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Introduction sponse functionge.g.,dy/dl c wherel c=tr C) similar to the iso-

rubber-like, materials has generated considerable interest in %asurlng biaxial stress and stretch at multiple temperatures.

mechanics community for close to two centuries. With the adveng. .
of laser, ultrasound, and microwave-based medical devicesgtt(%lam.1 depender_lce of the_heat flux. Rather, most _reports assume
Fourier conductiom(x,T)=—Kk(T)VT whereq(x,T) is the spa-

similar interest has recently arisen in the thermomechanical he-, 0 : .
havior of soft tissueg[1]). A general thermomechanical analysig"%lI heat flux, VT (=T/9x) the spatial gradient of temperature,

and k(T) the scalar(i.e., isotropig spatial thermal conductivity

?r{ etr?:s; ans]tzii::egr?(lj ?ﬁgﬁxgrﬁ ;‘siggllrng aOfLiCIEZal:/\r/isseé ?ggrLSlqa;Jtlitc:?\X@ 4]). For finite strains, referring the conductivity tensor to the
phy : ' eference configuration simplifies material symmetry consider-

nonlinear constitutive relations necessitates appropriate theoretlgf'a o - .
: . L . ions, and thereby facilitates the formulation of general constitu-
frameworks to design and interpret the requisite experimgas E%/e relations. ThL}I/S note thaj=(1/J)F-q, whegreJ:detF.

For example, theory reveals that a complete description of reve oreover, a generalized Fourier conduction has the form
ible finite strain thermomechanical behavior requires identification

of two independent constitutive functior(g3]), the Helmholtz 1
potential q(x.T)=FF-(=K(C,T)- VoT(X,T)) 3)

The thermomechanical behavior of elastomeric, and specifica’{ﬁﬁrm"jII results of Rivlin and Saundet3]. Both cases require

lternatively, there has been little attention to the possible finite

=p(C,T), (1) whereK(C,T) is the referential thermal conductivity tensor. Of
the tractable finite strain tests.g., combined extension and tor-
sion of a cylinder, membrane inflation, etche in-plane biaxial
_a extension of a thin rectangular shégt3,15) is also convenient
o=00(C.T, Vo), @ for thermophysical testing. Not only is the resulting strain field
whereC (=F'-F) is the right Cauchy-Green deformation tensofilomogeneous in the central region and the state of stress planar,
F (=dx/9X) the deformation gradient tensdF,the temperature, thin specimens facilitate isothermal testing and measurement of
VT (=dT/aX) the referential temperature gradient, andndX  thermal diffusivity. For example, Doss and WridHt6] recently
the position of a material particle in the current and referencéemonstrated that the transient flash diffusivity mettidd]) may
configurations, respectively. Stress-strain-temperature relationslbe-extended to measure the diagonal components of the spatial
sult from derivatives of} with respect toC. Although a number thermal diffusivity tensoi of thin sheets of stiff polyvinyl chlo-
of functional forms forys have been suggestéii—7]), a widely ride (PVQ. Specifically, t_he flas_h dlffuswlty method yieldsvia
accepted form remains elusive due, in large part, to the continuiﬂ'& spatial energy equation which, in the absence of stress power
lack of multiaxial thermoelastic data. That is, most investigato/d volumetric heat addition, is
have focused on describing the available uniaxial dfga-11]) dT(x,T)
and hence the peculiar one-dimensional Gough-Joule and ther- —_—
moelastic inversion effects. Recently, however, Og@iéhpro- dt
posed a method for finding as a function of biaxial stretches andwheret is time. For materials in mechanical equilibrium, the con-
temperature, whereas Humphrey and Rajagpp2l showed that vective terms within the material are negligible, of course, and the
in-plane biaxial tests allow measurement of thermoelastic rttal derivative on the left-hand side of Ed) reduces to a partial
derivative with respect to time. Appendix A contains an outline of
1Current address: Black & Decker, Inc., 701 E. Joppa Road, Towson, MD 212dh1e one-dimensional solution of E¢4) that Parker et al[17]
®To whom correspondence should bﬁ atéciressed: BiocmettiicaICErﬁgineeSritnctq Repnployed in the initial description of the flash method. Here, Eq.
gram, Texas A&M University, 233 Zachry Engineering Center, College Statio i i Ta] i i
TX 770433120, E-mal jh@ac amudy Marquard parameter estimation aigoritm for both the radional
Contributed by the Applied Mechanics Division oHE AMERICAN SOCIETY OF . X .
MECHANICAL ENGINEERS for publication in the ASME GurNAL oF AppLiep  (ONe-dimensionalflash methodmeasuring the out-of-plane com-
MECHANICS. Manuscript received by the ASME Applied Mechanics Division, Apr.ponentas, only) and the extended flash methéaeasuring the
é;, 1999; final rti\gSi(;n'e?escHol?d 1se9idAdf§§§:§emT'~;ﬁ2n?:éhlindgglf1E*fj-_uT)-r Rsrfgfe:three diagonal components af. This allows for more accurate
Lg/(v:igs'?l.o\rl]vﬁeneler, Igegartmen;]of Mechanical Engineering, Unilversity Iof i—ioustoiaﬂresematlon of the boundary Condltlons_‘ Append_lx A alsp O.Ut-
Houston, TX 77204-4792, and will be accepted until four months after final publ|lnes this model. Regardless, note that finite strain constitutive
cation of the paper itself in the ASMEDWRNAL OF APPLIED MECHANICS. relations are more easily formulated in terms of the referential

and the referential heat flux vector

=a(C,T):V(VT(x,t)) 4)
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thermal diffusivity . Fortunately, one can infem, from chamber. Proper alignment of this chamber within the load frame
the measurablea via a=(11)F-ay-F' where ao(C,T) ensures free and smooth translation of the load carriages. The
=K(C,T)/(poce(C,T)); herep, is the referential mass densityoutside end of each pair of rods is attached to a cross bar that
andc the specific heat at constant deformation. separates the shafts and facilitates the application of axial forces.
There is, therefore, a clear need for a multiaxial thermomdhe inside end of each load carriage consists of three separate
chanical test system that can exploit the available theoretical uminum pieces: a cross bar that connects the two rods, a cou-
sults. This paper describes the design and construction of a neling bar, and a T-bar that has a series of equally spaced holes
device capable of both in-plane biaxial thermoelastic testing af@ 75 cm apaitthat serve as rigging points for the specimen load-
measurement of the orthogonal componenta.dflustrative data ing threads. Two of the load carriages, one on each axis, have
are presented for neoprene subject to equibiaxial stretch ratiosvatertight and temperature compensatéd:{ —29,93°C) load
=A;=AN, (\;=I;/L;, no sum oni, with |; andL; being current cells mounted between the cross bar and coupling bar.
and reference lengths, respectivelyith A e[1,1.5], at tempera-  The last component of the loading subsystem is the mechanism

ture levels of 21 and 41°C. for inducing axial load. Each of the four carriage assemblies is
independently loaded via a 1-mm lead ball-screw driven by a
Experimental System stepper motor. A ball-nut attached to the outer cross bar of each

Figure 1 is a schema of the overall optical-thermomechanié d carriage converts the rotation of the ball-screw into linear
system. The system consists of five subsystems, one each) ford!SPlacement of the carriage assembly. The stepper motors are
biaxial loading,(b) in-plane strain measuremeri¢) environmen- individually controlled by a four-axis indexer card in the Pentium
tal control, (d) flash illumination, ande) point-wise temperature Personal computeiPC. Such a drive system allows implementa-
measurement. tion of fully automated stretching protocols.

Biaxial Loading System. The load frame is machined from Strain Measurement. In-plane finite strains are measured
one piece of mild steel to outer dimensions of 4645.7 cm with  OPtically by tracking the position histories of four small, contrast-
a 2.54 cm square cross section. The outer and inner surfacesigemarkers that are affixed to the bottom surface of the specimen
ground to ensure that opposing sides are flat and parallel. THdd- 2b)). This approach has been described previodsl$]),
frame is mounted on an optical table using a standard 2.54-&Rd is sufficient because of the homogeneity of the strain field in
diameter, 15.2-cm long support rod at each corner. A pair of hothe central region, as confirmed via pilot experiments as well as
zontal through-hole$1.27-cm diameter and 4.45 cm apaate by finite element analysis. For example, finite element analysis
centered on each side of the frafiféy. 2a)) such that the axes of (ABAQUS), assuming a Mooney-Rivlin material response, re-
any pair of holes are collinear with those of the opposing pair avgaled that the strain field is essentially homogeneous and exten-
perpendicular to the other two pairs. Each of the eight holes $&nal (< 5 percent sheqrin the central sixteenth of the planar
fitted with a 1.91-cm-long linear recirculating ball bearing specifiarea of a square elastomeric specirt/d9]) that is loaded by five
cally designed for linear travel of shafts with minimal transversequidistant point loads at each edge. A CCD video camera, frame-
play. grabber board in the PC, and custom software track the position of

Nearly uniformly distributed in-plane biaxial forces are applie@ach of the four markers at the 30 Hz frame rate. The software
to the square specimen through four load carria@ég. 2(b)). algorithm, based on Downs et §20], uses a correlation method
Each edge of the specimen is attached to a single carriage udindocate the markers first in a “coarse” and then in a “fine”
Kevlar thread(or silk suture for biological tissug¢sThe load car- search region. The marker positions serve as input to a bilinear
riages consist of two parallel 0.635-cm-diameter solid, hardeneparametric interpolation algorithm that provides the compo-
stainless steel rods. Each rod is supported in one of the aforemeeants ofF in the central region at each configurati@ee Appen-
tioned through-holes by one of the linear bearings in the loatix B). The components of provide information for feedback
frame and a neoprene O-ring sandwiched between two Ruloontrol (described beloyvof the thermoelastic tests at thermal
bearings, which form a watertight seal for the environmentaiquilibrium. In thermophysical tests, the componentE afe reg-

Motor Controller Stepper
Board Driver (4)
Stepper
A/D Load Cell Motor (4)
Board Signal Conditioner
Thermocouple Probe (3)
-«— [oad
Thermocouple Cells
Amplifiers (3 l
Frame Grabber \ﬁ
Board : - ' > o :
Specimen ¢
CCD Camera &
Macro Lens Elualfah
- (under motor) Heater
°
.0

\— 90 MHz Pentium PC Temperature Flash Discharge
Controller

Fig. 1 A schematic drawing of the overall experimental system
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Temperature Measurement and Flash System. The prin-
ciple of the flash technique for measuring thermal diffusivity is
described elsewher§21-23,17,24). Briefly, a flash system con-
sists of a radiant energy sour@ag., a flash lamp or pulsed lagser
capable of delivering a short burst that heats one face of the speci-
men, and a probe to measure the associated temperature history on
the opposite face. Here, a linear xenon flashtube, mounted in an
aluminum reflector, illuminates the top face of the specimen.
When the in-plane components of are to be measured, a 50
X50mm aperture plate with a central 2@0 mm opening is
mounted between the source and the specimen; the aperture is
removed for measurement af; alone. Three 0.25-mm-diameter
E-type thermocouple probes are mounted in an aluminum bar and
form the apexes of a right isosceles triangle having two 15-mm
sides, and when aligned with the aperture, they measure the tem-
perature at the center of the projection of the lighted area and at
two points outside this projection along the two in-plane axes. For
measurements af;; alone, only the central thermocouple output
need be used. A small amount of high thermal conductivity sili-
cone paste is used to insure good contact between the thermo-
couple probe and the specimen surface. The fixture is attached,
through the port in the top plate of the environmental chamber, to
a micrometer head that can raise or lower the thermocouples as
required. A second CCD camera and mirfeot shown monitors
the contact between the specimen and the thermocouples.

Data Acquisition and Control. Eight independent channels
of information are recorded simultaneously using an analog-to-
digital (A/D) conversion board in the PC. The A/D board has
high-gain amplification and a cold junction compensation circuit,
specifically designed for acquisition of thermocouple data, re-

(b)

Fig. 2 Biaxial extension device. Panel

(a) is an oblique view of
the device where (1) camera, (2) load carriage, (3) environmen-

tal chamber, (4) heater, (5) Kevlar threads, (6) load frame, (7)
motors, (8) motor supports, and (9) limit switches; in-plane di-
rections defined as 1 and 2. Panel (b) is a schema of (1) the
specimen with centrally placed tracking markers, (2) Kevlar
threads, (3) T-bar, (4) coupling bar, (5) load cell, and (6) flash-
bulb and reflector, as seen from below.

corded on one of the eight channels. The E-type thermocouples
occupy three channels, whereas two T-type thermocouples, one at
the glass window covering the flashbulb to mark the flash event

on the data file and another above the specimen to record the
ambient temperature, occupy two channels. The two load cells are
connected to a signal conditioner, the output of which occupies

the last two channels.

The strategy to control the biaxial finite deformation involves

actuating the two opposing motors in one stretching direction at a
constant velocity and varying the velocity of the two motors in the
orthogonal direction so that the measured stretch in that direction
istered prior to the flash illuminatiofi.e., at mechanical equilib- 1S Within a small errok of the desired stretch. Hence, lef be the
rium), which only slightly perturbs the strain field. deswed_ stretcléeithern; or \,), A, be the measured stretch,_ and
s the difference between, and\ 4. If | §|<e, then the velocities
Environmental Chamber. The environmental chamber al-of the two motors on that axis are set to zerd.df> e, however,
lows testing of the sample in air or liquid at nearly constant tenthen the motor velocities must be adjusted to bringback to
peratures(+1°C). The chamber is constructed from a 1.27-cmyjithin e of \4. The velocitiesw of the controlled motors are
thick polycarbonate sheet and sealed with silicone adhesive dgjusted proportionally té usingw= G35, whereG is a suitably
prevent leakage of the solution. With outside dimensions 40\@jued parameter determined by trial and error during preliminary
X40.0<7.62cm, the polycarbonate shell fits inside of the loagksts until the control of the specimen is acceptables i too
frame (Fig. 2(&)). Though not shown for clarity, top and bottomsmall, the stepper motors move continuously in the same direc-
plates are screwed onto the polycarbonate shell and silicone ryBn  indicating thatw is too low and possibly not keeping the
ber gaskets form seals between the plates and shell. stretches withire. Conversely, ifG is too large, the motors oscil-
The top plate of the chamber has a central port that allows thge indicating an overshoot afy, thus requiring the motors to
flash lamp(described beloto be placed in close proximity t0 reverse. A suitable value @& between these two extremes should
the specimen, thereby ensuring that enough energy is absorbeqiRls pe selected. Note thatdf>0, thenk ;>\ 4 and the direction
the sample to obtain a desirable temperature rise on its bottefstation of the motors must be such thag is decreased; iB
surface. The separation between the lamp and an approximately then the specimen must be stretched more. Once the control-
2-mm-thick specimen may be adjusted between 1.0 and 3.0 cmyilfy velocity is determined, its value is sent to the motor controller
addition, the top plate allows access by the thermocouple proBigy The control cycle is repeated throughout the experiment at
for measurement of the temperature field on the bottom face of tgg Hz by calculating the new stretch ratios, determining the con-

sample. The bottom plate has a centrax@x 1.5mm glass qling velocity, and sending the new velocity to the motor con-
window that allows the camera to view the aforementioned mar, oller card.

ers for strain measurement. Additionally, the bottom plate has

drains to remove liquid from the chamber. Specimen Preparation. Thermoelastic tests were performed
The chamber can be maintained between room temperature andspecimens measuring 50-mm square cut from 1.6-mm-thick

90°C by a 750 W, 1.27-cm-diameter, 30.5-cm-long submersibpeecast sheets of high-grade neoprene rubber with a Shore A hard-

heater that is mounted in the chaml§Erg. 2(a)) and modulated ness value of 35—4BVicMaster Cary. Outside of the biaxial de-

by a thermostatic controller.

Journal of Applied Mechanics

vice, each edge of the specimen was sewn to a T-bar using a
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Fig. 4 lllustrative in-plane stretches N\, and A, for computer
controlled equibiaxial, proportional, and constant A\, stretching
protocols. Data are for three cycles each  (cycle 1. +, 2: A, 3:
0), thus showing reproducibility and robust control.

Fig. 3 Stress relaxation curve of a neoprene rubber specimen
during preconditioning

0.254-mm-diameter sewing needle and 0.2-mm-diameter Kevlar
thread. Six holes spaced about 3.75 mm apart and 10 mm from the
edge of the specimen were used on each edge. Four whitg200-central region of the specimen with respect to the stress-free ref-
spots of titanium white acrylic paint were placed in the centr&lrence configuration at the reference temperature. The character-
5X5 mm squaréi.e” 1/100th of the planar areaf the specimen istic nonlinear behavior is well known and has been well docu-
on the bottom face of the black specimen. The T-bars were theiented in the pasi[8,25,26,1]). Similar measurements on
attached to the coupling bat&ig. 2(b)). Prior to thermoelastic specific materials of interest will add greatly to the existing ther-
testing, each specimen was systematically preconditioned, th@toelastic database that is needed to evaluate current constitutive
mally and mechanically: each neoprene sample was held attharmoelastic model§5,12,7) as well as to develop new consti-
in-plane equibiaxial stretch ratio af=1.45 at 41°C for 24 hours. tutive descriptors of other such materials.
The reduced range of temperatures examined in these first me
surements on neoprene, as compared with the 90°C capabilityO(P
the chamber, are the result of the reduced tear resistance of QF
i

. g

prene at elevated temperatures. Figure 3 shows the stress rejgakso shecimen thicknesses and multiple equibiaxial stretches and
ation response of a typical specimen during preconditioning. T g) the diagonal components af as a function of finite equibi-
relaxation response was 86 percent complete after two hours xgal deformation at room temperature
more than 95 percent complete after 12 hours. Immediately fO'First .- Was measured for three neéprene specimens of nomi-
lowing the 24 h_ours of such precond_itioning, the sampl_e_ was upy thiéknsgsses of 1.6, 2.4, and 3.2 mm. Following precondition-
loaded and subJ_ected to ‘hefmo.e'a!s“c testing. Pr_econdmonlng ﬂé and then registration of the unloaded reference configuration
the thermophysical tests was similar. New specimens were p{pé recording the marker positionat To~21°C (i.e., ambient
conditioned at an equibiaxial stretch »f=1.52 at 25°C for 16 rc.)o.r,n temperatue the top surface of é)ach specirﬁén was sub-
haurs. jected to a series of five pulses from the flash lamp, each separated
by ten minutes to allow the specimen to regain thermal equilib-
rium. Figure 6 shows a typical bottom surface temperature re-

Stress-Strain Response. Figure 4 illustrates the ability of the sponse following the flash. For a bottom surface temperatyre
system to execute well the prescribed protocol&jrconstantx
tests, withh\;=1, 1.2, 1.4, andb) proportional stretch tests where
(Ao—1)/(Ny—1)=m, with m=2, 1, 0.5; equibiaxial stretch is a 12
special case witln= 1. Each of the tests consisted of three cycle 3
at a frequency of about 0.017 Hz. The repeatability over the thr 1.0 F
cycles for each type of test illustrates the robust control and tl
effect of preconditioning. Recall that the automated control of tr 08 F
motors was based on the video strain measurement of the in-pla,(tT

Thermal Diffusivity. Two types of tests illustrate the ability
the device to measure thermal diffusivity of specimens sub-
ted to finite in-plane deformation: measurement&bir,; for

Illustrative Results

o 332°C
A 412 °C

stretches, thus permitting corrections at 30 Hz. o 06 I

For homogeneous principal extensiofisdiagdh;,\,,\3] and = 1
J=detF=N\1\,\3=po/p (Wherep, andp are the reference and £ 04
current mass densities, respectiyelyencel ; can be determined ™ r s
at each temperature, givgn=p(T). Data obtained from Anter 02 | E}{U e
Laboratories(Pittsburgh, PA on neoprene samples tested Tat r L%eﬁd
e[20,60°C suggest that, to first order, 0.0 | AR

p(T)=po[1+B(T=To)] ™ (5) oy

wherepo=1.317 g/cmi, =3.915x10 4(°C)"%, and T,=20°C 0.9 Lo 11 12 L3 L4 =
is the reference temperature at whigh is measured. Figure 5 A

shows illustrative in-plane Cauchy stress as a function of modifiea

stretch ration] (=J~\,) for one sample at three temperaturesig. 5 Typical Cauchy stress-stretch curves for neoprene at
levels (T=25,33.2,41.2°C). The stretches are calculated in thieree temperatures for equibiaxial stretch tests
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Fig. 6 Bottom surface temperature history for a one- Fig. 7 Temperature history of the central and one of the lateral
dimensional flash test showing the close agreement between thermocouples for equibiaxial in-plane stretch of ~ A=1.03. Solid
the measurements, the temperature history calculated as part line is model result.
of the data reduction, and that calculated assuming the bound-
ary conditions originally used by Parker et al. [17] and the
value of a3; determined by the Marquardt data reduction. T .
~4 s, ® Y a Y2 tests. The in-plane values are found to be 0.151 and 0.153spm

which are about 31 percent higher thags. As was suggested by
the results of Doss and Wrighi6] for PVC, this is likely the
result of extrusion processes during the manufacturing of the neo-
prene sheets. Indeed, Choy et[al7] found an increased diffusiv-

ity in the draw direction and decreased diffusivity in the direction
EtFi:rmal to the draw of highly drawn polyethylene using a one-

the temperature exce#s=Ty— T, has been scaled by the maxi-
mum temperature excess measured on the bottom suégge
(typically about 3°Q. Time has been scaled hy,, (typically

about 4 %, which is the time at which the bottom surface reach
Omad2. After the five pulses, the specimen was extended equi
axially to the next desired stretch, its marker positions recorded
this equilibrium configuration following stress relaxation, and thB

flash procedure repeated. Once all data were collected at ro dspecimen appeared to be partially translucent to the flash en-

temperature, another series of stretch and flash data were colle 2071 the stretched state. This leads to error in the indicated
at 40°C. After increasing the temperature level, the sample way :

allowed to reach thermal equilibrium prior to inducing mechanicy 1€ Of‘;‘33 beﬁause the bounc:lgry value prloblem us_eﬁl to dleter-

stretch. mine a3 from the temperature history is no longer strickly valid.
Since the transient temperature rise on the bottom surface d EUCh. error is small, It reveals itself by the |nd|9ated valueygj

to each flash was about 3°C and of similar magnitude on the t§ganging as the fraction of the temperature history used in data

face, after a brief initial transiel0 m9, data were collected at reduction increases. Tayld24] showed that in such circum-

nearly mechanical and thermal equilibrium. Here, the bottom s@%\igge\/saltggsvc?tiuecfl%su?;tag dbL?sifr?ug?ﬁgyeﬁi(:‘rrzg(t)i?r:?gftrh% 't'g]:_
face temperature history was measured directly aggdwas cal- 33 9

culated using the Marquardt parameter estimation algorithf§ 2ture hlstr(])_ry to thﬁ. one rlln(élce}ted at zero fractlonl of éhe
coupled with a finite difference solution of E¢4) outlined in emﬁgrﬁture |r']story. T |_|§hmet IO 0 corrgctlon was er(rjwp c()jye at
Appendix A. Figure 6 shows close agreement between the mé@t@ dlg stfrethc fstate.s. fe ;\’a uesagh an azﬁremame clin' e_d

surements, the temperature history calculated as part of the d&?ﬁ ent of the fraction of the temperature history used in data

reduction, and that calculated assuming the boundary conditige: uction because they are strongly dependent on the temperature
' g y HiZtories of the thermocouples that are outside the projection of

the aperture opening.

imensional flash method. At the larger deformatian=(1.52),

e mean value ofrs, is found to be 0.112 mffs, about 5.9
ercent lower than the undeformed value. In contrast, the in-plane
ﬁllues increase to 0.165 and 0.159 ffsnlt should be noted that

originally used by Parker et aJ17] and the value ofx3; deter-
mined by the Marquardt data reduction. The mean values;ef
found in these one-dimensional measurements are 0.11%snan .
21°C and 0.117 mffs at 40°C. These values are within five per-ConClus'ons
cent of those measured by Anter Labs and match well the trendThe ability to measure the multiaxial mechanical response of
with temperature, though this decrease is within the scatter of thlastomers, and similarly planar soft tissues, promises more com-
measurements and thus, not statistically significant. plete data for the formulation of constitutive models for finite

A second set of tests measured the diagonal components o$train thermomechanics. The active control of the finite deforma-
for three specimens with a nominal thickness of 2.4 mm. Agaitipn, via the real-time video feedback to the motor controllers,
following preconditioning, each specimen was tested at twallows measurement of the material response to a wide variety of
equibiaxial stretch states of approximataly-1.03 and 1.52. A deformations that theory reveals would be useful. The equibiaxial,
minimum of five flash tests were performed at each of the twaroportional, and constant stretch tests discussed here have illus-
deformation states. Figure 7 shows the measured bottom-surfereged this capability. Reprogramming the motor control algorithm
temperature history of a typical test along with the best-fit resultgould allow constant invariantcf. [12]) and other tests to be
based on the three-dimensional finite difference model. Agaieasily performed, as well. Data from such multiaxial tests are not
there is close agreement between the data and the model. Becaeadily available in the literature.
of the difference in the temperature response rate and levels folFormulating models of general thermoelastic response requires
the central and lateral thermocouples, the variables have been teétt the temperature field within the material also be modeled. To
in dimensional form. this end, this device incorporates an extension of the flash thermal

At the smaller deformationN=1.03), a3 is found to be 0.116 diffusivity technique that allows measurement of the in-plane
mn/s, which is within 2.4 percent of the value measured with theomponents of diffusivity as well as the more commonly mea-
one-dimensional test and within the standard deviation of boslured out-of-plane component. Data presented illustrate that neo-
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prene rubber at low stretches may still have anisotropic thermmah?/s measured heyeRecall that the aperture opening is 10 mm
diffusivity and that these values may change with stretch, evem a side and the distance between the central and transverse
over the moderate range of equibiaxial stretches examined. Stisermocouples in 15 mm, bdt~=3 mm. Furthermore, the thermal
coupling may be more marked for other materials, particularlgffusivity of air at room temperature is 22.5 mfs as compared
elastomeric composites and soft tissues. with the neoprene with 0.12 nfits. Thus, once the air has been
heated by the central region of the bottom face of the specimen, it
provides an alternative path for energy transport. Since the tem-
Acknowledgments perature rise of the transverse thermocouples in the three-

Support from the Army Research Office through grandimensional tests run here is on the order of 0.3°C, even a small
DAAH04-95-2-2 (to JDH and NTW as part of a Center of Ex- addition of energy from the air can cause significant error in the
cellence Award for MaterialéA. S. Khan, Director and from the determination of in-plane thermal diffusivity. The Rayleigh num-
Whitaker Foundatiorfto NTW) through a Biomedical Engineer- ber is small enough to indicate the absence of buoyancy-driven
ing Research Grant made this work possible. The authors woflldws in the air underneath the specimgB0]). This was con-
also like to thank Dr. M. G. da Silva who designed the first gerfrmed by measurements of the temperature response of the air
eration, manually controlled device. and comparison with finite difference modeling. Calculated speci-
men temperature histories were unchanged for included air layers
thicker than 13 mm.

The Marquardt algorithm and finite difference model estimate

Analysis of the Temperature History. In the flash method five parameters: the three components of thermal diffusivity,,
as originally developed, the top face of a planar specimen is uiz2, andass), the scaled heat flux to the specimen as defined by
formly illuminated by an impuls€[17]). The temperature field is gpa/pC, and a convective heat loss term defined hslZpCdx,
then described by a simplified E@}) as wheredx is the node spacing ardt the time-step. Further details

JT 2T are available in Doss and Wright6].

SO
at - "¥ox3

Appendix A

(A1)
Appendix B
wherex;e[0,d], d is the current thickness, and the subscript 3

indicates the out-of-plane direction. Neglecting convective Iossre{.gqsnam Measurement. Assuming a homogeneous deforma-

n in the central region, the in-plane componentg-ofan be

a good assumption in the short time of most one-dimensio 2lind via ([18)

measurements, the solution of E41) for the temperature rise at

the rear surface of the specimen that has experienced such a uni- duy du,
form impulse is([28]) Fu=1+ X, Flz_a_xz (B1)
Q ” % n2772 ) ] 9
T(dt)=——|1+ 2 (-1)"exg — —7ast|| (A2 M 2
(@h=rcg|ir 2 (- @ osdt]| (A2 Famgx, Falt o (B2)

whereQ is the area-density of energy associated with a pulse @hereu; and X; are the components of the displacemestx(
radiant energy that is assumed to be instantaneously and unix;) and original position vectors, respectively. The displace-
formly absorbed in a thin layer at the top face of the specimement gradientsu; /9X; can be found via a bilinear isoparametric
Noticing that the bottom face temperature history contains thgterpolation of any four markers that define a quadrilateral. For
parametery= (m?asst/d?), this solution provides a simple ex- example, let

pression for determining:;; from a single point on the tempera-

ture history curve defined by E¢A2). Choosingt 4, as the time at B En: j i
which the temperature reaches one-half its maximum valyg Xi=2 P8 mX (B3)
=Q/pced yields y=1.38. The result is !
n
1.380° : _
d33= 5 . (A3) ui:z fj(g! ﬂ)uf (B4)
T tl/2 j=1

An alternative analysis, that is also employed here, is to usevieren (=4) denotes the number of markers and
Marquardt algorithm([29]) to estimateas; by minimizing the 1
dlff_er_ence_ between a m(_easured temperature history and resylts of fi(¢,n)= Z(l+ {1+ nnh (B5)
a finite difference solution of Eq(Al). The advantage of this
approach is that the assumed boundary conditions may be relaxed standard bilinear interpolation. In the case of equibiaxial ex-
to include possible convective losses and a finite light pulse. tensjon(with no rotations, F1;=\, Fp,=\ andF,=F,,=0.
Moreover, an analytical solution is not practical for determining
the components o in the three-dimensional tests. Instead, the
Marquardt algorithm is used again, now in conjunction with &eferences
finite difference solution of Eq4) written for the principal direc-  [1] wright, N. T., Chen, S., and Humphrey, J. D., 1998, “Time-Temperature
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