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Time-resolved emission of visible and near-infrared thermal radiation has been measured from powders of pure nickel and 
mixed nickel-aluminum sh.ocked to peak pressures of 14 GPa. Temperatures determined from the measurements indicate that 
the Ni-Al mixture has a source of heat in addition to that supplied by shock compression. The extra II.eat, produced on a time 
scale of I 00 ns, is inferred to come from an exothermic reaction between the two metals forming a binary alloy. If the alloy is 
Ni3AI, the measured temperatures are consistent with prompt shock-induced reaction of at least 45% of the reactants. 

I. Introduction 

Observations of shock-induced chemical reactions 
in solids are numerous { 1,2] . One such reaction is 
the subject of the present research. It was discovered 
by Horie et al. [ 3] who used explosive-loading tech­
niques to shock nickel-aluminum powder compacts. 
According to analysis of the shocked material, the 
major end-product was ordered Ni3Al, with a shock 
temperature of about 500°C required for initiation. 
Other products included NiAl, Ni 2Al3, and NiA13. 

While such shock-recovery experiments can deter­
mine many features of shock-controlled chemical re­
actions, they cannot provide direct data on rates and 
mechanisms. To attain this information, shock-tem­
perature experiments are required. 

For highly exothermic synthesis reactions the most 
sensitive variable is temperature. For many such re­
actions there are no large volume or pressure changes 
that would give significant differences in pressure­
volume shock states (Hugoniots). For example, Hu­
goniot measurements were used to demonstrate that 
reactions forming tin sulfide from its components can 
take place under shock [ 4 ], but the relative error in 
determining reaction completeness was as much as 
30% owing to uncertainties in the measured Hugo­
niot and its relative insensitivity to differences be­
tween the equations of state of the reactants and 
products. By contrast, precise measurements of shock 

temperatures of reactive powders can be compared 
to calculated ( or measured) temperatures for 
shocked inert powders to more accurately determine 
the amount of reaction. Radiation pyrometry was one 
of the approaches [ 5,6], used to measure thermal 
radiation from Ni-Al powders in a configuration de­
signed to simulate earlier recovery experiments [ 3]. 
A brief emission oflight consistent with the presence 
of temperatures as high as 5 000 K was observed [ 6], 
and was taken to be evidence for shock-induced 
chemical reactions on a submicrosecond time scale. 
Similar measurements of infrared radiation emitted 
from shocked Al/Fe 20 3 powders by Hornig et al. [ 7], 
led to the same conclusion. In both cases, extremely 
high temperatures exist only briefly, and low emis­
sivity values are associated with them. This suggests 
that the shock energy in the powders is localized, re­
sulting in temperature heterogeneities. 

The present experiments were performed to iso­
late the early light emission from that due to a ho­
mogeneous, equilibrium temperature increase asso­
ciated with shock compression and chemical reaction. 
The nickel-aluminum system was studied because: 
( 1 ) recovery experiments have demonstrated shock­
induced reactions and identified the products [ 3], 
( 2) it has been theoretically modelled [ 8, 9], ( 3 ) the 
large heat of reaction leads to a mea­
surable temperature increase for partial reactions, ( 4) 
reactants and products are all metals, and therefore 
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gray body emitters ( a requirement for radiation py­
rometry) and ( 5 ) the alloys have useful applica­
tions, and are candidates for industrial shock 
processing. 

2. Experimental 

Spectral radiance of visible and near-infrared light 
radiated from the shocked sample is measured si­
multaneously at four different wavelengths with a ra­
diation pyrometer [ 10]. A least-squares fit to these 
data determines a time-resolved temperature and ef­
fective emissivity. The target consists of a thin ( about 
0.5 mm) powder layer sandwiched between a copper 
driver and a lithium fluoride window. The thick­
ness/ diameter ratio of the powder layer is small, so 
the strain experienced by the center portion of the 
sample remains uniaxial, and the shock pulse quickly 
reverberates the powder up to the peak pressure ( 14 
GPa). A mask obscures the sample edge, where rar­
efactions enter and disrupt the uniaxial flow. Impact 
of a 63 mm diameter projectile launched from a gas 
gun [ 11 ] generates the shock wave. Impact veloci­
ties of 1.18 km/ s were employed, and the projectiles 
carried copper impactors. The target chamber was 
evacuated to eliminate air shocks, and the samples 
were in contact with vacuum, to minimize residual 
air in the pore space. 

Two powders were investigated: an inert powder 
of99.9% pure nickel (CERAC N-1089) with a 2 µm 
mean particle size, and a stoichiometric mixture 
( 8 70/o Ni, 13% Al by weight) of the same nickel with 
99. 5% pure aluminum powder ( CERAC A-1183) of 
1 µm mean particle size. The reactive mixture con­
sists of only 13% aluminum by weight, so pure nickel 

Table I 
Summary of experiments 

Experiment 
·number 

2208 
2209 

• > 8 7% Ni, 13% Al by weight. 

Powder type 

Ni-Al•> 
Ni 

Initial density 

(g/cm 3) 

2.96 
3.36 

was chosen to represent the inert powder. It has sim­
ilar density, compressibility, and mechanical prop­
erties, and should therefore have a similar shock­
compression response. Moreover, the similarity of 
spectral emissivity is important for a comparitive 
study based on optical measurements. The details of 
the two experiments are summarized in table I. 

3. Results 

Spectral radiance histories are shown in figs. 1 and 
2. The origins of the time axes coincide with arrival 
of the initial shock wave at the powder-window in­
terface. In both cases, the radiance history consists 
of an initial pulse at all four wavelengths, followed 

Reactive sample (Nl+AI) 

0.4 0.6 0.8 

TIME (microseconds) 
1.2 

Fig. l. Time-resolved spectral radiances for Ni-Al experiment 
2208. Shock reaches powder/window interface at t=O. Data for 
each wavelength is vertically offset by 10'° W /mJ sr above the 
next-shorter wavelength. Shortest wavelength data is not offset. 

(%of solid) 

43 
38 

Window 
material 

LiF 
LiF 

Velocity 
(km/s) 

1.183 
1.184 
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Fig. 2. Time-resolved spectral radiances for Ni experiment 2209, 
plotted in same manner as data in fig. I. 

by a decay. The initial pulses have double peaks; one 
corresponds to the initial shock wave, and the other 
is due to a twice-reflected shock that has completed 
one round trip through the thin sample layer, as il­
lustrated by the x-t and P-u diagrams in figs. 3 and 
4, respectively. 

Ideally, the initial pulse would be sharply defined, 
with a nearly instantaneous rise time. However, any 
deviation from parallelism between the plane of the 
shock front and the sample-window interface will 
prevent simultaneous arrival. Instead, the intersec­
tion of the two planes forms a line that sweeps across 
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Fig. 3. Distance-time diagram for powder experiments. Shocks 
and rarefaction waves are represented by dotted lines. Numbers 
refer to states in nickel. 
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Fig. 4. Pressure-particle velocity diagram for powder experi­
ments. Numbered states correspond to those in fig. 3. 

the field of view. The time required to complete the 
sweep is proportional to the aperture diameter ( l 9 
mm), and inversely proportional to the shock ve­
locity (less than 2 km/s). Angles between the sur­
faces of the powder pellets were as great as 0.00 I rad, 
contributing further to shock wave tilt. Other factors 
include possible non-planarity of the shock wave due 
to lack of uniformity in the initial density of the 
powder, and non-zero rise time of the shock. 

There are obvious differences in the data dis­
played in figs. 1 and 2. In addition to the greater in­
tensities exhibited by the mixed powder, the decay 
rate is longer, and the spectral radiance ratios for dif­
ferent wavelengths are different than for the nickel. 
These data can be expressed in more useful terms by 
fitting them to the graybody distribution function, 

(I) 

where a is the fraction of the area within the pyro­
meter field of view that is radiating light at temper­
ature T, c is the emissivity of the radiating surface, 
N().) is the measured spectral radiance at wave­
length )., and C1 and C2 are known constants. Be­
cause N().) is measured at four different wave­
lengths, there are four equations with two unknowns, 
and time-resolved values for E and T can be deter­
mined. Since a and E cannot be independently de­
termined, their product is defined as the "effective 
emissivity". For uniformly heated material, I 00% of 
the surface within the field of view is at the same 
temperature, and the effective emissivity is equal to 
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Fig, 5. Time-resolved temperature and emissivities, calculated 
from data in figs. I and 2. Numbers refer to experiments in table 
I. Hatched band indicates uncertainties from least-squares fit. 

the true emissivity of the surface. However, if the 
sample is heterogeneously heated, only some frac­
tion of the area radiates at high temperature, and the 
effective emissivity is reduced from the true emis­
sivity by the fractional area a. 

The time-resolved temperature of the mixed pow­
der is shown in fig. 5. The initial light pulse corre­
sponds to a temperature of nearly 2800 K, with an 
effective emissivity of about 0.1. After approxi­
mately 500 ns, the temperature drops to about 2250 
K, and the emissivity reaches a relatively stable value. 
This rapid cooling is consistent with heat conduction 
eliminating temperature heterogeneities. Any non­
uniformity accompanying pore collapse and local 
plastic deformation is likely to have spatial variation 
on the same scale as the powder particle size. Tem­
perature heterogeneities on the order of 1 µm dis­
appear in less than 500 ns leaving a uniformly ra­
diating surface with an effective emissivity equal to 
its true emissivity. The final value of 0.24 is consis­
tent with for nickel emissivities, which vary between 
0.12 and 0.37 depending on temperature and surface 
quality. 

The time-resolved temperature for the pure nickel 
powder is also shown in fig. 5. It is initially higher 
than that of the mixed powder, presumably due to 
the slight differences in thermomechanical proper­
ties that lead to energy localization, and also drops 
rapidly in the first two or three hundred nanose­
conds. Unlike the mixed powder, however, the ef­
fective emissivity starts much lower and does not in-

crease. Pure nickel should have a slightly higher 
emissivity than the mixed powder; an admixture of 
aluminum into nickel would tend to lower the em­
issivity of the pellet surface (the pure pellets are 
darker in appearance than the mixed pellets - cor­
responding to higher emissivity). After 400 ns, the 
measured temperature begins to increase, while the 
emissivity drops to extremely low values. This hap­
pens when the spectral radiance from the sample 
drops below background levels; other experiments 
have shown that light can be weakly scattered from 
outside the direct field of view of the pyrometer (the 
scattering has subsequently been eliminated by a mi­
nor modification of the target design). This scat­
tered light has a spectral radiance below about l 09 

W /m 3 sr, and is negligible unless the light radiated 
from the sample is just as weak. Nevertheless, an up­
per bound can be calculated for the bulk temperature 
by assuming an effective emissivity of 0.24 ( E = 0.24, 
a= LO) and using the longest wavelength (least likely 
to be affected by scattered radiation) to determine 
the brightness temperature from eq. ( l ). The bright­
ness temperature assumes that all the light of a given 
wavelength is thermal radiation coming from a uni­
formly heated surface with an emissivity of 0.24. 
Since some fraction of the measured light is actually 
scattered from another source, this brightness tem­
perature (which remains less than about 1700 K, see 
fig. 5), is an upper bound. The brightness temper­
ature is not plotted for the first few hundred nano­
seconds, when the temperature distribution is known 
to be heterogeneous. 

6. Discussion 

The temperature of the shocked nickel-aluminum 
powder mixture is about 2250 K when thermal equi­
librium is reached. At the equivalent time in the pure 
nickel sample, an experimental upper bound for the 
temperature is about 1650 K. The shock tempera­
ture of the mixed powder is thus at least o T = 600 K 
higher than that of the nickel powder. For low den­
sity, porous metals, the snowplow model (a special 
case of the P-a model [ 12]) is used to estimate 
equilibrium shock temperatures. It assumes that the 
first shock wave increases the initial density of the 
powder (p00 ), to its full density (p0 ). Reflected 
shocks increase the pressure of the crushed-up pow-
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der, but increase the density by only a negligible 
amount. The Hugoniot of the powder for the first 
shock is given simply by 

(2) 

where Pis the shock pressure and u is the particle 
velocity. The porous Hugoniot of nickel powder is 
plotted in fig. 4. Impedance matching this Hugoniot 
to the inverted Hugoniot for copper centered on the 
impact velocity of 1.18 km/s gives an initial shock 
pressure of about 6 GPa. The net increase in internal 
energy is given by the Rankine-Hugoniot equation 

(3) 

and the increase in temperature is approximated by 
11T=i1E/CP where Cv=520 J/gK is used to approx­
imate the specific heat of the nickel. In the snowplow 
model, no further energy is acquired by the nickel in 
reverberating to the peak pressure of I 4 GPa In real­
ity, there is a small volume change after the initial 
shock, but it is so small compared to the volume 
change on crushing that it can be ignored. The es­
timated temperature increase is about 1100 K, and 
when added to the initial temperature gives a cal­
culated shock temperature of about 1400 K, some­
what less than the experimental upper bound. If the 
crush strength of the powder is significant, the snow­
plow assumptions are no longer valid, and the actual 
temperature would be lower. 

The shock component of temperature increase will 
be somewhat less for the mixed powder, because of 
slightly different thermomechanical properties. Ac­
cording to ref. [ 13], the energy released by the re­
action 3Ni + Al-> Ni 3Al is about 40 kJ /mol of Ni3Al 
at standard conditions, which is sufficient to raise 
the adiabatic temperature by about 1300 K. The 
measured temperature difference of at least 600 K is, 
therefore, equivalent to prompt shock-induced re­
action of at least 45% of the material. 

5. Conclusions 

Radiation pyrometry measurements have been 
used to demonstrate the existence, time scale and 
completeness of prompt shock-induced chemical re­
actions in the Ni-Al system. By varying the shock 
pressure and porosity of starting materials, such ex­
periments can determine the conditions required for 
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shock initiation of these reactions. Other highly re­
active solids are candidates for shock-temperature 
measurements to determine the thresholds, rates and 
energetics of their reactions under shock, with time 
resolution limited by the equilibration time for tem­
perature heterogeneities in powders. With these 
measurements, the underlying mechanisms control­
ling shock-induced chemical reactions in solids can 
be studied. 
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