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The feasibility of direct measurement of temperature in shock-loaded, nonmetallic solids
within microseconds using a foil thermocouple of 200 A thickness has been studied over a
range of pressure from 0.5 to 4 GPa. The foil thermocouple and thermopile (200 A thickness)
were designed and used to measure the temperature rise in shock-compressed
pelymetbyimethacrylate (PMMA ). The method used to manufactore the gauges is spelled out
in detail in this paper. The results agree with calculated PMMA temperatures when the shock
pressure is below 2.2 GPa. Above this pressure the measured temperature rise is far higher
than the calculated values. This result appears to be very similar to that obtained earlier by

Blocmaguist and Shefficld.

i. INTRODUCTION

For decades there has been a recognized need to mea-
sure temperature directly in shock-compressed solids in or-
der to determine experimentally a complete equation of
state,’ or to study chemical activity under shock-loading
conditions,? but this is very difficult in solids. Some successes
in inferring the temperature of shock-compressed solids
based on measerements of infrared radiation have been re-
ported.” This method has been limited to cases where trans-
parent materials are shocked to high temperatures; succesg-
ful methods for measurements in opaque solids have not yet
been found.*® Using thermally sensitive films® to measure
temperature was found to be only a qualitative method. A
special thermocouple has been designed in order to reduce
thermal inertia of sensor.” This method has been used to
measure the temperature in explosive welding.® This method
has not been widely applied, because several problems still
exist. The measurement of temperature in shock-com-
pressed solids using various foil materials and configurations
has been widely studied in recent years. For example, a 5-
pm-thick (or more) foil thermocouple,”™"? a 5-um-thick
copper foil,'*'% 2 1-um-thick copper theristor foil,'® and a 5-
pm-thick nickel gauge'” were studied. Based on convention-
al models of heat conduction, it is not possible to get thermal
equilibrium between the foil and host material {with i- or 5-
pm-thick foil) within microseconds. Bloomgquist and Shef-
field'" proposed that the thermal conduction of PMMA in
intense dynamic loading may be orders of magnitude faster
than in normal loading (when the foil probe is perpendicular
to the plane of the shock ), but this proposal has neither been
validated nor eliminated. Certainly this is a very interesting
problem. None of the above methods is adeguate to measure
temperature within microseconds in shock-loaded solids.

. THEORETICAL ANALYSIS

In order to measure temperature in shock-loaded nen-
metailic solids with a foil thermocouple, there are several
problems which must be solved. First of all, the thermal iner-
tia of the foil must be small enough that the real temperature
of the host material can be measured in microseconds. Sec-
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ond, the effect of pressure on thermopower .5 must be quanti-
tatively determined, because the thermopower is a function
of temperature and pressure. Hydrostatic compression ex-
periments by Bridgman'® and Bundy'® indicate that S(7,P)
can be written in the form

where 7 is the coefficient of pressure, and 7 and P are tem-
perature and pressure, respectively. If the thermocouple was
reasonably selected, the effect of pressure on thermopower
would be below several percent. If the experimental factors,
such as dimensions of both target and projectile, impact ve-
locity, ete., are all determined, shock pressure and its dura-
tion in the target can then be determined. The loading dura-
tion was in the range of 1.2—-4 gs in cur experiments. Itis very
important to carefully select the thickness of the foil, because
thermal equilibrivm between the foil and the host material is
a necessary condition to be able to measure the actual tem-
perature of the host.

Tt was assumed that the host materials and the foil ther-
mocouple material are all uniform and isotropic and that
their thermal properties do not change as the temperature
changes. All planes perpendiculer to the X axis were as-
sumed to be isothermic planes, except the lateral free sur-
face. Thermal loss in the direction perpendicular to the X
axis was assumed to be negligible because loading time was
very short. The heat flux through the edges of the foil junc-
tion was assumed to be negligible in comparison with the
heat flux through the flat surfaces. Both chromel and alumel
are alloys of nickel so the difference of their thermal proper-
ties was assumed negligible in comparison with the proper-
ties of the host material, making it unnecessary to treat the
foil as a twe part system. With these assumptions the prob-
fem can be modeled as a one-dimensional heat-conduction
problem.?%?! The characteristic time 7., in which a tempera-
ture change occurs is (C,pL *}/A, where C,, p, and 4 are
specific heat, density, and heat-conduction coefficients, re-
spectively, and L is the characteristic dimension. Taking po-
lymethylmathacrylate (PMMA) for example, if the foil
thermocouple is affected by the temperature 2 mm away
from the foil thermocouple, the characteristic time is about
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30 s. In shock experiments the loading time is several micro-
seconds, so the effective distances must be very smali. A one-
dimensional heat-conduction model with infinite boundar-
ies is used. We are interested in determining what the
thickness of the foil thermocouple can be in order to measure
the actual temperature of the host material during the time
available in a shock experiment. Initial conditions for the
problem are that the temperature of the host material-foil
thermocouple system will be assumed to jump instanta-
neously from ambient values to their shock-compressed val-
ues, T, (host) and 7, (foil), at time zero.

Since only the temperature rise T'(x,f) in the foil is of
interest, the temperature of the foil just after shock passage
will be chosen as the zero of temperature axis, and the tem-
perature difference between the foil and the host material at
the time will be represented by 7,, = 7, — 7,,. [ Notice: The
real temperature of the foil is 7', + T'(x,#).) The one-dimen-
sional temperature diffusion equation with initial conditions
ITx0) =T, |xl>a;T(x0) =98, —a<x<a] was used in
our calculation, where ¢ is half the foil thickness. Since the
feil is put on with vapor deposition, there is intimate contact
between the foil and the host material. Therefore we assume
that the temperature and the heat flux are continuous at the
interface x = 4 a between the host and foil. The solution for
the problem was accomplished using Green’s function and
the “image” method. This process is simtlar to that used by
Grover and Urtiew?” and Bloomguist and Sheffield.!! A so-
fution with an infinite sum of error functions was obtained
and an asymptotic series was adopted to caleulate error func-
tion. The measured temperature of the host material, with
respect to the foil thermocouple, can be expressed as a rela-
tive temperature rise, T{(x,£}/F, (%). {Although the ratio
of the measured temperature to the real temperature of the
host should be [T, + T(x,2)1/7,, the ratio T(x,#)/T, is
more suitable to indicate the change in temperature of the
foil as a function of time due to heat conduction.} If 7(x,#)/
T, = 0, the measured temperature is that of the shock-com-
pressed foil itself. ¥ T(x,£)/ 7, = 1, the measured tempera-
ture is actually that of the host.

The results of the calculation for several foil materials
and thicknesses are given it Table 1 and Fig. 1. Material
parameters used in the calculations are given in Table I1.

As seen, it is not possible for the foil and the host materi-
al to come near thermal equilibrinm with foil thicknesses of 1
or 5 um in the few microseconds time available. For exam-

TABLE 1. Results of calculations.

(x0/T,
(%)
Foil
thickness Time PMMA-Ni* Composite-Ni* PMMA-Cu
a==100A fps 96.5 98.6
4 ps 98.2 99.3
a=25pum I us 6.7 15.0 10.0
4 us 13.0 274 .
a==0.5pm Ius 31.8

*Chromel and alumel are represented with Ni.
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FIG. 1. Heat-conduction caiculation results obtained from the solution of
the diffusion equation for temperature vs time. The host material is PMMA.
Foil thicknesses are shown as 200 A, 5 and 1 gm. (a) Copper foil; and (b)
nickel foil (include foil thermocouple of chromel alumel).

ple, measured relative temperature rise T(x,t}/7, with a
chromel-alumel foil thermocouple (@ = 2.5 um) in 1 us is
only 6.7%. However, ¢ = 100 A, T(x,1}/T, jumps to 96.5%
during the same time. Therefore, an extremely thin foil ther-
mocouple was designed for our experiments. Its thickness 2a
is about 200 A and the caiculations indicate the error of the
temperature measured shouid be within a few percent of that
of the host material.

. THE FOIL THERMOCOUPLE TECHNIQUE

The selection of a proper thermocouple should take ac-
count of the measurement range of the temperature and the
effect of pressure on thermopower. The expected thermo-
electric emf can be obtained from the following equation®:

®h -a = (Db - (l)a
7
= -—f S, (T'.dT’
T,

-%P(T}u ”_7}!))(7}*];)1 (2)

where © and T are clectric potential and temperature, re-
spectively, and S(7.,P) is the thermopower of the thermo-
couple. The subscripts @ and b refer to two materials com-
prising the thermocouple, i.e., chromel and alumel. 7} and
T, are the temperature at the measuring and reference junc-
tions, respectively. The first term in Eq. (2) expresses the
electric potential associated with the temperature difference
at normal pressure. It can be refated to the temperature at
the point of interest with the aid of a standard thermocouple
table. The second term represents the contribution of the

TABLE II. Parameters of materials.

P C, A D=A/pC,
Materials g/om’ cal/g K cal/ems K em’/K
PMMA 1.181 0.3511 0.00054 0.0013
Composite .8 0.25 0.003 0.00667
Wi 8.75 0.105 0.15 0.163
Cu 89 8.089 1.145 145
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pressure to the thermoelectric emf. A series of pressure coef-
ficients # for different thermocouples have been given by
Bundy.® The pressure coefficient of chromel-alumel ther-
mocouple is

New — Nar =0.12 4V GPa™ 'K (3)

and is less than the other materials. This pressure correction
corresponds to about a 0.89% decrease in the expected emf
at 3 GPa for chromel-alumel. Because of this and alsc the
fact that temperatures up to 1573 K can be measured with
this type of thermocouple, chromel-alume! was used in these
experiments.

In order to make a foil thermocouple with a thickness of
200 A, a vacuum deposition technique was used. The actual
method will be described later. Each pole of the thermocou-
ple was deposited on the target separately. The design was
such that the measuring junction was in the shock-com-
pressed region of the target and the reference junction as
shown in Fig. 2 was on the lateral surface on the target
(which was always at { atm). In order to increase the signal-
to-noise ratio and measuring accuracy, a thermopile (a se-
ries connection of eight thermocouples) was made by means
of a special mask (see Fig. 2). Several experiments were
done to confirm that this foil thermecouple design would
reliably measure the temperature. First, it was confirmed
that the chemical composition of chromel and alumel were
the same before and after vacuum deposition. Second, it was
determined that the emf was zero in the circuit if both poles
of the thermocouple were made of the same material (chro-
mel, alumel, or aluminum) when the specimen was shock
loaded to a pressure of 4 GPa. These experiments also dem-
onstrated that the electric disturbance was eliminated under
our experimental condition. The shock demagnetization ef-
fect observed by Bloomquist, Duvall, and Dick” was not 0b-
served in our experiments. Third, in order to calibrate the
measured emf versus temperature for the foil thermocouple
under ambient pressure conditions, chromel and alumel
were vacuum deposited separately on a thin, long sheet of
alumina. The measuring junction was kept at a high tem-
perature and the reference junction at ambient temperature.

REFERENCEY
JUNCTLION

FIG. 2. Photograph of the target before and after depositing thermopile.
QGutside diameter is 70 mm.
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The temperature of the reference junction was always moni-
tored because of the possible problems with heat conduction
in the alumina sheet. The calibration experiment was con-
ducted in a vacuum to eliminate oxidation at high tempera-
ture. The thermopile thickness was measured by multiple-
beam interferometry. The foil thermocouples (thermopile)
were put on the target specimen using the following proce-
dure. On the polished and cleaned surface of a PMMA speci-
men, the material making up the foil thermocouple was de-
posited by heating a tungsten wire on which the chromel (or
alumel) was wound, in order to evaporate it. A polished and
cieaned flat of PMMA was then glued to the prepared speci-
men. Care was taken to remove all of the bubbles from the
glue layer between the flat and the specimen by vacuum out-
gassing. In order to reduce the thickness of the glue layer, the
two parts were put together and then the assembly was load-
ed along the axis. Two types of glue were used in our experi-
ments. One was chloroform which dissolves PMMA. Using
it insures the foil thermocouple is embedded in PMMA, but
skill is required because it solidifies so fast that removing all
of the bubbles is difficult. The other glue was CX 212 epoxy
and was supplied by the ChunSu Co. It is easy to control the
solidifying time and remove all of the bubbles using fresh
epoxy materials. Because the specific heat and shock imped-
ance of epoxy are close to those of PMMA, epoxy glue was
used in our experiments. After this assembly was completed,
a flat of 2024 Al was epoxied to the front of the assembly,
being careful tc eliminate air bubbles at this interface also
(see Fig. 3).

V. EXPERIMENTAL SETUP

One-dimensional strain, shock-compression experi-
ments were achieved using a light gas gun. Its caliber was
100 mm. The emf was measured using a TCI-2000 transient
converter and a Tektronix 7834 oscilloscope. Sampling time
was 0.1 us per point. Voltage sensitivities of 30 and 100 mV
were used, depending on the projectile velocity. The TCJ-
2000 transient converter was dynamically calibrated. Reso-
fution of the measured voltages was 512 + 2, levels for the
full-scale voltage resulting in a temperature resolution of
about 2.5 K. Ajl the possible electrical and magnetic distur-
bances were analyzed in advance and eliminated by the use
of appropriate measures, for example, electric and magnetic
shielding techniques.

A series of experiments was carried out using foil ther-
mopile of 200 A thickness as illustrated in Fig. 2. In fact, the
thickness of a single pole of the thermocouple was 100 A.
(Below this thickness an instability of the thermoelectric
property may occur.) The foil thermocouple junction was
200 A thick, i.e., the thickness of each pole was 200 A and
they overlapped. With this configuration the shock wave
propagated in a direction perpendicular to the foil thermo-
pile junctions on the specimen.

The effect of lateral relief waves on measured tempera-
ture was considered when the experiment was designed.
Eight measuring junctions were distributed in an annular
array. The dimensions of the specimen were designed so the
normal relief wave arrived at the measuring junction before
the lateral relief wave. Reference junctions were located on
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the lateral free surface to ensure they were always at one
atmosphere pressure during the entire loading process.
Small metallic pieces and screws were used to connect the
lead wires to the thermopile leads. The other ends of the lead
wires were connected to the TCJ-2000 transient converter.
The thermopile/PMMA specimen was epoxied into a
target ring using epoxy, which did not cover the reference
junctions. A 2024 Al impactor was glued on the front of a
foam polystyrene projectile. Shock loading was achieved by
projectile impact as indicated in Fig. 3. Projectile speed was
measured by means of electric shorting pins. With the pro-
Jectile speed known, impedance matching and the known
Hugoniot of PMMA and 2024 Al were used to calculate the
impact pressure and the subseguent pressure in the PMMA.

V. RESULTS AND DISCUSSION

A typical measured voltage waveform obtained from
the experiments is shown in Fig. 4. Measured temperature
results of the six experiments on PMMA are plotted in Fig.
5, and information about each experiment is listed in Table
III. The emfs and corresponding temperatures were taken
from the peak value constant portion of each record. Tem-
peratures were determined from a standard thermocouple
table for a chromel-aiumel thermocouple. The ambient tem-
perature at the time of the experiment was taken as the tem-
perature of the reference junction.

The pressure behind the shock in 2024 Al front plate
was calculated for each shot using the Rankine-Hugoniot
equations and the U, — U, relation (U, =35328

+ 1.338U,) for 2024 AL™ Particle velocity in the alumi-
num ¥, is equal to one half the impactor (projectile) veloc-
ity because both the impactor and the front plate of the speci-
men were made of the same material. The shock pressure in

Front

plate

{2024 31} Target assy
Foam
polystyrene Reference
projectile junction

O /%
Sl g 7
o i Thermopile
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| To TCJ-2000
e AD converter

PHMA
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-

Impacter 3
{2024 A1}

Y
p2% 0

PMMA flat

Epoxy

FIG. 3. Experimental configuration for the thermopile experiments, The
thermopile was sandwiched between a PMMA flat and a PMMA specimen.
They were stuck together with CX 212 epoxy or chloroform.
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FIG. 4. Representative waveform of measured voltage for the shock-com-
pressed PMMA target. Projectile velocity was 984 m/s, impactor thickness
was 4 mm, and the thermopile (eight chromel-alumel thermocouples con-
nected in series) thickness was 200 A. From the record we see that the rise
time was (.9 us and peak value duration was 0.3 us. The peak voltage corre-
sponds to a temperature rise of 244 K.

the PMMA was calculated using shock-impedance match-
ing®® using the known Hugonict of PMMA. Two types of
2024 Al with different elastic strengths were used in our
experiments. The effect of initial strength on impact pressure
above 2 GPa was only about 2%-3%, depending on impac-
tor velocity. Because of this, the effect of strength was ig-
nored and it was still possible to estimate the pressure in the
PMMA specimen. The results from the six experiments are
shown ir Fig, 5.

The emf history observed in these experiments consists
of a smooth rise followed by a relatively short constant por-
tion (peak value} (see Fig. 5). The length of the constant

300
'8

3]

/
% 200 y
5]
et Bloomquist,et al. ;/
1< ~.
Q - )
5 !l
= {
£ 100 e
§ fcQueen,et al. ?’ "
& Lo
[

Pressure GPa

FIG. 5. Teraperature rise as a function of pressure in the PMMA. The solid
line represents previous calculations of the expected femperature rise based
on shock wave data and zero pressure thermal constants by McQueen ez al.
(see Ref. 23). The circle-dots and associated dotted line represent the data
of Bloomquist and Sheffield (see Ref. 11). The triangie-dots and dash line
represent the present data.
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TABLE III Results of experiments.

Time
before Indicated
Projectile Impactor Rise Peak temperature Measured temperature

Shot velocity Impactor thickness time value decrease Pressure” emf rise
No. (km/s) materials {(mrm) (s} (us) {us) (GPa) {mV) (K)
8501 0.634 2024 AP 4 0.9 0.4 .3 1.80 2.3° 57
8502 0.728 2024 AP 4 1.0 0.4 1.4 2.08 2.7 66
8503 0.763 2024 Al 12 1.5 0.7 2.2 2.13 2.8° 69
8602 0.906 2024 A¥ 12 1.6 0.6 2.2 2.70 8.5¢ 209
8603 0.984 2024 AF 4 09 0.3 1.2 297 9.9¢ 244
8604 1.020 2024 A¥ 12 1.7 0.7 2.4 3.08 11.0° 271

* Pressure calculated from projectiie velocity and Hugoniot relations: p, = 2.785 Mg/m?*; U, = (5.328 + 1.338U,) km/s for 2024 Al; and p, = 1.185 Mp/
m?, U, = (2.572 + 1.536 U,» km/s for PMMA, as well as a shock-impedance match.

® Annealed state. Yield strength: 0.098 GPa.

¢ Natural aging after quenching. Yield strength: 0.295 GPa.

9 Glue method: chloroform give (chioroform: PMMA = 16:1).
?Glue method: CX 212 epoxy glue.

portion depends on the thickness of the impactor (see Table
IIT}. Thicker impactors give longer recording times before
the rarefaction reduces the pressure. When the thickness of
the impactor was 4 and 12 mm, the time the PMMA was at
pressure was estimated to be about 1.3 and 4 us, respectively.
At the beginning, the emf signal rises in a constant manner
for about 0.3 us and then rises more gradually to the peak in
about 0.6 us more (a total time of 0.9 us}. This is postulated
to be due to the temperature rise of the foil thermocouple
itself, foliowed by a thermal equilibration time between the
foil thermocouple and the host material. When the constant
portion time of 0.3 us is added to the 0.9-us rise time, a total
time of {.2 us is obtained for the 4-mm-thick impactor. This
is approximately equal to the time the PMMA is at pressure
before the rarefaction comes in. When the 12-mm-thick im-
pactor was used, below the 4-us time, the PMMA would
have been at pressure in a one-dimensional experiment. Lat-
eral release waves from the side of the specimen are a likely
reason for the shorter recording times. The measured
PMMA shock temperatures are plotted in Fig. 5. When the
pressure is below 2.2 GPa, the observed temperatures lie
near the calculated shock-compressed temperature rise of
McQueen et al.” The marked deviation from expected be-
havicr above 2.2 GPa impiies an exothermic reaction which
raises the temperature rapidly with pressure. This resuli is
very similar to Bloomquist and Sheffield’s results'’ in which
thicker thermocouples were put in perpendicular to the
shock front rather than paraliel to the shock front as in the
case in these experiments. Based on our heat-conduction cal-
culations which indicate that a temperature of 97% of the
actual temperature for the 200-A-thick foil should be
reached in 2 us, we feel we are measuring the actual tempera-
ture. It appears that Bloomgquist and Shefficld were also
measuring actual temperature even though the calculations
indicate a relative temperature rise 7(x,23/ T, of only 7% for
the 5-pm-thick foil thermocouple in 2 us. Further investiga-
tion of the physical processes that made the thicker, perpen-
dicular thermocouples record similar temperatures to the
much thinner parallel thermocouples is necessary.
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Vi. CONCLUSIONS

1t has been theoretically and experimentally shown that
measuring temperature in nonconducting solids in microse-
conds using a 200-A-thick foil thermocouple is feasible. The
method of depositing the special thin thermocouple is dis-
cussed and the technigue for embedding them in the PMMA
host material is discussed. The method has been successfully
used to measure temperature rise in a shock-compressed
PMMA target in our experiments. The results of measured
temperature in shock-leaded PMMA. agree with the calcula-
tions by McQueen ef /. when the shock pressure is below 2.2
GPa. Above this pressure the measured temperature rises
higher than the calculated values and similar to those ob-
tained by Bloomquist and Sheffield.’’ A very interesting
phenomenon is observed; thicker thermocouples embedded
perpendicular to the shock front give results that are similar
to those obtained from thin thermocouples put in parallel to
the shock front. Further research is necessary to understand
the physical reasons for this.
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