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1. Introduction

This work is meant to support a program in which exploding-wire simulations
generated by the hydrocode ALEGRA'? are to be compared with the results of
actual experiments. The goal of this work is to develop a model that couples key
thermophysical effects with an inductance-resistance—capacitance (LRC) circuit
model to aid in estimating the ultimate effect that a particular pulse will have on a
wire, and to aid in extracting key experimental parameters from experimental data.
This work is similar to the effort by Tucker and Toth,? though the methodology
here is different and the goals are more limited.

Tucker and Toth’s circuit model is a simple analytical model that envisions a
uniform heating process with uniform phase changes, and predictable resistance
increases, such that the entire heating process could be described by a simple 1-D
semi-empirical model. While they were able to successfully mimic the results of
their own exploding-bridge-wire (EBW) detonator experiments, their model proved
to be less generalized than they had hoped. In the intervening years it has been
shown that their model does not always give good quantitative results when applied
to other experimental setups.*>

The problem with Tucker’s and Toth’s methodology is that the process of
exploding a wire electrically is much more complex than they envisioned.
Complications can arise that make it nearly impossible to heat the wire uniformly.
There is no simple 1-D or 2-D thermodynamic calculation that can accommodate
these complications, hence the need for a more-complex code such as ALEGRA.

1.1 Complicating Effects

Consider the case of an isolated, infinitely long, perfectly smooth metal wire of
constant cross section. When an electrical pulse is introduced to the wire, the
current first sets up on the surface of the wire, due to the skin depth effect,® then
diffuses inward toward the centerline as the pulse evolves. Thus the wire is heated
from the outside to the inside, along its entire length, uniformly. The wire’s surface
melts, then vaporizes. As it is being converted to vapor, the resistance of the wire
rises dramatically. Then, if enough energy is available, the vapor converts to
plasma, an arc is formed, and the resistance drops dramatically. In EBW parlance,
the time associated with the peak in resistance is referred to as “time of burst”, and
the stage at which an arc is formed and the current recovers is called “restrike”.>~
This simple picture is precisely what Tucker and Toth envisioned, and their goal
was to successfully predict such things as the time of burst and the peak resistance
in a variety of situations.



This idealized picture is notable in that there are no magnetic forces acting on the
wire. Even if the current densities and surface fields are large, at no point on the
wire is the current coupled to the magnetic field that it generates because the current
flows in a perfectly straight line. This assumption proves to be the problematic one,
as there is nothing “perfect” about real-world wires. They may have inclusions,
twists, bends, kinks, notches, or necked-down regions. Even if the defects are
microscopic, they can still give rise to significant thermal and magnetic instabilities
because the surface-current densities and the surface-field magnitudes can be
enormous. The effects often come with a positive feedback mechanism and, as a
rule, act to make the “defect” worse, which is why they are referred to as
“instabilities”. Cases where current is forced to flow around a bend or corner are
particularly problematic; we refer to such cases as “kink instabilities”.

Consider the case of a small, subtly necked-down (or notched) region on the surface
of an otherwise smooth wire. The current must follow the surface, which means
that it must briefly take an “inside corner” path. Since current tends to concentrate
at inside corners (due to the precepts of magnetic induction), this sets up a hot spot
at the bottom of the trough, which can lead to a localized thermal instability.
Furthermore, the fact that the two sides of the trough are angled relative to each
other means that they are magnetically coupled, resulting in a force that acts to
deepen the trough. As this necked-down section is being pinched off, it is also being
heated and softened, and since the heating rate at any given location is inversely
proportional to the diameter raised to the fourth power it becomes a runaway
process, and the necked-down section ends up vaporizing well in advance of the
neighboring wire sections.

This type of magnetohydrodynamic (MHD) instability is sometimes referred to as
a “sausage instability” (not to be confused with the mechanical instability of the
same name), as it tends to occur at a series of points along the wire, resulting in a
series of isolated wire sections arrayed like a string of sausages.’ The effect greatly
complicates the electrification process because the vapor clouds that form where
the necked-down sections were can quickly expand and envelop the intervening
wire sections, at which point some of the current can bypass those sections entirely.
In short, the effects that accompany rapid electrical heating make it virtually
impossible to heat the wire uniformly along its length. They can also make it
difficult to vaporize all parts of the wire. Unsurprisingly, there is no simple method
of incorporating this behavior in a circuit model, as it is highly situation-dependent.
This is the type of complication that Tucker and Toth? did not account for, and the
reason that ALEGRA is necessary.

The “sausage instability” is most obvious in extreme cases where macroscopic
defects are intentionally introduced in the conductor, as in the segmented rod
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experiments described in Hollandsworth et al.® In those experiments, large currents
were introduced into brass rods that had a series of necked-down sections machined
into them. It was shown that the necked-down sections would quickly vaporize but
the thicker sections between them would remain intact for the duration of the pulse,
having been protected from the electrical current by the enveloping vapor clouds.
Encasing the segmented rod in an insulating tube resulted in the entire rod being
destroyed, as the vapor clouds were constrained in that case.

1.2 Example

The pulses that will be used in the planned exploding-wire experiments are of the
“slow” type,” in that the initial risetime of the current pulse is measured in
kiloamperes/microsecond rather than kiloamperes/nanosecond. In experiments like
this the first evidence of “kink instabilities” that often appears is the ends of the
wire blowing off at the connection points. This occurs because the end-connection-
to-wire junctions are often the largest “kinks” in the current path.

In the main section of the wire the MHD and thermal instabilities are seeded by
microscopic defects and are thus slower to appear. What results is typically an
alternating series of narrow liquefied sections separated by narrow vaporized
sections. In a flash X-ray radiograph the wire takes on a “striped” appearance (as
only the liquid sections are visible). Historically, these stripes have been referred
to as “striations”.’ Thus, only a series of localized wire sections actually explode
rather than the entire wire. Since the liquefied and vaporized sections alternate
along the axis of the wire, the high-resistance metal vapor begins to restrict current
well before the wire is completely vaporized, hence “burst” does not coincide with
full vaporization. To complicate matters further, shortly after striations form, the
individual vapor clouds expand and form a continuous sheath around the liquefied
sections, offering a parallel path that allows some of the current to bypass the
liquefied sections entirely. Plasma formation then follows.

The intervening liquid sections (i.e., striations) flatten axially and expand radially
as time goes on, largely as an inertial response to the impact of the explosions
occurring on both sides of them. In cases where the interaction between the
expanding vapor clouds and liquid droplet are particularly symmetric, the striation
is just a liquid-mist smoke ring viewed from the side.

All of these effects are illustrated in Fig. 1, which contains 150-kV flash X-ray
radiographs associated with a series of identical exploding copper (Cu) wire
experiments that are described in Zellner et al.!” Each image is taken at a different
time in the process. The first image on the left shows a narrow section of wire in its
pristine state. The next image shows that section of wire with its ends blown off



and with striations already apparent. The subsequent images show the striations
expanding (note that the third image from the left shows at least one clear smoke

ring).
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Fig.1  X-ray radiographs associated with a series of three identical exploding-wire
experiments. Each image was taken at a different time in the process.!’

High-speed videos of these experiments were obtained using a Shimadzu model
HPV-X2 framing camera operating at a 5-MHz frame rate. Figure 2 contains the
frames that correspond with the times that the last three radiographs in Fig. 1 were
taken. The main takeaway is that the entire gap was filled with Cu plasma almost
immediately. That offers the current a lower inductance path than the relatively
narrow, discontinuous liquid-mist channel, which may be why the striations persist
so long. In the images, the two large, bright vapor (or plasma) clouds emanating
from the blown-off wire ends are the most obvious feature, though a wide vapor
channel emanating from the central portion of the wire is also evident.

Fig.2  High-speed video frames corresponding to the last three flash X-ray radiographs
seen in Fig. 1, showing a magnified view section of wire that explodes'’



The goal of this work is to develop a circuit model that couples the basic LRC
circuit equations with zero-dimensional thermodynamic calculations that track the
effect of heating on the heat capacity and resistance of the wire. As there is no way
to include the complicated effects of localized heating in such a calculation, the
model’s specific predictions will likely only be valid up to the point where boiling
begins, which may be a very short time into the process. That may be sufficient to
aid in measuring the parasitic inductance and parasitic resistance of the system, key
parameters that will be required for subsequent ALEGRA modeling. Beyond that,
the model is only expected to give a general idea of how much heating will occur
and when key events will occur and thus aid in planning.

2. Circuit Model Description

Tucker, in Tucker and Toth,® concluded that the quantity that determined when
burst would occur in an EBW, independent of what fireset was used (i.e., what
power supply was used or what pulse shape was supplied), was “action until burst”,
defined by

A= [PI2(t)dt (1)

where 7 is time, 75 is the time of burst, and Iis the measured current. Consequently,
Tucker’s and Toth’s model tracked all key material parameters in time according
to what level of action had been achieved at that time. They assumed that the
resistivity of each phase of the material varied linearly with temperature, and they
associated burst with the vaporization of the entire wire. They also made an effort
to simulate the onset of plasma formation.

However, since then it has been shown that the “action until burst” is not a universal
metric that decides when burst will occur and that the Tucker—Toth model did not
work effectively for all firesets, in part because the events that occur at burst are
more complicated than they envisioned.*>

In this work, as in Valancius et al.,* we track specific enthalpy (i.e., energy density)
rather than action, and, unlike Tucker, we use published values of heat capacity and
resistivity to associate this metric with temperature and resistance rather than fitted
values. Furthermore, we make no attempt to recreate the situation beyond the onset
of vaporization, as events become complex and situation-dependent at about that
time.



2.1 Heat Capacity Data

Models were developed for magnesium (Mg), aluminum (Al), titanium (T1), Cu,
molybdenum (Mo), and tungsten (W) wires. In each case, information regarding
the temperature dependence of the heat capacities of the materials was acquired, as
were other key thermophysical parameters such as specific heat of fusion and
specific heat of vaporization. In all cases except the W case, this information came
from the National Institute of Standards (NIST) Chemistry WebBook,!! which in
turn gets its information from Chase'? and Cox et al.!?

1.13 were last

In most cases the heat capacity data compiled in Chase'? and Cox et a
reviewed in either the 1970s or 1980s. One exception is W data, which were last
reviewed in the 1960s. Given that the melting and boiling points of W are extremely
high, and that the most appropriate method for measuring the high-temperature
thermophysical properties of refractory metals (i.e., microsecond pulsed heating)'*
was developed in the 1970s, we rely on a more modern review by Tolias et al.!® in

that case.

NIST WebBook!'! heat-capacity values are presented as a fit of existing data to the
Shomate equation. Using NIST’s notation, this equation takes the form

C,°=A+Br+C7P +D? +E/7 (2)

where C,° = heat capacity (in J/mol*K), 7 = temperature (kelvin)/1,000, and the
constants 4, B, C, D, and E are fitted parameters. NIST also supplies parameters to
calculate related quantities:

H°-H®9s15 = Ar+ B*7/2+ C*0/3+D?/4-E/t+F-H  (3)
S°=A*In() + Bt + CTZ/2+D7/3-E/(27) +G (4)

where H° = standard enthalpy (in kJ/mol) and S° = standard entropy (in J/mol*K)
and the constants F, G, and H are fitted parameters.

In this work we will omit the superscript “o” when referring to C, and simply refer
to the enthalpy increase starting at room temperature as “AH”.

The circuit model assigns a wire temperature at each point in time on the basis of
the level of specific enthalpy achieved at that point in time using a lookup table. In
each case the lookup table is generated from polynomial fits to the specific enthalpy
(AH) versus temperature (7)) curves associated with each phase (solid, liquid, and
gas) of the metal in question. Polynomial fits were used because they provide a
relatively simple functional form for the lookup table that is directly applicable to



the circuit model in this study. The fitted polynomial coefficients will be listed in
following sections of this report. First- and second-order polynomial fits proved to
be sufficient in most cases, with key features such as latent heat of fusion and
vaporization recreated to within approximately 1%. The one exception was solid
Mo, where a third-order polynomial was required to achieve that level of accuracy.

2.2 Resistivity Data

Resistivity (p) versus temperature (7) data were obtained from published sources.
The quality and reliability of the data varies from metal to metal. Some metals have
been studied extensively over the entire temperature range of interest; the data
extensively reviewed and recommended values supplied. Other metals have not
been studied extensively, or there is little agreement in the data sets, or there is very
little high-temperature data available. In some cases the high-temperature data are
taken from a single experiment because that is all that is available.

The sources used are described in the individual sections that follow. Cases where
resistivity is well characterized—Cu, Al, Mo, and W—are presented first. Cases
where resistivity data are somewhat questionable—Ti and Mg—follow. Unlike
Tucker, who assumed a linear dependency,® we fit each resistivity versus
temperature curve to quadratic polynomials so that a lookup table of p versus
T values can be generated for use by the circuit model. With the exception of the
Mg data, all referenced resistivity values are corrected for thermal expansion.

2.3 Circuit Model

In exploding-wire experiments, the circuit generally consists of a high-voltage
capacitor, a high-voltage switch, the wire that acts a load, and the hardware
necessary to connect the circuit elements together. The relevant circuit model is
that of a series LRC circuit (where L is lumped inductance, R is lumped resistance,
a C is lumped capacitance). Applying Kirchhoff’s law to that circuit yields the
governing differential equation:

_Q a , d - de
0_C+Rdt+dt(Ldt) ()

where Q is the charge on the capacitor and 7 is time. This equation is numerically
integrated to solve for current as a function of time, as defined by

0= -4 (6)



In the simplest case, R, L, and C are all constant. In this analysis, R is allowed to
vary with temperature. To assign a particular temperature to the wire at each time
step, the specific enthalpy achieved by that time must be calculated so that the AH
versus 7 lookup table can be referenced. As the only heat source is ohmic, the
specific enthalpy achieved at any time (starting at room temperature) is given by

AH() = — [ Ryire () 1(£)? dt (7

where m is the mass of the wire, and Ruir(?) is the resistance of the wire at any
given time. Once AH is calculated, the corresponding temperature is found in the
lookup table and assigned to the next time step. Any temperature-dependent
variables will then change accordingly.

In this model it is assumed that the wire retains its initial geometry throughout,
which is to say that the model does not account for the effect. Skin-depth effects
are also ignored. Given those two assumptions, the resistance of the wire at any
given time is calculated by finding the appropriate resistivity in the p versus T
lookup table and applying the equation:

Ryire = p(T) * (# ()

where [is the length of the wire and r is the radius of the wire.

As the resistivity of metals tend to increase when a phase change occurs, a method
must be developed to track the change in resistance as the phase change is
occurring. Here we are primarily concerned with the melting event. Tucker and
Toth? assumed a radial melting mode, such that the solid and liquid portions act
like resistors in parallel throughout the melting event. If p; is the resistivity of the
solid phase at the melt temperature, p> is the resistivity of the liquid phase at the
melt temperature, Hys is the specific heat of fusion, and ¢ is the specific energy in
the wire above and beyond that needed to reach the melting point, then it can be
shown that the effective resistivity of the wire during the melt phase is given by

p(e) = ﬁ )
P2 /Hfys

As pointed out by Tucker and Toth,? this function is concave upward. Alternately,
if one assumes that melting mode is NOT radial in nature, but rather that localized
instabilities create a series of alternating solid and liquid wire segments, then the
liquid and solid portions act like resistors in series, and it can be shown that the
effective resistivity of the wire is given by



p(e) = py + (p2 — pl)ﬁ (10)

This equation is equivalent to linear interpolation between the values of p; and o>
and is the default choice in this model. Modeling indicates that the choice of
equation has little effect on the shape of the current pulse and only a modest effect
on the voltage trace in most cases of interest here. In cases where the values of p;
and p; are similar (e.g., Mo, W, and T1i), it matters even less.

While Tucker and Toth attempted to mimic the resistance changes during
vaporization and plasma formation, in this model we simply assume the vapor
phase resistivity continues to follow the liquid-phase trend, and thus no
interpolation is required during that phase change. This probably understates the
resistance increase associated with this phase change. As stated earlier, there is no
way to faithfully simulate this transition in a simple circuit model.

Given a constant wire geometry, the inductance of the wire L. also remains
constant. The value of Ly is assumed to be given by Grover!:

Lwire=21{lnl§<1+\/1+(§)2>l—\/1+(§)2+§+§} (11)

where Lyire is inductance of the wire in nanohenries (nH), [ is the wire length in
centimeters, » is the wire radius in centimeters, and x is the magnetic permeability
of the material (¢=1 in all cases discussed here).

In the exploding-wire circuit in question, the only appreciable source of capacitance
is the capacitor, so the value of C is easy to determine. This is not the case when it
comes to L and R; in those cases the parasitic inductance and resistance of the
capacitor bank and interconnections cannot be ignored. Thus, we treat R and L as
coming from two sources:

L = Lyire + Lparasitic (12)
and
R = Ryire + Rparasitic (13)

where the values of Ly qrqsitic and Rpgrasitic are not obvious and usually difficult
to calculate from first principles. It is often easier to extract those values from an
analysis of the circuit’s current trace, which is one of the goals of this work.



2.4 Example

The results of an actual exploding-wire experiment are now compared with the
predictions of the circuit model (the thermophysical property inputs for Cu are
described in the following section). The exploding-wire experiment in question
involved a pure Cu wire 1.59 mm in diameter and 91.0 mm long. It was held in a
fixture that was designed to apply the current to the ends of the wire in an
axisymmetric fashion. The capacitor bank that supplied the electrical energy had a
nominal capacitance of 1,400 uF. It was charged to 6.0 kV initially, representing
25.2 kJ of stored energy. Current flow was initiated by a spark gap switch. Current
data were obtained by numerically integrating the output of a calibrated Rogowski
coil. Voltage data was obtained by a pair of high-voltage probes attached to the two
ends of the fixture holding the wire.

Figure 3 contains a plot of the measured current in the wire versus time compared
with the “best fit” obtained using the circuit model. The fit assumes that the
capacitance is 1,400 pF, the parasitic resistance was 6.4 mQ, and the parasitic
inductance was 328 nH. The wire’s inductance was calculated to be 85.4 nH, and
its initial resistance at room temperature was calculated to be 0.788 mQ.

250

200 - T T
— B.P.
§ M.P.
= 150 -
g ~
5 100 -
(&)
50 +
—6.0 kV, 1400 uF, 6.4 mOhms, 328.0 nH (parasitic)
—data
0 T T T T T T T T T T T T T T T
0 10 20 30 40 50

time (us)

Fig.3  Current data from an exploding-wire experiment compared with results of the
circuit model
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The times at which the melting point and boiling points are attained (as determined
by the simplified circuit model) are marked in Fig. 3. As expected, the model
becomes untenable a short while after the boiling point is reached due to instability
effects not included in the model. In the fit, the parasitic inductance is largely
determined by the rate of rise near t = 0. The parasitic resistance is largely
determined by the shape of the peak. This is demonstrated in Fig. 4, which
illustrates the effects of varying the assumed parasitic resistance.

220
210 -
200 -
5- 190 -
= 180 -
$ 170 -
=
s 160 -
Q
150 1 /£ ... 6.0 kV, 1400 uF, 5.9 mOhms, 328.0 nH (parasitic)
140 - ——6.0 kV, 1400 uF, 6.4 mOhms, 328.0 nH (parasitic)
130 £ 6.0 kV, 1400 uF, 6.9 mOhms, 328.0 nH (parasitic) )
\___,-—-"‘—'--—.-
120 T T T T T T T T T T T T T T T T T T T T T T T T T T T
10 15 20 25 30 35 40

time (us)

Fig. 4  Effect of varying the assumed parasitic resistance in the circuit model

The voltage-difference data obtained from this experiment are plotted in Fig. 5. The
data have been smoothed to reduce the high-frequency noise seen near t = 0, which
comes from the spark gap switch. Since the high-voltage probes were attached to
the wire mounting fixture rather than the wire itself, the signal includes the effects
of resistance of the wire, the resistance in the mount (assumed to be negligible),
and the inductance of the wire and mount combination. In this case, the value of
Lmount 18 estimated to be 29.6 nH, such that Lyire + Lmouns = 115 nH, based on the
signal level at t = 0.

The model predicts that the melting point is achieved at 19.6 us, full melt at 20.8 us,
boiling point at 22.9 ps, and full vaporization at 35.2 ps.

As expected, the model performs reasonably up to a point just after the theoretical
boiling point is achieved. After that, instabilities take over and burst occurs before
the predicted point of full vaporization. The fact that the voltage level obtained at
burst is much larger than the peak predicted by the model indicates that the model’s
assumption that the resistivity of the vapor follows the trends set by the liquid is
naive. Copper vapor would appear to have a much higher resistivity than that.

11
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Fig.5  Voltage data from the exploding-wire experiment compared with results of the

circuit model

3. Copper Wires

In this work the melting point of Cu is taken to be 1,358 K, boiling point is
2,843 K, mass density is 8.96 g/cm?, and atomic mass is 63.546.

3.1 Copper Heat Capacity

NIST’s Shomate fit parameters for pure Cu are listed in Table 1. They yield C, in
J/mol*K and H° in kJ/mol, as described in Egs. 2 and 3. While the NIST
WebBook!! lists all such parameters to six significant figures, it does not imply that
the underlying data are correct to that level of precision.

Table 1

Parameters that describe NIST’s Shomate equation fits for pure Cu

12,13

Solid

Parameter (298-1,358 K)

Liquid
(1,358-2,843 K)

Gas
(2,843-6,000 K)

1.77289E+01
2.80987E+01
-3.12529E+01
1.39724E+01
6.86110E-02
—6.05659E+00
4.78959E+01
0.00000E+00

T QMmoo w»

3.28445E+01
—8.40000E-05
3.20000E-05
—4.00000E-06
—2.80000E-05
—1.80490E+00
7.39231E+01
1.18573E+01

—8.04864E+01
4.93587E+01

—7.57806E+00
4.04960E-01
1.33338E+02
5.19933E+02
1.93535E+02
3.37600E+02

12



Figure 6 contains a plots of C, (in J/g*K) versus temperature based on the three
Shomate equation fits described previously. Figure 7 contains a plot of the energy
per gram needed to achieve various temperatures (i.e., AH in joules per gram),

starting at room temperature, based on NIST’s Shomate fits.
0.55
'0'99500050000009 v“;;‘x?‘:(:'}v

0.5 s Leestt

0.45 o’

¢, (1/g*K)

0.4 o .® o° e solid
. « liquid

0.35 * gas

0.3
0 1000 2000 3000 4000 5000 6000
T(K)

Fig. 6 Recommended values for heat capacity of Cu'>13
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y = 5.1686E-01x - 2.8402E+01 e liquid

2000 v =5.1939E-05x% + 3.5265E-01x - 1.0929E+02 -8 -00- * gas
1000 P
0 .."..“M

0 1000 2000 3000 4000 5000 6000
T(K)

Fig.7  Specific energy needed to raise Cu to various temperatures starting at room
temperature

The three dashed lines seen in Fig. 7 represent polynomial fits to the three
temperature intervals laid out in Table 1. They represent functions of the form
AH = a + b*T + ¢*T?, where AH is in joules per gram and 7 is in kelvin. These
polynomial fits are used to develop a lookup table that yields temperature as a
function of of energy input (per gram). The fitted coefficients used for this are listed
in Table 2.

Table 2 Parameters that describe polynomial fits to the curves in Fig. 7

Coefficient Solid Liquid Gas
(298-1,358 K) (1,358-2,843 K) (2,843-6,000 K)
a —1.0929E+02 —2.8402E+01 5.2001E+03
3.5265E-01 5.1686E-01 2.7071E-01
c 5.1939E-05 2.4316E-05
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The three polynomial fits seen in Fig. 7 can be used to calculate key quantities, such
as the energy required to raise a mass of Cu from room temperature to the melting
point, latent heat of fusion, energy required to raise the temperature from the
melting point to the boiling point, and latent heat of vaporization. The numbers
derived from the polynomial fits are compared with the numbers derived from the
Shomate equation fits in Table 3. The largest disagreement is between the two latent
heat of vaporization values, which differ by 1.4%.

Table 3 Key quantities derived from fits (Cu)

Quantity Polynomial fits NIST Shomate fits
Jg) Jg)
Energy to heat from 298 to 1,358 K 464.98 466.88
Latent heat of fusion 208.51 206.62
Energy to heat from 1,358 to 2,843 K 767.54 767.54
Latent heat of vaporization 4,725.24 4,731.70

3.2 Copper Resistivity

Figure 8 contains values for the resistivity of both solid and liquid Cu recommended
in the review by Matula!” for temperatures between 250 and 1,700 K. Figure 8 also
contains values of the resistivity of liquid Cu as measured by Gathers'® for
temperatures between the melting point and 3,500 K.

45

40 2 — =

35 | v =1.2481E-06x* +/5.0574E-03x + 1.1943&0—’1‘“_. ————— —
- =

—
g 25 - . - :
C} : —-Er.—.-g—,_;. '
= 15 - I | o Matula 1979
Q E Y = 1.5699E-06xC + 5.3348E-03x - 1.205E-02 oo = Gathers 1983
: '-’EmEW(}WEMEM | | M fit (solid) |
O R fit (liquid)|
0 500 1000 1500 2000 2500 3000 o
T (K)

Fig.8  Resistivity of pure Cu vs. temperature!®!”

The dashed lines in Fig. 8 represent fits to quadratic polynomials of the form
p=d+ e*T + f*T?, where pis resistivity in uQ-cm and 7 is temperature in kelvin.
In the case of solid Cu, Matula’s'” values were fitted. In the case of liquid Cu,
Gathers’!® values were fitted, as they are in excellent agreement with Matula’s
values and cover a wider range. The coefficients of the fitted polynomials are listed
in Table 4. These fitted values are used to create a p versus 7 lookup table for use
by the circuit model.
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Table 4 Parameters that describe polynomial fits to the resistivity vs. temperature curves
in Fig. 8

. Solid Liquid
Coefficient (298-1,358 K) (1,358—(12,843 K)
d ~1.0205E-02 1.1948E+01
e 5.3348E-03 5.0574E-03
f 1.5699E-06 1.2481E-06

4. Aluminum Wires

In this work, the melting point of Al is taken to be 933 K, boiling point is 2,791 K,
mass density is 4.506 g/cm?, and atomic mass is 26.9815.

4.1 Aluminum Heat Capacity

Parameters for Shomate fits to Al data are listed in Table 4.1 of the NIST
WebBook.!! They yield C, in J/mol*K and H° in k]/mol, as described in Egs. 2 and
3, and are based on data last reviewed in 1983.1>13

Table 5 Parameters that describe NIST’s Shomate equation fits for pure Al

Solid Liquid Gas
Parameter (298-933 K) (933—;1,791 K) (2,791-6,000 K)
A 2.80892E+01 3.17510E+01 2.03769E+01
B —5.41485E+00 3.93583E-08 6.60817E-01
C 8.56042E+00 ~1.78652E-08 3.13631E-01
D 3.42737E+00 2.69417E-09 4.51060E—02
E 2.77375E-01 5.48004E-09 7.81730E-02
F —9.14719E+00 —9.45684E—01 3.23858E+02
G 6.19098E-+01 7.33995E+01 1.89481E-+02
H 0.00000E-+00 1.05620E+01 3.29699E-+02

Figure 9 contains plots of C, (in J/g*K) versus temperature based on the three fits
described previously. Figure 10 contains a plot of the energy per gram needed to

achieve various temperatures AH versus temperature based on these fits.
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Fig. 9  Recommended values for heat capacity of Al'>1
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Fig. 10 Specific energy needed to raise Al to various temperatures starting at room
temperature

The three dashed lines in Fig. 10 represent polynomial fits to the three temperature
intervals laid out in Table 5. They represent functions of the form AH = a + b*T +
c*T?, where AH is in joules per gram and 7 is in kelvin. These polynomial fits are
used to develop a lookup table that yields temperature as a function of of energy
input. The coefficients that describe these fits are listed in Table 6.

Table 6 Parameters that describe polynomial fits to the curves in Fig. 10

Coefficient Solid Liquid Gas
(298-933 K) (933-2,791 K) (2,791-6,000 K)
a —2.4814E+02 —-3.5049E+01 1.2128E+04
7.6496E-01 1.1768E+00 6.9594E-01
c 2.2901E-04 1.0279E-05

Key quantities were calculated using both the polynomial fits and the Shomate
equation fits. These numbers are compared in Table 7. Agreement is better than
0.3% in all cases.

Table 7 Key quantities derived from fits (Al)

Polynomial fits  NIST Shomate fits

Quantity Jlg) i)

Energy to heat from 298 to 933 K 664.76 665.91
Latent heat of fusion 398.15 396.96
Energy to heat from 933 to 2,791 K 2,186.5 2,186.4
Latent heat of vaporization 10,901 10,897
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4.1 Aluminum Resistivity

Desai et al.'’

reviewed Al resistivity data and developed a list of recommended
values up to a temperature of 2,000 K. These values are plotted in Fig. 11. In this
work, the resistivity of solid Al is derived from a polynomial fit to Desai et al.’s

recommended values.

Desai et al. decided that above 2,000 K the disparity between the available data sets
was too great to develop reliable figures. Since Gathers’ measurement'® (up to
4,000 K, also plotted in Fig. 11) seems to agree well with Desai et al.’s values, a
polynomial fit to Gathers’ data is used to determine the resistivity of liquid Al.

90

80 .’"'ﬂﬁ_‘—"‘
- y = 1.5045E-06x + 8.5575E-03x + 1.6807E+01 .. .-
é} ______ @ @ Desai et al 1984 (solid)
3 40 ,Si»_a__u-—ﬁ"ﬂ".k o Brandt and Neuer 2007 (solid)
E 30 "caxa“m(é' o Desai et al 1987 (liquid)

20 . x Brandt and Neuer 2007 (liquid)

0 y = 2.6457E-06x2 + 9.0(‘)03E-03.>§’- 2.1505€-01 x Leitner et al 2017 (liquid)

0 >  Gathers 1983 (liquid)
0 500 1000 1500 2000 2500 3000 3500 4000 4500
T (K)

Fig. 11  Resistivity of pure Al vs. temperature!®2!

The data were fitted to quadratic polynomials of the form p =d + e*T + f*T7, where
p 1s resistivity in pQ-cm and 7 is temperature in kelvin, for the purpose of
developing a lookup table that yields resistivity as a function of temperature. The
coefficients of these polynomials are listed in Table 8.

Table 8 Parameters that describe polynomial fits to the curves in Fig. 11

. Solid Liquid
Coefficient (298-933 K) (933—;‘,791 K)
d —2.15050E1 1.68074E+1
e 9.00032E-3 8.55748E-3
£ 2.64568E—6 1.50449E-06

5. Molybdenum Wires

In this work the melting point of Mo is taken to be 2,896 K, boiling point is
4,952 K, mass density is 10.28 g/cm?, and atomic mass is 95.96.
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c, (1/g*K)

5.1 Molybdenum Heat Capacity

Parameters for fits to Mo data are listed in Table 5 of the NIST WebBook.!! They
yield C, in J/mol*K and H° in kJ/mol, as described in Eqgs. 2 and 3. They are based
on data last reviewed in 19781314

Table 9 Parameters that describe NIST’s Shomate equation fits for pure Mo
Parameter Solid Solid Liquid Gas
(298-1,900 K) (1,900-2,896 K) (2,896-4,952 K) (4,952-6,000 K)

A 2.47274E+01 1.23119E+03 3.76560E+01 6.79285E+01
B 3.96043E+00 —9.63425E+02 —7.18807E-08 —4.05370E+01
C —1.27071E+00 2.83729E+02 1.41343E-08 1.16714E+01
D 1.15307E+00 —2.80410E+01 —9.52638E-10 —8.19432E-01
E —1.70246E-01 —7.12204E+02 —1.56280E-07 —2.21404E+01
F —8.11068E+00 —1.48553E+03 1.68155E+01 6.00822E+02
G 5.64338E+01 5.73785E+02 7.04816E+01 2.31671E+02
H 0.00000E+00 0.00000E+00 4.15680E+01 6.58980E+02

Figure 12 contains plots of C, (in J/g*K) versus temperature based on the fits
described previously. Figure 13 contains a plot of the specific energy needed to
achieve various temperatures, AH versus temperature, based on these fits.
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Fig. 13  Specific energy needed to raise Mo to various temperatures, starting at room
temperature, according to the NIST WebBook.!! Data from Hixson and Winkler?? are plotted
for comparison.

The dashed lines in Fig. 13 represent polynomial fits to the Shomate-derived values.
The shape of the Mo solid-state enthalpy versus temperature curve was the only
enthalpy curve not well fit by a second-order polynomial. In this case a
third-order polynomial was used. Parameters for these fits are listed in Table 10.
Data from an experiment that postdates the Shomate fits** are also plotted in Fig.13,
showing good agreement with the recommended values.

Table 10 Parameters that describe polynomial fits to the curves in Fig. 13

Coefficient Solid Liquid Gas
(298-2,896 K) (2,896—4,952 K) (4,952-6,000 K)
a —8.4318E+01 1.7523E+02 7.2786E+03
b 2.7856E-01 3.9241E-01 —1.5396E-01
c —1.2700E-05 7.1639E-05
d 1.3067E-08

Once again, key quantities were calculated using both the polynomial fits and the
Shomate equation fits. These numbers are compared in Table 11. Agreement is
within 1% in all cases.

Table 11 Key quantities derived from fits (Mo)

From polynomial

Quantity fits NIST Shomate

(/g) (J/g)
Energy to heat from 298 to 1,358 K 935.34 936.83
Latent heat of fusion 378.44 374.84
Energy to heat from 1,358 to 2,843 K 806.76 806.80
Latent heat of vaporization 6,154.55 6,154.68
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5.2 Molybdenum Resistivity

Mo resistivity is well-characterized in the literature. Reviews for both solid and
liquid Mo resistivity exist.?*** Recommended values from both reviews are plotted

in Fig. 14. Recommended values for liquid Mo were supplied in equation form?*:

p(T) = 97.10 + 7.9913 x 10~3(T = T,,) + 8.0148 x 1077 (T — T,,)?

(14)

where pis measured in uQ2-cm, 7'is measured in kelvin, and 7, is the melting point
temperature. More-recent data®? are also plotted in Fig. 14. They are in excellent

agreement with the recommended values.

y = 8.0148E-07 + 3.3587E-03x + 8.0699E+01
i".-.x—_lx'_.*_i_x_7.rx__._x,1-5(-1—3:/--—)(--,,
y = 1.6994E-06x” + 2.4402E-02x - 2.0139E+00 «
W = Desai et al. 1984
e = Seydel and Fucke 1980
e x Hixson and Winkler 1992
,-4"“
T
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

T(K)

Fig. 14 Resistivity of pure Mo vs. temperature?*2*

The dashed curves in Fig. 14 represent fits to second-order polynomials. The

parameters that describe these polynomials are listed in Table 12.

Table 12  Parameters that describe polynomial fits to the curves in Fig. 14

. Solid Liquid
Coefficient (298-2,896 K) (2,896—(!1,952 K)
d ~2.0139E+00 8.0699E+01
e 2.4402E-02 3.3587E-03
£ 1.6994E-06 8.0148E-07

6. Tungsten Wires

In this work, the melting point of W is taken to be 3,695 K, boiling point is

6,000 K, mass density is 19.25 g/cm?, and atomic mass is 183.84.
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C, (1/g*K)

6.1 Tungsten Heat Capacity

Unlike previous examples, the values used in this case are not the ones
recommended by NIST. Here we use the values recommended in the extensive
review of W thermophysical properties performed by Tolias et al.!> As pointed out
in Tolias et al., the values listed by NIST have not been reviewed since the 1960s,
and better measurement methods have been developed since that time.

There is little information available about the gaseous phase of W due to its
extremely high boiling point. Even its boiling point temperature is in doubt, with
handbook values varying by nearly 200 K. Since this work is only meant to support
simulations up to the point of boiling, the exact value is not important, and a value
of 6,000 K is assumed. No heat capacity data for temperatures above 6,000 K were
found, in any event.

In Tolias et al.!> the recommended values for heat capacity and resistivity are
reported as functions of temperature, with break points at 3,080 K and at the melting
temperature (7, = 3,695 K). Recommended values for heat capacity, which are
plotted in Fig. 15, are derived from

2.022 +1.315 x 1072T 3080 < T < 3695 (15)

21.8684 + 8.0687 X 1073T — 3.7562 X 107°T2 + 1.0759 x 107°T3 + 1.4066 x 10*/T? 300 < T < 3080
Cp(T) =
51.3 T = 3695

where C, is measured in J/(mol K) and 7 is measured in kelvin. When these
functions are integrated and the specific heat of fusion is accounted for, the energies
required to heat 1 g of W to various temperatures can be derived. These values are
plotted in Fig. 16. As in Tolias et al., the heat of fusion is assumed to be 52.3 kJ/mol
or 284.49 J/g.

0.3
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0.25 cet?
..
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0.15 veeseserettt * solid
0.1 e liquid
0.05

0

0 1000 2000 3000 4000 5000 6000

T (K)
Fig. 15 Recommended values for the heat capacity of W's
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Fig. 16 Specific energy needed to raise W to various temperatures starting at room
temperature

There is little agreement concerning the value of W’s heat of vaporization. While
not technically required for the simulations at hand, which are not accurate above
the boiling point, the value assumed by the NIST WebBook,'! 4,629.2 J/g, is
assumed. This value falls roughly in the middle of the range of reported values.

The two dashed lines seen in Fig. 16 represent polynomial fits to intervals 298 <T
< 3,695 K and 3,695 <T < 6,000 K, respectively. They represent functions of the
form AH = a + b*T + c*T?, where AH is in joules per gram and T is in kelvin.
These polynomial fits are used to develop a lookup table that yields temperature as
a function of of energy input. The fitted coefficients used are listed in Table 13.

Table 13  Parameters that describe fits to the curves in Fig. 16

. Solid Liquid
Coefficient (298-3,695 K) (3,695—(16,000 K)
a 2.7932E+01 “1.2058E+02
1.0443E-01 2.7905E-01
c 1.8968E-05

6.2 Tungsten Resistivity

Tolias et al.'> presented recommended values for W electrical resistivity in equation
form:
™ = {—0.9680 +1.9274 x 1072T + 7.8260 x 107°T2 — 1.8517 x 10™°T3 + 2.0790 x 10~13T* 100 < T < 3695 (16)
U= 135 — 1.855 x 1073(T — Ty,) + 4.420 X 1078(T — Tp,)? 3695 < T < 6000

where pis measured in p€2-cm, 7'is measured in kelvin, and 7}, is the melting point.
These functions are plotted in Fig. 17.
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Fig. 17 Resistivity of pure W vs. temperature'’
The dashed lines in Fig. 17 represent fits to quadratic polynomials of the form
p=d+e*T + f*T” , where pis resistivity in uQ-cm and 7 is temperature in kelvin,

for the purpose of developing a lookup table that yields resistivity as a function of
temperature. The coefficients of these polynomials are listed in Table 14.

Table 14 Parameters that describe fits to the resistivity vs. temperature curves in Fig. 17

. Solid Liquid
Coefficient 198 3 695 K) (3,695—(}6,000 K)
d 2.9272E+00 1.8849E-+02
e 2.5500E-02 ~3.0809E-02
£ 2.2840E-06 4.4200E-06

7. Titanium Wires

In this work, the melting point of Ti is taken to be 1,939 K, boiling point is
3,631 K, mass density is 4.506 g/cm?, and atomic mass is 47.867.

7.1 Titanium Heat Capacity

Titanium proves to be a more complicated case than other metals due to an
allotropic phase transition (from the hep o phase to the bee 3 phase) that occurs at
a temperature of around 890 °C. In this work, the onset temperature of the transition
is assumed to be 1,152 K, as recommended by Kaschnitz and Reiter.?®

The temperature range over which the phase transition occurs is assumed to be
30 K. Heat capacity numbers are derived from the NIST WebBook fits, as before.
The published data used in those fits was last reviewed in 1979.!%13

The situation is further complicated by the fact that the a-phase data could not be
satisfactorily fit by a single Shomate equation, so in that case the temperature
ranges 298—700 K and 700-1,700 K were fit separately. Fitted Shomate equation
parameters are listed in Table 15.
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Table 15 Parameters that describe NIST’s Shomate equation fits for pure Ti

Parameter a phase a phase B phase Liquid phase Gas phase
(298-700 K)  (700-1,700 K)  (298-1,930 K)  (1,939-3,631 K  (3,631-6,000 K)
A 2.26194E+01 4.43717E+01 2.30566E+01 4.72369E+01 9.27426E+00
B 1.89880E+01 —4.40923E+01 5.54133E+00 1.97519E-08 6.09211E+00
C —1.81874E+01 3.17060E+01 —2.05588E+00 —5.33515E-09 5.77095E-01
D 7.08079E+00 5.22090E-02 1.61175E+00 4.90411E-10 —1.10364E-01
E —1.43457E-01 3.61680E-02 —5.60750E-02 5.64855E-09 6.50441E+00
F —7.92228E+00  —1.27201E+01 —4.33228E-01 -2.20527E+01 4.83009E+02
G 5.24096E+01 9.30877E+01 6.41269E+01 6.62022E+01 2.04157E+02
H 0.00000E+00 0.00000E+00 6.86000E+00 1.36520E+01 4.73629E+02

Figure 18 contains plots of C, (in J/g*K) versus temperature based on the five fits
described. Integrating these curves yields the specific energy needed to reach any
given temperature, which is plotted in Fig. 19.
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Fig. 19 Specific energy needed to raise Ti to various temperatures starting at room
temperature

The dashed lines seen in Fig. 19 repesent polynomial fits to the temperature
intervals corresponding to the a, B, liquid, and gaseous phases. They represent
functions of the form AH = a + b*T + ¢*T?, where AH is in joules per gram and T
is in kelvin. The fitted coefficients are listed in Table 16. Values within the phase
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transition region (1,152—1,182 K) are generated by linear interpolation between the
value at the end of the a phase fit and the beginning of the [ phase fit.

Table 16 Parameters that describe fits to the energy vs. temperature curves in Figs. 19
and 20

. o phase hase Liquid phase Gaseous phase
Coefficient (298-‘1,152 K) (1,1{?2]21,939 K) (1,9%9—3,231 K) (3,631—6,(%)00 K)
a “1.5143E+02 8.4399E+01 —4.6071E+02 9.5395E+03
b 4.8136E-01 3.3040E-01 9.8684E-01 4.4695E-01
c 9.2932E-05 1.1492E-04 3.9597E-05

Figure 20 offers an expanded view of the alloptropic phase transition region in
which the fitted curves seen in Fig 19 are compared with data from Kaschnitz and
Reiter.?
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Fig. 20 Expanded view of the allotropic phase transition region seen in Fig. 19. Data from
Kaschnitz and Reiter? are plotted for comparison.

As before, the polynomial fits in Fig. 19 were used to calculate key quantities to
test the quality of the fits. Those quantities are listed in Table 17. The results based
on the polynomial fits agree with the results based on the Shomate fits to within
0.3%.

Table 17 Key quantities derived from fits (Ti)

From polynomial fits NIST Shomate

Quantity Jig) g
Energy to heat from 298 to 1,939 K 1,156.8 1,157.8
Latent heat of fusion 295.8 295.0
Energy to heat from 1,939 to 3,631 K 1,669.6 1,669.7
Latent heat of vaporization 8,562.0 8,565.4

7.2 Titanium Resistivity

In a 2007 review of existing Ti resistivity data by Bel’skaya and Kulyamina,?® it
can be seen that there is little agreement between data sets. As a result, the authors
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felt that they could not recommend specific values. After performing a statistical
analysis, they concluded that the disagreement was largely due to varying levels of
impurities in the samples studied.

In a prior review, Seydel and Fucke® recommended values for the resistivity of
liquid Ti between the melting point and 5,000 K. The recommended values were
presented as a function of temperature:

p(T) = 167.17 + 1.5890 X 107%(T — T,,) + 6.7756 X 1077 (T — T,,)? (17)

where p is given in uQ-cm, 7 is temperature in kelvin, and 7, is the melting
temperature.

Lacking universally accepted resistivity values for the alpha and beta phases, a
decision was made to rely largely on values obtained in a single pulsed heating
experiment performed by Gathers.?” This was done primarily because the entire
temperature range of interest was covered in this one experiment, and as such the
values for the different phases would at least be consistent. Liquid-phase data from
this experiment were also used, as they did not differ greatly from Seydel and
Fucke’s?* recommended values.

Gathers’ data posed some difficulty, however, as the resistivity data were plotted
as a function of specific enthalpy A4H (i.e., energy input per gram of material,
starting at room temperature) rather than temperature. This is sometimes done in
pulsed heating experiments because enthalpy (i.e., the amount of energy input into
the system) is much easier to measure than temperature in such experiments.

In Gathers’ work, the data are presented as a smoothed curve in a plot. Figure 21
contains a plot based on values extracted from Gathers’ figure. Figure 22 contains
the same data plotted as a function of temperature, where enthalpy was converted
to temperature using the enthalpy versus temperature curves described.
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Fig. 21 Titanium resistivity vs. specific enthalpy relative to room temperature (derived from
Fig. 1 in Gathers?’)
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Fig. 22 Titanium resistivity vs. temperature data derived from Gathers?® compared with
others’ data428-30

The liquid Ti resistivity values recommended by Seydel and Fucke?* and the data
from three other experimental studies®®>? are all in reasonable agreement with
Gathers’ data.

Note that Bel’skaya®® studied 99.7% pure Ti while Gathers?” studied 99.9% pure
Ti. Thus, it is no surprise that Bel’skaya’s resistivity values are generally higher
than Gathers’ values. This does not explain the unusual behavior of Gathers’ data
near room temperature, however, where the values are higher than both
Bel’skaya’s® and Sundqvist and Tolpygo’s*® despite the fact that Sundqvist and
Tolpygo also studied 99.9% pure Ti.

The other oddity in Gathers’ data is that it lacks a sharp drop at the allotropic phase
transition, as seen in both Bel’skaya’s data?’ and in Cezairliyan and Miiler’s data.”®
This may simply be due to overzealous smoothing on Gathers’ part. While
Cezairliyan and Miiler only studied a small temperature range around the allotropic
phase transition, the low and high temperature extremities of their data set seem to
align very well with Gathers’ data set (Cezairliyan and Miiler also studied 99.9%
pure Ti).

While not a major issue in the context of a simplified exploding-wire circuit model,
it was nonetheless decided to remove the two discrepancies seen in Gathers’ data
by replacing key points near room temperature and near the allotropic phase
transition with data from Sundqvist and Tolpygo®® and Cezairliyan and Miiler,?®
respectively, prior to fitting. The results of the subsequent fits are referred to as
“recommended values” in Fig. 23, where they are compared with Gathers’ data,
and again in Fig. 24, where they are compared with data from Cezairliyan and
1g24

Miiler®® and Sundqvist and Tolpygo.*® Seydel and Fucke’s** recommended values

are also plotted.
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Fig. 23 “Recommended” Ti resistivity values (solid lines) compared with Gaithers’?” data
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Fig. 24 “Recommended” Ti resistivity values (solid lines) compared with data from Seydel
and Fucke,?* Cezairliyan and Miiler,?® Bel’skaya,” and Sundqvist and Tolpygo*’

The recommended values plotted in Figs. 23 and 24 were fitted to polynomials of
the form p = d + e*T + f*T?, where p is resistivity in pQ-cm and 7T is temperature
in kelvin. The coefficients of these polynomials are listed in Table 18. Values
covering the 1,152- to 1,182-K region are generated by linear interpolation between
the endpoints of the a- and -phase polynomial curves.

Table 18 Parameters that describe fits to the resistivity vs. temperature curves in Figs. 23
and 24

. o phase hase Liquid
Coefficient (298—11,152 K) (1,15281,939 K) (1,939—(13,631 K)
d —2.1409E+01 1.1696E+02 2.0171E+02
e 2.4763E-01 2.6213E-02 ~2.9382E-02
£ ~7.5615E-05 0.0000E+00 7.0172E-06

8. Magnesium Wires

In this work, the melting point of Mg is taken to be 923 K, boiling point is 1,366
K, mass density is 1.738 g/cm?, and atomic mass is 24.3050.
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8.1 Magnesium Heat Capacity

Parameters for fits to Mg heat capacity data are listed in Table 19 of the NIST
WebBook.!! They yield C, in J/mol*K and H° in kJ/mol, as described in Egs. 2 and
3. They are based on data last reviewed in 1983.'%13

Table 19 Parameters that describe NIST’s Shomate equation fits for pure Mg
Parameter Solid Liquid Gas Gas
(298-923 K) (923-1,366 K) (1,366-2,200 K)  (2,200-6,000 K)

A 2.65408E+01 3.43090E+01 2.07731E+01 4.76085E+01
B —1.53305E+00 —7.47103E-10 3.55920E-02 —1.54088E+01
C 8.06244E+00 6.14621E-10 —3.19170E-02 2.87597E+00
D 5.72170E-01 —1.59824E-10 9.10900E-03 —1.20806E—-01
E —1.74221E-01 —1.15201E-10 4.61000E-04 —2.70176E+01
F —8.50160E+00 —5.43937E+00 1.40907E+02 9.74002E+01
G 6.39018E+01 7.59831E+01 1.73780E+02 1.77231E+02
H 0.00000E+00 4.79001E+00 1.47100E+02 1.47100E+02

Heat capacity values (in J/g-K) derived from these fits are plotted in Fig. 25. The
energy needed to raise 1 g of Mg to various temperatures is plotted in Fig. 26.
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The dashed lines seen in Fig. 26 represent polynomial fits to the data. They
represent functions of the form AH = a + b*T + c¢*T?, where AH is in joules per
gram and 7 is in kelvin. The fitted coefficients are listed in Table 20.

Table 20 Parameters that describe fits to the energy per gram vs. temperature curves in
Fig. 26.

Coefficient Solid Liquid Gas
(298-923 K) (923-1,366 K) (1,366—6,000 K)
a —2.8549E+02 —2.2380E+02 6.0772E+03
b 8.9055E-01 1.4116E+00 6.2456E-01
c 2.2676E-04 . 4.3258E-05

Once again, key quantities were calculated using both the polynomial fits and the
Shomate equation fits. These numbers are compared in Table 21. Agreement is
within 0.8% in all cases.

Table 21 Key quantities derived from fits to Mg enthalpy curves

Quantity From polynomial fits NIST Shomate

J/g) J/g)
Energy to heat from 298 to 1,358 K 729.64 728.91
Latent heat of fusion 349.47 348.79
Energy to heat from 1,358 to 2,843 K 625.34 626.75
Latent heat of vaporization 5,306.57 5,261.06

8.2 Magnesium Resistivity

Published data for the resistivity of Mg at elevated temperatures are difficult to find
and generally quite dated. Most modern interest in Mg resistivity involves
measurements made at cryogenic temperatures. Only one source of tabulated
recommended values was found, in an ASM International (formerly the American
Society of Metals [ASM]) handbook).?! These values are plotted in Fig. 27.
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Fig. 27 Resistivity of pure Mg vs. temperature?>?
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Unfortunately, the only reference quoted in that handbook is an internal Dow
Chemical Company report from 1967,32 so the sources of the reviewed data are
unknown. That said, there is a figure in another ASM handbook>? that appears to
contain data identical to those seen in Fig. 27. That figure references six
experiments, three from the 1950s and three from the 1930s. Data from one of those
sources™? are also plotted in Fig. 27. It appears to be in fair agreement with the ASM
handbook values. As the data in Horn>* are not corrected for thermal expansion, it
is unlikely that the ASM handbook data are either. That is not an issue here, since
the circuit model described here does not include the effects of thermal expansion
in any event.

The dashed curves in Fig. 27 represent fits to first- or second-order polynomials.
The parameters that describe these polynomials are listed in Table 22.

Table 22  Parameters that describe fits to the curves in Fig. 27

. Solid Liquid

Coefficient (298-923 K) (923—1(1,366 K)
d 1.4527E-01 2.2684E+01
e 1.4041E-02 5.1433E-03
f 2.3756E-06

9. Conclusion

We have developed an exploding-wire LRC circuit model that tracks temperature
and phase changes in Cu, Al, Mo, W, Ti, and Mg wires. The model will primarily
be used to plan exploding-wire experiments, as it can predict the extent of the
heating process and timing of the phase changes. The ultimate purpose of the
exploding-wire experiments will be to validate the ALEGRA code’s material
models. The circuit model described here can also be used to estimate the parasitic
inductance and resistance in the circuit, both required inputs to the ALEGRA
model.

The primary weakness of the circuit model is the assumption that the wire’s
geometry remains fixed throughout the heating event. Thus, the effects of thermal
expansion are ignored and the model will tend to overestimate the inductance and
resistance of the wire as its temperature increases. Future improvements to the
model will include the effects of thermal expansion.
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List of Symbols, Abbreviations, and Acronyms

1-D
2-D
Al
ASM
Cu
EBW
LRC
Mg
MHD

nH
NIST
Ti

one-dimensional
two-dimensional

aluminum

American Society of Metals
copper

exploding bridge wire
inductance-resistance—capacitance
magnesium
magnetohydrodynamic
molybdenum

nanohenrie

National Institute of Standards
titanium

tungsten
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