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Powders (60 um diam) of constantan and pure copper were compressed
statically into cylindrical greens (20.3 mm diam, 5.3 mm long) with a flut
interface separating the two powders. A 20-mm propellant qun was used to
accelerete a flyer of Lexan, copper, or aluminum, and generate in the green
a shock wave with front parallel tu the Cu/constantan interface. The
voltages hetween opposite ends of the greens were measured as a function of
time and for shock pressures between 1.3 and 9.4 GPa. When the shock wave
arrives at the Cu/constantan iInterface, the voltage signal shows an abrupt
increase, which lasts between 45 and 81 ns and leads to a peak temperature
To. After this, the hotter and cooler parts of the compact equilibrate
ngd the temperature decreases to a value T,. With increasing shock
pressure, T increases from 425 to 1215 K. The measurements of Ty, are
1n excellent agreement with the temperatures calculated from the measured
flyer velocity, the Hugoniot for copper powder, and thermodynamic data for
the flyer and powders.



1. INTRODUCTION

The propagation of a shock wave through a porous material is a highly non-
conservative process, since significant energy is dissipated Aurina the
shock rise time. For shock waves of sufficient strength, the powder
reaches the bulk density bty the end of the shock rise time . Because the
rise times are typically 40-80 ns, the plastic strain rate near the
material surrounding the original cavities can be as high as 107 s-1,

For optimum shock parameters, the heavily deformed material melts, while
the less deformed material (away from the cavities) reaches a much lower
temperature. Furthermore, because the material velocity in the shocked
powder is not constant, friction between powder particles is thought to
raise the temperature of the particle surfaces. Evidence of local melting
along particle boundaries and at sites of pore coalescence have been
provided on the basis of metallographic analyses of the compacts |1-3].
The subsequent quenching of the melt pools by heat conducticn into the
less deformed regions lasts approximatelly ty = d2/40. where d is the
particle diameter and D is the thermal diffusivity. Typically,

th = 200 ns [4). Thus, for internal temperature differences of a few
hundred Kelvin, the melt pools cool at rates of the order of 109 K/s. For
the appropiate alloys, this quenching is sufficiently fast to solidify the
melt into metastable structures. Indeed, shock waves have been used to
consolidate amorphous powders [5] and rapidly solidified powders [6-8]
without an appreciable change in their microstructures.

Several mr2e¢is ard calculations have been recently advanced [3,4,6,9]
to describe the dynamic events occurring during the shock consolidation of
powders. The evaluation of these models reauires accurate measurements of
the temperature kinetics during shock consolidation. Starting with the
work of Jacquesson [10] in 1959, several efforts have been made to measure
the temperature rise behind a shock front using thermocouples. However,
in the early experiments, the temperatures deduced from the mearured emf
were twofold to threefold larger than those inferred from measured shock
parameters. It has recently become clear that the anomalously large
signals were due to experimental artifacts. Bloomquist and coworkers
[11,12] reviewed the literature and performed experiments using diffusion-
bonded metallic pairs. In these carefully-controlled experiments, the
measured emt was within 20% of the predicted value.



An important source of error in the early thermocouple experiments
was friction between the two metals forming the thermocouple, or between
the thermocouple and the medium in which these were imbedded. It 1s easy
to realize that if the thermocouple and the medium have different
Hugoniots, the shock wave will accelerate them to different particle
velocities. Friction between these parts will increase the temperature of
the thermocouple above that in the rest of the medium and thus give an
excessive signal. This deleterious effect is more pronounced in porous
media. Therefore, wire or thin foil thermocouples imbeded in powders
cannot be expected to yield reliable shock temperatures. On the other
hand, it has been shown by Nesterenko [13], that meaningfull emf signais
can be obtained with thermocouples formed by two metallic powders. The
method requires that the interface between the powders be parallel to the
shock front and that the two powders be of similar densities and size
distribution, but of different thermoelec’ric powers. In Nesterenko's
experiments the thermocouple was made from powders of copper 2nd nickel
with particle sizes between 0.1 and 1 mm. These were shocked to pressures
between 0.9 and 2.5 GPa.

In the present experiments the thermocouple was formed by powders of
copper and constantan with particle sizes between 30 and 100 um. These
were shocked to pressures between 1.3 and 9.4 GPa. Copper and constantan
were chosen because: (a) these metals have a large ditference in absvlute
thermopower, (b) neither of the powders 1s magnetic, (c) “he pressure lor-
rection to the thermal emf of copper and constantan has been measured
[14,15] and (d) the shock impedances of copper and cunstantan are almost
identical for the pressure range of interest [11].

I1. SYNTHESIS OF CONSTANTAN POWDER AND THERMOCOUPLE CALIBRATION

Since powder of constantan could not be obtained cormercially, we synthe-
sized it by mechanical alloying. The starting materials were 55% copper
powder and 45X nickel powder, by weight (Al1fa Products #00094 and #00665,
respectively). The mechanical alloying (MA) was done in a S'EX mixer B000
mo'~', as described elsewhere [16]. Following 5§ hr of MA, the powder was
fur ther homogenized by annea) in purified hydrogen at 750°C for 15 hr. The
powder was finally qround to -200 mesh in a SPEX shatterbox mode® 8500
using a hardened-steel dish and peg which were pre-cooled to 78K. The
final product was dried in a N, atomosphere.



Figure 1 shows the (111), (200), and (220) X-ray diffraction peaxs
(Cu K-a radiation) as a function of MA time. The lattice constant of the
MA constantan powder is acp, = 3.55 ¢+ 0.01 A which is somewhat lower than
the value 3.57 A deduced from Vagard's law. This difference is to be
expected [17].

Because the present constantan powder may contain iron impu-ities in-
troduced during MA, or have a composition slightly different from that of
the commercial product, the thermal emf of Jur copper/constantan thermocou-
ple may differ from that tabulated in handbooks of physics. The cali-
bration of the porous thermocouple was performed with 45-cm long, 1.5-mm
diameter rods of constantan and copper sintered from the same powders used
in the shock experiments. The reference temperature was measured with
Pt/Pt-10% Rh thermocouples which were themselves calibrated at the solidi-
fication temperature of high-purity silver. The measured emf-vs-T curve
covers the range 0-955°C. At 400°C, the emf of the present powder thermo-
couple exceeds that of commercial thermocouples by 11.4%.

I11. EXPERIMENTAL SETUP

The shock compaction experiments were performed with the 20-mm diame-
ter gun of the Seismological Laboratory at the California Institute of
Technology. Two laser beams located near the end of the gun were used to
measure the flyer velocity.

Figure 2 is a schematic cross-sectional view of the shock assembly.
The figure shows a flyer and plastic sabot after leaving the gun and before
impacting on the copper buffer plate. The statically-compacted powder, or
‘green', was fabricated by pressing various layers of copper, constantan,
and alumina powders carefully assembled inside a cylindrical die. The die
diameter was 20.3 mmn and the final pressure 140 GPa, giving a green density
of 5.27 g/cm®. A quartz tube (8 mm long, 14 mm 0D, and 11.7 mm ID) was
imbedded in the powder, separating the copper and constantan powders. The
copper/cunstantan junction is inside this tube and is parallel to the
copper buffer plate. The active diameter of the thermocouple junction was
further reduced to 4.7 mm by the addition of a thin ring of alumina powder
(not shovm in Fig. 2). This was done to avoid spurious effects from the
shock reflections at the powder/quartz interface and to minimize the
effects of tilt between the shock wave front and the copper/constantan
interface. Copper powder was added behind the constantan powder to
facilitate the soldering of the coaxial cable that transmits the signal to



the oscilloscope. This creates a second constantan/copper junction which
does not affect the measurements until the much later arrival of the shock
wave to that juncticn. The green is in vacuum and is held against the
copper buffer plate with a few drops of epoxy cement placed on fts outer
cylindrical surface.

The internal impedance of the powder thermocouple was less than 0.1
ohm. Since the coaxial :able was terminated at the oscilloscope by its
characteristic impedance of 50 ohm, the measured signal was approximately
equal to the thermal emf. For further experimental details see Ref.[18].

IV. CALCULATED SHOCK FRESSURE, ENERGY DISSIPATION, AND HOMOGENEOUS
TEMPERATURE

Flyers made of Lexan, 2024 aluminum, and copper were accelerated to
speeds of 1 to 1.5 km/s. The shock pressure was calculated by the
matching-shock-impedance method. The Hugoniots for solid copper and
alun.inum were taken from Ref.[19]. A smooth Hugoniot for copper powder was
obtained from an analytical equation for porous media [21] which was fitted
to the data in Ref.[20]. The shock states calculated by this method assume
one-dimensional flow conditions. Since the flyer has a finite Jiameter,
conical pressure release waves propagate into the buffer plate and later
into the green. The dimensions of the shock assembly in Fig. 2 were chosen
so that the lateral pressure release waves reach the constantan powder at a
point behind the copper/constantan junction.

For powders, the total energy dissipated by the shnck wave largely
exceeds that which is stored tnternally as defects, etc. Thus, to a good
approximatior, the energy dissipated as heat is given by

where Vo, and Vo, are the specific volumes (m3/kg) of the solid and
powder, respectively. For the present greens, V,o/Vo = 1.67. Table 1
contains the calculated shock pressures and shock energies for the four
tests performed.

The shock energy E is dissipated preferentially near particle bounda-
ries and cavities in the green. However, after a time ty (of the order
of 200 ns [4]), the compact reaches a homogeneous temperature, Typ. In
what follows we calculate T, in copper and in constantan as a function of
shock energy Aissipation, E. In sections 5 and 6 we compare these values



with those deduced from the measured emf. Neglecting the difference
between cp and cy, Th 1s given by the implicit equation,

{T" cpdT = E (2)

where T, 1s the initial (ambient) temperature.

In the temperature range 400 < T < 1200 K, the specific heats at
constant pressure, cp, and thermal conductivities, K, of copper and
constantan are satisfactorily described by the relationships [22]

Cp.cu (cal/g-k) = 0.085 + 2.4 x 10-5 T(K) (3a)

c (cal/g-K) = 0.087 + 3.7 x 10-5 TI(K) (3b)
p,cn

K., (cal/s:cmK) = 1.02 - 2.1 x 10-4 T(K) (4a)

Kep (cal/secmK) = 0.02 + 8.0 x 10-5 T(K) (4b)

where the sub-index cn denotes constantan. For a given shock energy
dissipation E, the homogeneous temperstures Th,cu and Ty cp were
calculated from equations (2)-(4). Becaus Cp,cn Is slightly larger
than cp cus Th,cu Is approximately 6% larger than T cpn. However,
the Cu/constentan junction assumes a temperature TJ that is independent
of time and is given by [23].

Te=T

- (T cu = Thoen)/(B-1) (5)

J h,cn

where B = (Kcu/Ken)(Den/Dcy)l/2 and G is the thermal diffusivity.
The curve in Fig. 3 shows the calculated Ty as a function of shock energy
dissipation, E.

V.  TEMPERATURE MEASUREMENTS

Figure 4 shows the time dependence of th: thermal emf for run # 798,
photographed from the oscilloscope screen. The traces for the other three
experiments are almost identical in shape. Figure 5 1s a schematic of
Fig. 4, which defines characteristic temperatures and time constants. The
oscilloscope is triggered by the shorting of the thin enumel-coated wire
placed in front of the buffer plate /(Fig. 2). During the time the shock
wave is traversing tne buffer piate and copper powder, the emf signai is
zero. Because the copper powder 1s at ground potential, a negative pulse



appears when the shock front arrives at the thermocouple junction. The emf
signal raises to a peak value Vj in time t;. It then decays with time
constant t,, to a value V,. A careful examination of Fig. 4 shows that

Vh also decays in time but at a much slower rate.

Table 2 summarizes the emf measurements, the junction temperatures,
and the characteristic times deduced from these measurements. A direct
emf -to-temperature conversion using the calibration curve described in
Section 4 gives the T'y, values in column 2 of Table 2. These values must
be corrected for the pressure dependence of the emf. This correction has
been cescribed in detail in Ref. [11]. From equation (5b) in that work it
follows that at a pressure P and temperature T the measured emf is lower
than that at P = 0 by an amount

AV(uV) = 0.14:P(GPa)T(K) (6)

The pressure correction to the measured emf is given in column 4 of
Table 2. Column 5 in this table has the corrected Tp values. The four
data peints in Fig. 3 were plotted with the data in column 5 of Tables 1
and 2.

VI. DISCUSSION

Variables in the shock consolidation of powders are the shock energy
dissipation E (proportional to the shock pressure P), and the duration of
the shocked state, t4y. A model was recently advanced [4] which predicts
the regimes of E and tq for the optimum consolidation of powders. The
model s based on an analysis of the consolidation process in terms of
discrete physical processes, each characterized by a time constant. These
are: (a) densification of the powder to the bulk density and melting of
material in the proximity of interparticle boundaries (time constant t,),
(b) solidification of the melt pockets (time constant tg), (c) thermal
relaxation within the shncked material to a homogeneous temperature Ty
(time constant tp), and (d) thermal relaration of the compact to ambien’.
temperature (time constant t,). The present measurements support this
model, as will be discussed next.

Following the arrival of tke shock front at the copper/constantan
interface, the emf signal incraases rapidly to a peak value Vp. The
measured rise time, t;, ‘s between 45 and 8l ns. Preliminary measurements
using thin film thermocouples [23] gave t,. = 40 ns. Because the tiit



between the fiyer and buffer plate at impact can reach values of up to one
degree [18], the t), measurements are most 1ikely an upper limit for the
actual temperature rise-time at the copper/constantan interfaces. Thus,

an upper limit for the width of the shock front is w = vget;, where

vg 1s the shock velocity in the powder. Using the averages of the values
in column 4 of Table 1 2nd column 6 in Table 2 we obtain w » 90 ym. This
width 1s within a factor of 2 from the diameter of the copper pcwder (40 to
70 um) or the constantan power (30 to 90 um). The width of a shock front
in powders has been estimated [6] to be 3.6 times the particle diameter.
The present measurements give a somewhat lower value.

The peak voltage signal, Vp, is reached near the completion of the
densification of the powder. At this peint the temperature in the compact
1s heterogeneous, with the material originally surrounding voids and parti-
cle boundaries  :ing hotter than the particle interiors. However, since
not all the copper/constantan particle boundaries reach :he same tempera-
ture, Vp cannot be eas'ly interpreted. 1f we assume that all the parti-
cle boundaries have the same electrical impedance, then Vp gives the
average of the distribution of emf from the different copper/constantan
interfaces.

Following the peak value, the emf signal decreases quasi-exponentially
with time constant t, to a value V. In what follows we use the numeri-
cal value of t;, as well as the observation that t, >> t;, to infer about
the temperature distribution in the powder at the end of the densification
process.

Several authors [4,6,9] have assumed that the shock energy E dissipat-
ed during the rise time is deposited at the particle surfaces. It is easy
to show that if this is the case, the relaxation time for the cooling of
the heated surface must be approximately equal to the shock rise time.
Consider, for example, a semi-infinite solid at temperature T, that is
irradiated for a time interval t, by a heat flux F,. The temperature of
the irradiated surface is given by [24]

T =To + At1/2 0<Ct <t (7)
| = 1g + A[t/2 - (t-t,)}/2] t >t (8)

where A = (2Fo/K)(D/x)!/2. Thus, the initial rates of heating and
cooling at the particle surfaces are equal. The same conclusion follows



from Fig. 10 in Ref. {9], which shows the numerical calculations of Gourdin
(1984) for the surface temperature of a uniform Sphere irradiated for a
finite time by a constant heat flux F,. Both examples are in conflict

with the present measurement, which show that the initial cooling rate
largely exceeds the heating rate (i.e., t, >> t;; see Figs. 4 and 5). The
discrepancy arises from the assumption made in the the models that the
shock energy is dissipated at the surface of the particles. In what fol-
Tows we assume a more realistic model in which the shock enerqgy 15 dissi-
pated in a band of thickness Ax surrounding the original powder particles.
We further simplify the mode: by assuming a one-dimensional temperature
distribution, as shown in Fig. 6. At t = t; the hot regions are at
temperature Tp and have a thickness Ax. We further assume that the

shocked material 1is solid and homogenous (no melt present), and that the
thermal properties (specific heat, thermal conductivity) are constant. The
temperature distribution during cooling, T(x,t), has been deduced [23] in
the form of a series expansion. For x = 0 it reduces to:

TO,t') =T, +& nzl 2, exp(-D n?x%t"/d?) (9)

where t' =t - t;, Tp 1s the homogeneous temperature for t + =, and
d ' nnx' .
a, = {) T(x',0) cos “g~ dx'. (10)

From symmetry considerations, a, = 0 for n = odd. Furthermore,
from equation (10) and Fig. 6 it 1s easy to realize that the coefficients
ap have approximately the same value as long as n < d/ax, but decrease as
1/n for larger vaiues of n. Thus, the inftial decay in T(0,t’) is primari-
ly determined by the exponential termm in equation (9) with n = d/ax. Using
this value of n, and equating the decay time constant in equation (9) with
the measured decay time t,, we obtain aAx = 1(Dt,)1/2, wWith t, = 200 ns
and D = 0.5 cm?/s (average of the ther-mal diffusivities of copper and
constantan in the regime 400 < T < 1000 K), we obtain Ax = 10um.

The above results have a further implication. Because the shnck
energy £ is dissipated within a skin of thickness Ax/2 surrounding each
particle, the onset of interpsrticle melting requires a critical shock
energy E.. For sphei fcal particles, Ec/Hy = 3ax/d, where Hy is the
heat of fusfon. the present powders with d = 60 um and the estimate



Ax = 10 uym, Ec/Hy « 0.5. Measurements of melt fractions as a function
of shock pressure [2,9] and of shock energy ([18]; Vreeland and coworkers,
this conference) show the existence of E.. The later measurements in
Marko-1064 alloy (Nigp gMo3gCrgBy.s) give Ec/Hy ~ 0.3.

The present tests do not discern whether there is interparticle
melting. Recovery experiments by Morris in tool steel powder ([2]; see
also discussion in Ref. [4]) show that interparticle melting occurs for
shock energies in excess of 330 J/g. Because copper has a larger thermal
diffusivity than steei, it is unlikely that interparticle melting took
place ‘n the first three tests in Tables 1 and 2. However, the emf vs.
time record for Test 802, with shock energy E = 363 J/g, shows a cooling
time constant, t, = 630 us, which is significantly larger than that for the
tests at the lower shock energies. This increase in thermal relaxation
time is suqgestive of the formation of melt pools.

The present measurements of t; and t, at the copper/constantan
interfaces can be compared with the time constants t,. and th calculated
in Ref. [4] for iron-based powders . This shows that t; = t, = 40 ns.
The relaxation time for reaching a homogeneous temperature near the
Cu/corstantan interfaces is roughly 3-t, ~ 0.6 ms. On the other hand,
for the Fe-based powder, t, = 10 ms. This difference is explained oy the
smaller thermal diffusivity of Fe, by a factor of 10.

VII. CONCLUSIONS

The temperature kinetics at the boundary of powder particles of copper
and constantan has been measured during shock consolidation using the
powder itself as a thermocouple. We conclude that:

(1) The initial rise time in temperature lasts between 45 and 80 ns.
From this it follows that the width of the shock front is approximately
equal to the particle size.

(2) The peak temperature largely exceeds the homogeneous temperature
of the thermally relaxed compact, showing that during densification most of
the shock energy is deposited near interparticle boundaries.

(3) The time constant for the thermal relaxation of the compact to
the homogeneous temperature Tp is significantly longer than the shock
rise time. This means that the shock energy is not deposited at the
particle surfaces, as previously assumed, but within reqions of finite
width. Assuming these regions surround the powder particles, we estimate
their width to be 14 um.



(4) The measured homogeneous temperature is in excellent agreement
with the temperature calculated using the meacured flyer velocity, density
of the powder, published Hugoniots for copper powder, and themodynamic
data. This agreement gives confidence on the assumptions usually made for
the analytical treatment of shock waves in powders. In particular, it
shows that the deformation front in a metallic powder 1s indeed a
steady-state one-dimensional shock front.
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TABLE 1 Shock parameters for tests in porous copper/constantan

thermocouples.
Measured Calculated
lest # Flyer Fiyer Shock Shock Shock
Material Velocity Velocity in Pressure Energy
Cu powder

(km/s) (km/s) (GPa) (J/q)
801 Lexan 1.49 0.75 1.3 50

+0.0% +0.06 $+0.2 $9
798 2024 Ax 1.03 1.23 3.5 135
800 2024 Ax 1.3¢9 1.63 6.0 232
802 Cu 1.13 2.03 9.4 363

Table 2 Homogeneous temperature and time constants deduced from the emf
versus time records.

Test # Measured Th‘ Piessure Th Measured

emf Correction

to emf t ta

(mV) (K) (mV) (K) (ns) (ns)
601 -6.5t1.5 403t30 0.073 410430 67+13 14030
798 -20.0 626 0.31 631 81413 220430
800 -38.0 877 0.74 890 45412 200120 9
g80? -58.4 1148 1.51 1165 63131 630+60




FIG. 1 X-ray diffraction intensity (Copper K-a radiation of a mechanical-
ly alloyed mixture of 55X copper and 45% nickel powders. (a) After
mechanical alloying (MA) for 10 min; (b) after MA for 3.5 hr; (c) after MA
for 5 hr and a thermal anneal in purified hydrogen at 750°C for 16 hrs.

FIG. 2 Schematic cross-sectional view of the projectile and shock
assembly.

FIG. 3 The curve gives the calculated homogeneous temperature at the
interface between the compacted copper and constantan powders as a
function of shock energy. The dots are the measured homogeneous
temperatures in shock experiments at four differnt shock energles.

FIG. 4 Protograph of the oscilloscope trace of the emf signal for test
#798. Vertial scale: 20 mV/div. Horizontal scale: 0.5 ps/div.

FIG. 5 Schematic of the trace in Fig. 4, defining the voltage signals
Vp and Vp, and the time parameters t; and t,.

FIG. 6 One-dimensional model for the temperature distribution at the
beginning of the shocked state (end of the shock rise time).
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