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Abstract. The residual temperature resulting from pressure-strain relationships in an
axisymmetric cylindrical sample of 304 stainless steel is described. Axisymmetric
implosions result in nonuniform pressure-strain-temparature combinations that need
to be better understood. This paper describes each temperature contribution and
the net effect on the sample.

1. Introduction

Spucific features inherent in high dynamic pressures, namely changes in density, ele.tric
phenomena, thermodynamic conditions, and plastic deformation in the shock wave front,
can result in a series of state changes in the structure of the material undergoing high shock
pressure events.

Initial ubservations on temperature effects resufted not only in the shocked samples being
hot, but observations of actual melting of the samples undergoing these shock events. For
some {ime it has been well known that concomitant temperature effects were manifested in
and resulied from shock pressures. The development and discussions of this phenomenon
are given in /1/. In particular, as the pressurs increased, so did the temperature. Based on
experiments and calculations, the resultant temperature rise is associatad with an adiabatic,
ATA and a residual, AT, temperature, and hase for a number of materials been tahulated /2/.
These data are for zero strain conditions. However, for situations wherein strains are
encountered in sheck events, intentional or otherwise, such as powder compaction, shock
welding, or insufficient momentum trapping, the associated temperature contribution must be
taken into account. In fact this is a means by which heat can be added to a system and if
vsed constructively can enhance, for example, consolidation or if sufficiently 'arge and not
desired, induce local melting in the sample.

2 Temperature Sources

Tempearatures resulting from u strain free shock pressure, are attributed to the adiabatic (ATa)
and residual (AT,) teamperatures and are shown in fig. 1 for 304 stainless steel /2/.
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Data from /2/.

The experiments discussed here, were performed with cylindrical implosions such as that
shown schematically in fig. 2. The shock conditions and sample characterization are given
in /3/. The nonuniformity of the shock wave, as it converges on the central axis, poses an
interpretational problem of knowing the magnitudes of the total temperature at any point
within the cylindrical volume. In particular a higher pressure in the central axis region
produces a higher temperature in the center than the outside diameter of the cylinder.

A ditionally, cylindrical implosions are not totally strain free, even though great etforts may
be expended to achieve this. None-the-less, an understanding of the strain contribution in
the shock characterization is necessary, particularly if larger strains are present. It is wall
understood that deformation produces heat within a sample being deformed, and as the
deformation increases the temperature increasws. Temperatures induced by strain can
increase several fold over the residual temperature (AT,) and result in 1otable temperature
eftects such as annealing, degradation, phase transformations, spallation susceptibility and
melting /3/. Measurements on 304 stainless steel at a strain rate of 103/sec. showed a
nonlinear increase in temperature as a function of strain, with a AT increase of 6 °C for a
7% strain at ambient test temperature /4,5/. For a given materic!, the time over which the
detormation induced temperature (AT) diss'pates throughout a shocked sample, greatly
depends on the sample and shock geome:ry, (the time for reflected tensile waves to be
attenuated ovar specific geometric distances is of the order of usec.). The shock conditions
and sample characteristics are given in /3/. For solid cylindrical geometries the associated
temperatures ATa, ATy, AT, and their sources are shown in Table 1. After the passage of the
sheck wave, the remaining temperature is composed only of AT, and AT, and is shown as AT
total. The magnitudes of AT total are schematically shown in fig. 3. The pressure profile vs



Table 1. Temperature functions of pressure and
strain in solid cylindrical samples.
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Fig. 3 Resultant temperatures derived trom experimental and calculated data for 304 SS
(a) pressure vs axial length L, for the outside (OD), and inside (ID) diameter, (b) strain vs axial

length L, for overall strains €Ty and FT2' (c) total AT rise across the diameter at axial length
L1, for a strain of ¢4, (d) same as ¢, except at Lz, and a strain of ¢5, (@) same as c, excapt for
a strain of eq and, (f) same as d, except for a strain of ¢4. In general, at any point x,



axial length, shown in fig. 3a, are caliculated values using a hydrocode calculation /6/. The
points P4 and P2 are the pressures corresponding to the outside (OD) and inside (ID)

diameter at the axial length L1. Similarly, P1 and P3 for the axial length L2. Strain vs axial

length, shown in fig. 3b, was experimentally measured and reported earlier /7,8/. A griding
technique was used to obtain the strain values e1-e4, and the overall strains e, and e,

were obtained by variations in momentum trapping /9/. The AT, and ATg contributions for
specific locations L1 and L2 are shown for two overall strains, 1o and e, (where ero>eTy)

for the cross sections of the cylinder at axial lengths L1 and L2. These are shown with
increasing strains and pressures from 3c,d,e, and f. Thus for a given strain, i.e. €4, at an axial

length of L1, a temperature profile across the diameter could be depicted by fig. 3c. The
temperature of the sample outer diameter would be at Tq + AT, where AT is AT, (as a function

of P1) plus AT61 resulting from the strain value of ¢4. This is marked on fig. 3c by the number
1. The central axis would have a total AT derived from AT ( from pressure P2), plus ATg ’

(from €q). This is marked on fig. 3c by the number 2. Similar descriptions apply to strains ¢,,
€q, €4 Table 2, sums up these conditions and defines the total temperature at the axial (L1

and L2) and radial (1-8) positions within a post shocked axisymmetric cylinder experiencing
strain.

Table 2. Strain-pressure-temperature sources

Total Axial Radial AT
Strain ___Length  Position __ Source
€T1 L1 1 ATe(Pq) + ATE1
2 AT(F2) + ATE1
L2 3 ATp(P1) + ATg2
4 ATp(P3) + Ang
€T2 L1 5 AT(P1) + ATea
6 AT¢(P2) + AT(.;3
L2 7 ATe(Pq) + AT54
8

AT((P3) + AT,

As dapicted in Table 1, AT, is independent of shock pressure and its magnitude is dominated
by the magnitude of strain. Additionally, AT, and AT, are separated in time by several usec.
(depending upon which axial position the data is taken). However, the temperature in the
central axis region, due to a higher pressure there (thus a higher AT,) must thermally conduct
radially outward. This results in a net heat flow from the higher pressure center to the low
pressure outside diameter. This has been experimentally measured ana reported earlier /8/,



for a 1.9 % strain €14 condition with pressures up to 1.7 Mbars.

lllustrated in fig. 4 is a schematic representation of the time-temperature history event. Upon
the first impingement of a shock wave on a sample at temperature T,, the first temperature
rise above T, is the adiabatic (AT ) immediately foliowed by the residual (AT ;) temperature.
The adiabatic temperature has a duration equivalent to the pulse width and in these
experiments was 0.1 usec. (100 nsec.). lts time position at any reference point within a
specimen occurs at the upper nanosscond time frame. The time position 0. the residual
temperature occurs immediately after the shock release and remains in the sample
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Fig. 4 Schematic of time-temperature history for a fixed pressure-strain shock event.

(till eventually cooled to the surroundings). Thus, un the time scale it ic shown as fractions of
usec. to min. The strain temperatrs in homogeneous samples occurs only afer the shock
wave is reflected and traverses the sample. From a free surface at the bottom and of the
axisymmetric cylinder, this time is equivalent to the sample holder length divided by the

shock velocity, therefore at any point along the sample holder, the time delay from the
adiabatic temperature AT A to the strain induced temperature AT, is equal to two times the

axial length distance divided by the shock velocity. Different strain values depicted by € and
€, are represented as €y > €&y resulting in increased strain temperatures. Because AT and
AT, are independent of each other, une can obtain the value of AT, at equivalent pressures
(constant ATy}, for a serigs of implosions made at varicus total strains. To date samples have
been done with total strains of 1.9% and 6.7% which have had their residual temperatures
measured. The temperature measurements were performed on post shocked samples,
which were shocked and trapper in dry sand with a 60 to 75 second delay after the shock

event. However, these measurements must be made as quickly as possible and monitored
with time. A time-temperature prafiie, particularly for high pressure shocks (larger AT,) will



show a temperature increase with time, as the higher AT, from the center axis diffuses out

towards the outside diameter. This was shown schematically in fig. 3c-f. This technique
along with calorimetry is reported in /10/ for 304 SS. The strain temperature, AT, for an

overall strain of e, (1.9%) was 4 °C above the ambient temperature (T, = 20 °C), and
remained unchanged for more than § min. For an overall strain of €19 (6.7%), the overall AT

was 138 °C. The temperature-strain data are shown in fig. 5. While more data points are

needed, the general shape of the curve can be established, particulariy in light of the data at
103/sec /4/. This would allow for .1@ AT¢ contribution to be known by merely measuring the

total overall strain of the sampla. Secondly, it is an experimental method by which AT, (at
zero strain) can be confirmed. At a later time (min.), additional heating due to the higher AT,
temperature in the central portion of the axisymmetrical cylinder, will conduct towards the
surface. In this case this delayed temperature increase was 80 °C above the 138 °C initiaily
measured temperature. This additional temperature increase is due to the shock pressure
but is independent of the strain and should not be neglacted.
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Fig. 5 Temperature vs total strain in 304 SS at equivalent pressures.

3. Summary

The present invastigation discusses for axisymmetric cylinder, the interpretation of the

vbservad "residual tempearature” due to a shack implosion. The observed temperature has
two components, AT, and AT,. At very low strains, AT, approaches zero ant the observed

temperature is predominantly from AT,. However, as the strain increases , so does the
strain temperatures Atg, which contributes to the observed temperature. A method of experi-
mentally determining the AT, as well as the AT, contribution in 304 SS was presented. This
technique is equally valid for any homogseneous material undergoing similar shock
conditions.



ACKNOWLEDGEMENTS

This work was supported in part by the United States Department of Energy, and the
Fraunhofer-Institut fur Angewandte Materialforschung, Bremen, West Germany, through a
U. S. Senior Scientist Award from the Alexander von Humboldt Stiftung of West Germany.

REFERENCES

n/

12/

13/

14/

15/
6/

7!

8l

19/

Rice, M.H., McQueen, R.G., and Walsh, J.M., Salid State Physics, V1, Academic Press
Inc., NY (1958) p. 1

Marsh, S. P., LASL Shock Hugoniot Data, University of California Press, Berkeley,
CA, (1980)

Staudhammer, K. P, and Murr, L E., in Shock Waves For Industrial Applications, Noyes
Publications, New Jersey, (1988) p. 237

Staudhammer, K. P., Frantz, C. E., Hecker, S. S., and Murr, L. E., in Shock Waves and
High-Strain-Aate Phenomena in Metals, Plenum Press, NY, (1980) p. 91

Staudhammer, K.P., Unpublished data.

Reinehart, J. S.,in Shock Waves and High-Strain Rate Phenomena in Metals, Plenum
Press, NY, (1980) p. 3

Staudhammer, K. P., and Johnson, K. A., Proceedings ot the International Sympaosium
Qn_unanss_QmamLc_LQadmg_ann_ns_Eﬁms Science Press, Beijing, China, (1986) p.

Staudhammer, K. P., and Johnson, K. A., in Metallurgical Applications of Shock-Wave

and_umn_ﬂmﬁmﬂmmmna Marcel Dekker '1c., NY, {(1986) p. 525

Hecker, S. S., Gosh, A. K., and Gegel, H. L., ;
MQq_ahm_an_d_Em_e,nm_e_nmLQn Metallurglcal Soc:ety of AIME, (1978)

/10/ Staudhammer, K. P., in High-Strain-Rate Phenomeana in Materials, Marcel Dekker Inc.,

(1991)



