sur-
face texture [47] or adding periodic surface features [48]. Assuming
an appropriately designed optical system is used, surface modifications
that improve emissivity that do not impact mechanical or physical
behavior should be considered. Doping is not considered as the pri-
mary motivation of thermo-mechanics studies to characterize base alloy
performance. It is well known that during plastic deformation surface
roughness is altered. Therefore, modifications that add designed surface
texture or periodic features that would randomly change as a result of
the surface roughening occurring during plastic deformation are not
considered. In addition, creating textured surfaces or designed periodic
features involves multiple processing steps and thus is not an economic
method to increase emissivity. Having considered the aforementioned
mechanical, optical, and heat transfer requirements, depositing a thin
coating layer of a high emissivity material presents as a straightforward
method to increase the emissivity of the sample.

The Transfer Matrix Method (TMM) was implemented to obtain
the emissivity of a two layer metallic system comprised of a thin
film coating on substrate [49-51]. The TMM code generated was vali-
dated against the absorption results reported for Metal-Insulator-Metal
Fabry-Perot structures in Ref. [49] (see supplementary data). The TMM
code calculates the global scattering matrix of the layered system. The
mode coefficients of the transmitted and reflected waves are obtained
from the multiplication of the incident wave mode and the global
scattering matrix. Finally the reflected and transmitted electromagnetic
fields are acquired [51]. The schematic of the TMM algorithm to predict
the emissivity is described in Fig. 2. The two layer metallic system was
modeled to have a Cu or Mg substrate with various metal coatings.
Cu and Mg were chosen as substrate materials due to: (1) their low
emissivity; (2) Cu’s high ductility and favorable homogeneous defor-
mation; (3) the existence of previous Cu Taylor-Quinney coefficient
studies which can be used to confirm measurement accuracy; and (4)
to the authors’ knowledge the Taylor-Quinney coefficient of Mg AZ31B
obtained under dynamic tension has yet to be reported.

The simulated coating materials were selected based on commonly
available deposition sources (e.g., Ti, W, Cr, Mg, Au, Ag). Refractive

(€Y

index (n) and extinction coefficient (k) values for different metals were
extracted from Refs. [44,45,52]. The spectral radiance of the two layer
system was obtained using Planck’s formula presented in Eq. (2),

2hc? 1
&%Dzlsfr: ()]
e kpT

In Planck’s formula 4, ¢, 4, kg, and T are Planck’s constant (6.62 x
10~3* m? kg/s, speed of light (3x 10° m/s), wavelength, Boltzmann con-
stant’s (1.38 x 10723 m? kgs~2K~'), and temperature, respectively. The
responsivity of the liquid nitrogen cooled MCT (HgCdTe) IR detector
(MCT-13-0.10) was provided by its manufacturer (i.e., IR Associates)
as a function of wavelength. Fig. 3(a) shows the normalized radiance
of a blackbody at room temperature as a function of wavelength
while Fig. 3(b) presents the responsivity of the IR detector (Infrared
Associates, LN2 cooled MCT-13-0.10) as a function of wavelength.

Once the emissivity of the two layer system was calculated, an
estimate of the IR detector output can be predicted using Eq. (3). Note
this estimate of the IR detector output is primarily useful in providing
the proportional difference between material coating emissivity, but is
unable to provide an exact IR detector output voltage. In Eq. (3), B(4)
is the sample’s radiance (e.g., as shown in Fig. 3(a)), ¢ is the sample’s
emissivity, 4, and 4, denote the start and end of the wavelength spec-
trum to which the detector is sensitive (2 pm and 15 pm, respectively),
() is a weighting function dictated by the spectral sensitivity of the IR
detector (see Fig. 3(b)), and Cj, is a constant dependent on the efficiency
and alignment of the optical system used.

A
«n = Co/ B(T', Ne() x(A)dA 3
A

Using the TMM, the spectral emissivity of selected deposition coat-
ings, and the IR detector sensitivity, the emissivity of the two layer
system was determined. Fig. 4(a) shows the evolution of emissivity of a
variety of coatings as a function of thickness on a Cu substrate. For each
coating material it can be seen that an optimal thickness for achieving
an opaque coating exists, after which increased deposition thicknesses
exhibit limited increases in emissivity. Among the material coatings
investigated, Titanium (Ti) was found to have the highest emissivity
considering the spectral sensitivity of the IR system (see Fig. 4(b)). For
this reason, Ti was selected as the candidate coating material for further
investigation. An additional point of consideration when selecting the
coating material is the deposition thickness required to achieve opacity.
A final coating thickness of 250 nm is desirable, as greater deposition
thicknesses can be susceptible to failure. Failure can be driven by the
presence of high residual stresses induced during deposition as a result
of differences in coefficients of thermal expansion or lattice spacing of
the film and substrate material. If the stresses experienced by the film
are sufficient, premature failure can occur through surface delamina-
tion which can lead to complete film delamination from the surface
or through localized regions of the film breaking up via cracking.
Furthermore, the rapid acceleration the specimen and film experience
during an Hopkinson bar experiment are amenable to thinner films as
inertial effects could also drive undesirable failure of the film.

2.2. Coating Design — Heat transfer performance
A primary consideration when adding a surface coating to a sub-

strate is understanding the circumstances under which the coating
material matches the thermal state of the substrate whose temperature
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Fig. 4. (a) Change in emissivity of a copper substrate with various coatings as a function of coating thickness and (b) estimated normalized response of the IR detector as a
function of coating thickness showing the proportional differences among coating thicknesses simulated using TMM.

evolves during deformation. The transient heat conduction equation,
presented below, governs the temperature evolution of the substrate
(and coating) during deformation. Multiple assumptions and restric-
tions are considered in Eq. (4) and the complete derivation is presented
in [53],

spec
1-2v
In the transient heat conduction equation, y, c,, K,, and v are the
coefficient of thermal expansion, heat capacity, thermal conductivity,
and Poisson’s ratio, respectively. f,;, is the rate at which the plastic
power is being converted to heat, and ¢;,, e’f} are the elastic and plastic
strain-rates.

In light of experimental considerations a number of simplifications
are applied to Eq. (4). First, thermo-elastic effects are considered to
be negligible due to previous studies finding them to be small (~
0.2 °C [4]) compared to the temperature rise due to thermoplastic
effects. Therefore, the second term on the right is approximated as zero.
Next, heat conduction along the longitudinal and transverse directions
is neglected because of the existence of adiabatic conditions and uni-
formity of properties along these two in-plane directions. The presence
of adiabatic conditions during an experiment can be confirmed when
the Fourier number (F,) is less than 0.01 [54]. The Fourier number,

pcpT = KOVZT —7Ty 4

e P
et Baig o€

F, = at/I?, was calculated and found to be less than 0.01 for both Cu
and Mg substrates where a is thermal diffusivity (1.13 x 10~* for Cu,
9% 107° for Ti), / in this case is the specimen gauge length (15.24 mm),
and ¢t is the experiment (or loading) duration (800 ps). In addition to
the Fourier number analysis, in-depth analysis was conducted using the
formulation presented in by Hodowany et al. [3] to obtain the tem-
perature distribution in the sample during the Kolsky bar experiment.
According to this heat conduction analysis, the heat loss over 90% of
the sample’s gauge length remains below 1%, and only small regions in
the vicinity of the bars experience a temperature drop. IR thermography
measurements are restricted to the central region of the gauge section.
Thus it is expected that temperature measurements made are represen-
tative of the deforming material under adiabatic conditions. Thermal
conductivity is limited to occurring through the thickness of the coating
material and not within the plane of the specimen due to the order of
magnitude difference in lengthscales of the gauge section length and
width (millimeters) compared to the coating thickness (microns) and
the short experiment duration. Nominal specimen dimensions are pre-
sented in Fig. 6. Lastly, during uniform deformation (i.e., pre-necking)
it is assumed that heat generated is uniform throughout the gauge
section. Therefore, the final heat conduction equations that represent a
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deforming substrate and coating are as follows:

2
pscpsTs = Ko,s;; +Bairr.sWhso
2
pecp T = K(),c?; +BairrWhes
0L,0.0 _ T _ 01,00 )
oz oz oz
oT.(I.,t
1,00 =T,0.0, Tl _ g

Jz
T,(z,0) =T,(z,0)=0.

In this set of equations, the s and ¢ subscripts denote the substrate
and coating, /; and I, are the thickness of substrate and coating re-
spectively. The first two equations are the transient heat conduction
equations for the substrate and coating, respectively. The third and
fourth row of equations are the insulated boundary conditions at the
free surfaces and continuity of the temperature and heat flux at the
interface between the coating and the substrate, respectively. The fifth
row of equations are the initial conditions where both the substrate and
coating have zero initial temperature. The temperature evolution of the
coating was solved using finite element modeling in Abaqus software
using 20 node quadratic brick elements. Material specific constants
used in the simulations are presented in Table 1.

The time dependent temperature evolution of the coating was mod-
eled over 800 ps to match the duration of a traditional SHPB experi-
ment. SHPB experiments are described in detail in a subsequent section.
Two extreme cases were modeled for coating thicknesses of 100 nm,
250 nm, 500 nm, 1 pm, 10 pm, and 50 pm. The first case examines the
scenario where heat generation (i.e., temperature rise) is restricted to
occurring only in the substrate (f;,, > 0) and no heat is generated

Table 1
Material constants used in simulations.

Density Specific heat Thermal conductivity
(kg/m*) (J/kg°C) (W/m°C)

Copper citation [55] 8960 380 386

Titanium citation [56] 4500 540 22

by the coating (8, = 0). In this scenario the substrate acts as a
heat source and the coating acts as a heat sink whose temperature
evolution is dictated by through thickness conduction. The second case
examined has the coating material generating heat at a rate that is three
times greater than the substrate (8, . = 38,,/,,)- In this second case
the substrate acts as the heat sink and the coating as the heat source.
For both cases, the substrate f;;,,,s was considered to be 0.9 due to
this being a commonly utilized value when approximating the Taylor—
Quinney coefficient in simulations. Results of the first simulation case
are provided in Fig. 5(a), and for the second case in Fig. 5(b). For each
case the temperature error defines as the absolute temperature differ-
ence between the substrate and the coating normalized by the substrate
temperature (Error = |T; —T,|/T,) is presented in Fig. 5(c) and 5(d),
respectively. For the two extreme cases considered it is evident that
as the coating thickness increases it acts a thermal barrier (case one)
or misrepresents the substrate temperature (case two). At thicknesses
of a micron or less, temperature error reduces with increasing time.
Over the earliest stages of deformation, the temperature error for sub
micron thicknesses decays from 10% to less than 1%. Considering the
temperature state of the substrate (or coating) is less than 2 °C, the
temperature error is on the order of the temperature associated with



S.-D. Salehi and O. Kingstedt

thermo-elastic effects. As stated previously, in many thermo-mechanics
studies thermo-elastic effects are considered to be negligible as they
are small compared to the temperature rises associated with plastic
deformation processes. Thus, the temperature error associated with
sub-micron thickness coatings is acceptable. Combined with the TMM
results shown in Fig. 4, a coating thickness of 250 nm of Titanium
provides an opaque high emissivity coating that closely matches the
specimen substrate thermal state. This specific coating was selected for
experimental investigation.

2.3. Specimen preparation

Three specimens types with thicknesses of 3.175 mm with in plane
dimensions as given in Fig. 6 were machined using waterjet cutting.
Once waterjet cut, specimens for SHPB experiments required no further
machining steps. Specimens used for IR detector calibration required
the addition of a 0.5 mm diameter hole drilled 1 mm from the specimen
surface (see Fig. 6(b). This hole allows for the insertion of a thermocou-
ple to monitor temperature during IR detector calibration. Alignment
specimens were designed to allow for the placement of a visible light
source on their back side that would correspond with the position of the
front surface interrogated by the IR detector during experimentation
(see Fig. 6(c)).

Copper specimens were extracted from rolled sheet meeting ASTM
F68 and Magnesium AZ31B specimens were extracted from rolled
sheet meeting ASTM B90. Specimens were oriented such that their
loading axis was aligned to the rolling principle processing direction.
Once extracted, specimen surfaces were polished further using 180 grit
silicon carbide abrasive paper to achieve a uniform surface finish across
the materials investigated. Specimens were then cleaned with acetone,
isopropanol, and DI water followed by oxygen plasma cleaning. Sput-
tering was conducted using a Denton Discovery 18 with a 99.995%
purity Ti target. The pre-sputter time was set to 2 min followed by
19 min of sputtering with 100 W power. The base pressure was lowered
to 1.9 uTorr and Ar pressure was set to 3 mTorr. A deposition rate of
13.08 nm/min was used to achieve a 250 nm thick opaque layer of Ti
on the specimen surface.

2.4. Dynamic mechanical behavior characterization

High-strain rate deformation was accomplished using a tension
split Hopkinson pressure bar (TSHPB). For more in depth discussion
of TSHPB experimentation and signal analysis, the reader is encour-
aged to review Refs. [57,58]. The TSHPB setup used consists of a
3.658 m long incident and transmitted bars and a striker tube with a
length of 457.2 mm, all made from 350C maraging-steel. At the mid-
length position of the incident and transmitted bars, strain gauges are
mounted in a full-Wheatstone bridge configuration to monitor prop-
agating waves. The full bridge configuration has multiple advantages
including higher signal-to-noise ratio, automatic cancelling of bending
strains and Poisson effects, and compensates for lead wire resistance
and temperature.

In a TSHPB experiment a striker tube is launched via gas gun
impacting a flange on the end of an incident bar which generates a
tensile stress wave that travels down the length of the incident bar
towards a specimen. The specimen is mounted using a press fit collet
system between the incident and transmitted bar. The collet system
was purchased from REL Inc. (Calumet, MI). When the propagating
tensile wave reaches the specimen, a portion of the wave is transmitted
into the specimen, and a portion is reflected backwards towards the
impacted flange. A portion of the wave passes through the specimen
into the transmitted bar. A schematic of the TSHPB setup, the optical
system, IR detector, and high speed camera system is presented in
Fig. 7(a). Raw data traces recorded by the incident and transmitted
bar mounted strain gauges and the IR detector output are shown in
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Fig. 7(b). Due to the significantly different amplitudes of each trans-
ducer, signals have been normalized by their respective magnitudes.
Note, pulse shaping in the form of four semicircular copper pieces with
6.35 mm diameter and 0.5 mm thickness were placed 90 degrees apart
on the flange to mechanically filter high frequency content out of the
propagating wave pulses. Pulse shaping was used in all experiments
thus dispersion correction was not utilized in the analysis due to the
limited frequency content of propagating pulse.

Assuming one-dimensional wave propagation, strain gauge signals
are reduced to obtain the sample’s nominal strain rate, strain, and
stress. The engineering strain rate of the specimen can be written as
follows,

. -2 €o
e(t)spec == L_SER(I)’ (6)

where, é(1);,,. denotes the specimen’s nominal strain rate, ¢, is the bar
wave speed, L, is the sample gauge length, and ey(¢) is the reflective
wave strain. Integrating the engineering strain rate over the loading
pulse duration provides the engineering strain of the sample,

t
Espec(t) = / é(r)dr. 7
0
The sample’s nominal engineering stress oy, (f) is obtained by
AporEparer(t)
O—sliec(t) = % (8)
spec ““spec

where, A,,. is the cross-sectional area of the incident or transmitted
bar, E,,. is the elastic modulus of the bars, e(¢) is the transmitted
strain, and ?,,,., W, are the thickness and width of the sample’s
gauge section respectively. Using the engineering strain and stress, the
corresponding true strain, and stress can be found using:

Utrtte(t) = O_Spec(t)[l - expec(t)] (C)]

€rrue(t) = In[1 + €0 (1] (10)

The transient heat conduction equation, presented in Eq. (4), re-
quires taking the time derivative of experimental data to obtain f; .
Due to the sensitivity of time derivatives to experimental noise, the
calculation and reporting of g;,, is more common (see Fig. 1). Invoking
the same assumptions of negligible thermo-elastic effects, and adiabatic
conditions, the transient heat conduction equation simplifies to,

pep, AT

11
Faw an

ﬁim(ev é) =

where, ¢, is heat capacity, p is density, AT is temperature rise, and W, is
plastic work. Due to the inability to directly measure low strain proper-
ties of materials using the TSHPB (e.g., elastic modulus and yield stress
using a 0.2% strain offset) the denominator of Eq. (11) is approximated
as the integral of the entire true stress—strain behavior. Furthermore,
heat capacity values used when calculating g;,, are approximated to be
constant despite heat capacity being a temperature dependent property.
This assumption is based on the limited temperature rises observed
across experiments (< 15 °C).

Lastly, to assess the deposited 250 nm Ti coating robustness during
deformation high speed imaging was conducted. A Shimadzu HPVX-2
camera was used to capture images of the entire loading duration at a
frame rate of 333,333 fps.

2.5. IR detector calibration process

The optical system used to collect and direct IR radiation emitted by
a deforming specimen has a double-Schwarzschild design. This optical
system consists of two convex and concave gold-plated mirrors in series.
Its design is presented in detail in Ref. [59]. Both concave mirrors have
concentric holes with diameters equal to the diameter of the convex
mirrors. Both Schwarzschild objectives operate at infinite conjugation
ratio. The alignment procedure was guided by visible light. During the
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Fig. 7. (a) Experimental setup consisting of TSHPB, Schwarzschild optical system, IR detector, High speed camera. (b) Typical signal from TSHPB experiment.

alignment (and calibration process) the incident bar was brought into
contact with a rigid stop to ensure consistent placement of specimen’s
relative to the IR detector and optical system. The alignment specimen
matches the dimensions of a tension specimen and has a 0.5 mm hole
drilled through the center of the gauge section to allow light to pass
though. A strain gauge was placed on the surface of an alignment
specimen and illuminated from the back side. The optical system was
then focused to achieve a clear image of the strain gauge serpentine on
the IR detector plane. Once aligned, the IR detector calibration process
was conducted in accordance with the method presented by Hodowany
et al. [60] and Nieto-Fuentes et al. [61].

The objective of the calibration process is to obtain the relation-
ship between the recorded IR voltage and the specimen temperature.
Since the liquid nitrogen cooled MCT HgCdTe IR detector’s DC signals
are blocked by an AC-coupling capacitor located in the pre-amplifier
circuit, only dynamic temperature changes can be recorded by the IR

detector [3]. Therefore, a chopping wheel made from copper was used
to provide a dynamic signal for the IR detector. A K-type thermocouple
with a 0.25 mm bead size was positioned inside the drilled hole
of the calibration specimen to measure sub-surface temperature. The
calibration specimen was heated using a high power soldering iron to
temperatures exceeding those possible assuming a perfect conversion
of all plastic work into heat of the specimen material (8;,, > 1). Once
the target temperature was exceeded, specimen cooling was recorded
by the thermocouple. To check the validity of the thermocouple output,
a resistance temperature detector (RTD) was bonded to the surface of
the calibration specimen and the temperatures were recorded by these
two sensors. The temperature evolutions recorded by the thermocouple
and RTD are reported in Fig. 8. The agreement of the two sensors
provides evidence that the sub-surface temperatures observed by the
thermocouple, and the coating surface temperatures observed by the
RTD are nominally identical.
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3. Results and discussion
3.1. Calibration process

The two features of the selected sputter-deposited coating to be con-
firmed experimentally during the calibration process are (1) an increase
of the emissivity of the coated specimen compared to the emissivity of
the native specimen surface and (2) the coating is opaque. The results
of the calibration process are shown in Fig. 9. In Fig. 9(a), the red, blue,
and black dots show the voltage-temperature data obtained for Cu, Mg
and Ti-coated Mg, respectively, from room temperature to 90° C. The
decreased slope of the Ti-coated specimen compared to that of Cu and
Mg, is a clear indication that there has been a substantial increase in the
surface emissivity through the use of the Ti coating. Shown in Fig. 9(b),
are the voltage-temperature calibration curves of Cu and Mg substrates
each with a 250 nm thick Ti coating. The calibration curves fit to
these data are nearly identical providing direct experimental evidence
that the thickness predicted by TMM results in an opaque coating.
Additionally, the close match of the calibration curves suggests that
a single calibration curve can be applied across both the Cu and Mg
substrate specimens.

Typically, in Taylor-Quinney coefficient investigations each spec-
imen has a unique calibration curve. Thus, the results provided in
Fig. 9 demonstrate the use of deposited coatings as a method to allevi-
ate a known bottle neck in Taylor-Quinney coefficient investigations.
Furthermore, the ability to reduce the number of calibration curves
collected during a Taylor-Quinney coefficient investigation could aid
in reducing lab-to-lab variation as calibration curves unique to each
specimen would no longer be needed.

3.2. Copper TSHPB experiments

An additional feature of the deposited coating that must be demon-
strated experimentally is that coated specimens provide consistent
Taylor-Quinney coefficient values that are in agreement with previ-
ously reported data. Three experiments were conducted on coated Cu
samples using the TSHPB. Fig. 10 shows the raw data traces captured
during a TSHPB experiment where multiple wave reflections reload the
specimen. As was demonstrated in Fig. 9 the native surface of Cu is
significantly lower than that of the Ti-coated specimen. Therefore, if the
coating changes thickness or the coating fails during the first or second
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loading of the specimen there would be a notable change in the slope
of the IR detector signal as a function of time caused by a reduction in
the specimen’s emissivity. The constant slope following each loading
increment of the specimen is a clear indication that the performance
of the coating does not change over the levels of strain experienced
by the specimen. Additionally, if present a change in slope between
loading increments would indicate that the temperature of the coating
does not match the thermal state of the underlying substrate. Thus the
constant slope also points to the 250 nm thick coating matching the
temperature of the deforming substrate.

The stress—strain behavior of the three Cu specimens deformed at
a nominal strain rate of 935 s~! is presented in Fig. 11(a). Specimens
exhibited an approximate yield strength of 250 MPa followed by linear
strain hardening. A strain of 16% was achieved for all specimens
prior to unloading. At this level of strain no indication of necking
was observed and deformation in the specimen gauge section can be
assumed to be uniform. The true stress-strain behavior and temper-
ature rise data are then used to calculate the plastic work to heat
conversion (f;,,) for each experiment. Material specific values of heat
capacity and density used are 385 J/kg°C [56] and 8960 kg/m> [56],
respectively. g, is frequently reported as a single value determined
by fitting a linear relationship to the slope of the temperature rise as
a function of plastic work (see Fig. 11(b)) or as an evolving value
that is dependent on strain (see Fig. 11(c)). In Figs. 11(b) and (c),
the dashed lines surrounding the solid lines indicate the effect of
the measurement uncertainty of the thermocouple used during the
calibration step (+1.1 °C). It can be seen that across the replicate
experiments values obtained are these values are repeatable and in
agreement with each other. The fluctuations in the g, coefficient at
low strains should be expected. As has been mentioned previously,
over the earliest stages of deformation the TSHPB cannot provide an
accurate representation of the specimen mechanical behavior due to
one-dimensional wave propagation assumptions taking multiple wave
transits across the specimen to establish. Additionally, the thermo-
elastic effect is still present which causes temperature change of the
specimen but these small values are unaccounted for during analysis.

Surveying literature finds a handful of modern investigations that
have examined the Taylor-Quinney coefficient of Cu. The results of
Rittel et al. [5] and Soares and Hokka [16] are included in Fig. 11
for comparison to the current work. Rittel et al. [5] examined the
plastic work to heat conversion of single crystal and polycrystalline
crystalline at low and high strain rates spanning 3000 to 8000 s~
under compression. In their work a single average beta value was
assigned based on the slope of the temperature rise as a function of
plastic work density. Only the values obtained the lowest strain rate
are included in Fig. 11(d). While the loading type and strain rates
are different than those used in the current work, similar trends in
results are observed. Both this study and the work of Rittel et al. [5]
observed a linear relationship between work density and tempera-
ture rise. The presence of a linear relationship between work density
and temperature rise also provides an indirect indication that the de-
posited coating remains intact throughout deformation. As was shown
in Fig. 9, the emissivity of the copper surface is significantly lower
than that of the coated surface. Had the Ti coating failed a non-linear
relationship would be present in Fig. 11(b). Soares and Hokka [16]
performed dynamic compression on polycrystalline copper over strain
rates spanning 1300 to 3100 s~!. Over the span they investigated it was
determined that the evolution of the Taylor-Quinney coefficient was
independent of strain rate. Comparing their results obtained at strain
rate of 1300 s~! finds them to be strong agreement with the values
of obtained in the presented work for Ti-coated copper. The seminal
work of Farren and Taylor, and Taylor and Quinney also investigated
copper, reporting p values greater than those found here (0.905 to
0.92 [1] and 0.89 to 0.96 respectively [2]). Despite disagreement on
the amplitude of g, there is agreement in that polycrystalline copper
exhibits a nearly constant § throughout plastic deformation. Ultimately,
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the observation of trends that are in correspond between the Ti-coated
Cu specimens and previous reports of Cu specimens provides further
evidence that the 250 nm deposited Ti coating does not noticeably
impact Taylor—Quinney coefficient quantification for copper.

3.3. Mg TSHPB experiments

An additional set of two experiments were conducted to examine
the Taylor-Quinney behavior of Mg alloy AZ31B. Analysis steps are
identical to those used for Cu and results are reported in Fig. 12.
Material specific values used when calculating g;,, for heat capacity and
density used are 1000 J/kg°C [62] and 1754 kg/m3 [62], respectively.
Specimens exhibited an approximate yield strength of 400 MPa fol-
lowed by linear strain hardening. As with copper a linear relationship
was observed between temperature rise and work density.

To date, Taylor-Quinney studies of Mg and Mg alloys have focused
on quantifying f;,, under shear dominated loading conditions. This
compounded with the hexagonal-close packed structure of Mg leads to
challenges in drawing comparisons across previously reported Taylor—
Quinney coefficients for Mg [17] and Mg alloys [17,22]. The strong
crystallographic textures that develop during the processing of Mg
result in orientation dependent mechanical behavior and the activation
of dislocation slip and twinning mechanisms on different crystallo-
graphic planes that have dramatically different critical resolved shear
stresses. As has been reported previously [22], the Taylor-Quinney
coefficient is dependent on which mechanisms and to the extent they

are activated. Additionally, a portion of previously reported work has
focused on material states achieved after complex processing involving
severe plastic deformation [17]. With the objective of the current
work to investigate the use of thin coatings to improve signal quality
without contaminating Taylor—Quinney coefficient measurement, the
study of the contribution of specific mechanisms to the values obtained
is outside of the current work’s scope. However, general comparisons
can be drawn with respect to the relative magnitude of values found
here in to those captured from native Mg surfaces. In Fig. 12(c) the
Taylor-Quinney coefficients reported for slip dominated deformation
of AZ31B are included. It can be seen that the tensile loading Taylor—
Quinney coefficients are comparable in magnitude to those reported for
Mg and Mg alloys in literature.

3.4. Coating bonding

Results reported above rely on the assumption that the deposited
coating remains intact during plastic deformation. Two methods are
utilized to investigate the robust adhesion of between the Ti sputter de-
posited coating and the substrate. The first method utilizes in-situ high-
speed imaging of the TSHPB experiment to visualize surface changes
of the specimen and capture the presence of coating delamination or
failure. The second method occurs post-mortem using energy dispersive
x-ray spectroscopy (EDS) to confirm the amount of the coating coverage
of the specimen surface that remains after the TSHPB experiment.
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a function of plastic strain with literature values [5,16,35].

Fig. 13 presents the evolution of the specimen surface as a function
of time up to failure for a representative experiment. The increasing
contrast as a function of time occurs due the increased surface rough-
ness of the specimen in response to plastic deformation. It is clear
that although the specimen surface roughness increases, debonding,
or delamination of the deposited coating does not occur even up to
fracture.

Post-mortem scanning electron microscopy and EDS analysis was
conducted using a Teneo SEM equipped with a EDAX detector on Mg
and Cu specimens. EDS analysis was limited to regions of homogeneous
deformation where the state of strain could be approximated. Represen-
tative SEM and EDS results of an Mg specimen is shown in Fig. 14. All
Mg specimens failed during a single loading increment (as was shown
in Fig. 13) and represents the damage state of the coating at 10% strain.
The secondary electron image shows the coating surface with limited
regions of cracking and no evidence of debonding or delamination. EDS
analysis of the elemental composition of the post-experiment surface
conducted over the indicated region in Fig. 13(a) provides a clear
indication that the coating remains intact and there are limited regions
where the substrate is visible. A surface area analysis finds that the
coating remains over 96% of the scanned area surface.

Cu specimens examined were subjected to multiple reloadings due
the purposeful omission of momentum trapping in the TSHPB exper-
iment. The omission of a momentum trap was motivated by multiple
reloadings being likely to result in the coating having a damage state
that exceeds that exhibited during the first loading cycle during which
the Taylor—Quinney coefficient is determined. The damage state of the
coating will be influenced both by an increase of accumulated strain,
but also by inertial effects encouraging delamination of regions of the
coating damaged during a previous loading increment. The coating

10

state of the Cu specimen represents the damage state of the coating at
40% strain which is more than twice the strain level of Taylor-Quinney
coefficient values reported above.

In Fig. 15 a secondary electron image and EDS element map are pro-
vided. The secondary electron images shows substantial break up of the
surface coating. The EDS analysis map also provides a clear indication
that the coating has been damaged during the multiple reloading steps
of a non-momentum trapped TSHPB experiment. Surface area analysis
of EDS data indicates that 69% of the surface remains covered by the
Ti-coating.

3.5. Strain limitations when using high emissivity coatings

As the surface area of the exposed substrate increases this will
have an impact on the obtained IR detector output. For the Cu and
Mg substrate cases examined with a high emissivity Ti coating, the
calculated specimen temperature will be over reported due to the lower
emissivity of the exposed substrate. A simple strain dependent rule of
mixtures modification of Eq. (3) is proposed in Eq. (12) to estimate the
effect of the exposed substrate material on IR detector performance,
and to assess the limitations of the strain levels that can be investigated
using the proposed coating technique,

A
(D =Gy | 4@, [ BT et
o 12
+ Ae), / BT, De.(x (W d |
A

where, the subscripts s and ¢ indicate the substrate and coating respec-
tively, and A(e) is the strain dependent surface coating area percentage
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e=0.13,

Fig. 14. Post-mortem analysis of Ti coated Mg AZ31B a) Secondary electron image from the surface of the deformed sample (b) EDS map of Ti-K emissions from the surface of

the sample showing the Ti coating layer.
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Fig. 15. Post-mortem analysis of Ti coated Cu OFHC 110 (a) Secondary electron image from the surface of the deformed sample (b) EDS map of Ti-K emissions from the surface

of the sample showing the Ti coating layer.
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shown in Fig. 16(a). In Fig. 16(b), the specimen emissivity using the
strain dependent rule of mixtures is reported. Considering the SHPB
has a reported stress-strain measurement of uncertainty of 4% [63]
the small emissivity change of the coated of Mg specimens up to
failure is not likely to meaningfully impact results. Conversely, the
coating degradation that accumulates of up 40% strain in the copper
specimens should not be ignored. Shown in Fig. 16 is the impact of
the linear emissivity change on the reported Taylor-Quinney coefficient
for copper. The change in coated surface area decreases the average
surface emissivity due to Mg and Cu having a lower emissivity than the
deposited Ti coating. The Taylor—Quinney coefficient is corrected based
on the emissivity change and reported in Fig. 16(c). It can be observed
that the emissivity decrease caused by the coating delamination has
a limited impact on the Taylor-Quinney coefficient with changes the
total change being less than the experiment-to-experiment variation
measured in the current work (see Fig. 11(c))

4. Conclusions and summary

A coating design process motivated by the desire to increase sig-
nal to noise ratio, and thereby provide a means to reduce lab-to-lab
variability in the measurement of temperature rise during adiabatic
high-strain rate infra-red (IR) thermography experiments is introduced.
Electromagnetic aspects of common sputter deposition sources were
investigated using a validated TMM code, and heat transfer aspects of
coatings were modeling using finite elements to identify a 250 nm thick
Ti coating as a promising candidate to improve surface emissivity of
Cu and Mg AZ31B substrates. Coating substrates were found to have a
four to six times improvement in surface emissivity as well as coating
specimens were determined to have nominally identical calibration
curves. Taylor-Quinney coefficients obtained from coated specimens
were compared to previously reported values and were found to be
in general agreement. Post-mortem electron microscopy analysis and
high-speed imaging confirm robust adhesion between the sputtered Ti
layer and the metallic substrate material system during high-strain rate
deformation.
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From a practical standpoint the current work provides an eco-
nomical approach to (1) reduce a known source of uncertainty in
Taylor-Quinney coefficient measurement, specifically in enabling the
use of a single calibration curve for coated materials regardless of the
specimen substrate, (2) remove the need to obtain specimen specific
calibration curves, and (3) improve signal-to-noise ratios during the
earliest stages of deformation through specimen failure. While the ap-
proaches shown here are demonstrated using a split-Hopkinson tension
bar, they can be translated for use on a split-Hopkinson pressure bar.
Ultimately, the proposed approach could provide a homogenization and
simplification of approach to what has traditionally be a challenging
experimental mechanics problem to address.
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