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unia:xia l shock-compr ess ion studies were conducted on Teflon in the stress r egion between 
2" 5 and 25 I,bat using a compres sed-gas gun and quartz-gauge instrumentation. Mensur~ments 
of stress and palt icle yelocity at the impact surface show that a transition occurs at 5. 0 ~ 0. 2 
kba r with an as sociated volume change of approximately 2.2 .L 0.2%. Measurements of the 
s trcss \\,:1\'e p rofiles after trans mission through the samples show an attenuation of peak 
stresses and s uggest a vi s oelastic behavior of Teflon. 

I. INTRODUCTION 

" At room temperatu re, Teflon 1 undergoes a pressure­
induced phase trans ition at a hydrostatic pressure of 
5.4 ± 0.1 kbar2• 3 with an associated yolume change of 
approximately 2.3 %.3,4 X-ray studies have shown 
that below the transition, the polytetrafluoroetllylene 
molecules are in a helical coniormation with a 1800 

twist occurring every 13 CF2 units along the polymer 
chain. 5 Above the tr ansition. the molecules are in a 
more closely packed arrangement, and it has been 
suggested th at the molecules may be more tightly 
twisted with a 1800 twist every 9 CF2 units along the 
polymer chain. 6 A relatively la r ge amount of shock­
compression data is available for Teflon at high 
pressures,7 but little data is available below 30 kbar, 
al d shock-compression experiments have not been 
reported in the viCinity of this transition. It is of 
interest to compare shock-transition and static­
transition pressure measurements , 8 particularly 
since a comparison has not previously been made on 
polymeric solids. It is the purpose of this paper to 
report the resl!lts of shock-compression measure­
ments on Teflon from 2.5 to 25 kbar which were un­
dertaken to investigate the possibility of a shock­
induced phase transition. 

Shock compression was accomplished by impact of a 
projectile from a compressed-gas gun, and the re­
quired experimenta l data were obtained by the front­
back quartz-gauge technique9 , lO in which the impact 
stress is measured directly by a quartz gauge 
mounted in the projectile, and the transmitted stress 
profile is measured by another quartz gauge mounted 
behind the target specimen. In Secs, II-IV the ex­
perimental technique will be described briefly and the 
the experimental results will be presented and dis­
cussed. 

11. EXPERIMENTAL PROCEDURE AND DATA ANALYSIS 

Shock-compression experiments were carried out on 
a 2. 5-in. -diam compressed-gas gun. The gun is the 
one described in He!. 9, willi several improvements 
made to the system . The RG/ 9 coaxial cables have 
been replaced WiUl foam-dielectric and air-dielectric 
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cables, and Tektronix 454 and 585 oscilloscopes are 
now used. Compressed helium as well as com­
pressed air can be used so that the velocity capa­
bility of the gun has been extended to approximately 
O. 65 mm/~sec . Ang'ular misaligment, or tilt be­
tween llie projectile and target surfaces is typically 
controlled to less than 600 ~rad. 

The front-back quartz-gauge technique has been 
described in detail in Refs. 9 and 10 and, therefore, 
will be discussed only briefly here. The experimen­
tal "configuration is shown in Fig. 1. A Teflon disk 
with a 1. 25 in. diam and 0.05-0 . 375 in. tllick is 
mounted in a target C\lP at the end of the evacuated 
gun barrel and is impacted by a flat -faced projectile. 
The projectile velocity is measured to an accuracy 
of ±O. 5%. The target specimen has a quartz gauge 
in contact Witll its rear surface, and the projectile 
has a quartz gauge embedded in its face. The pro­
jectile gauge measures the stress at the impact 
surface, or front, of the sample, and the back gauge 
measures the transmitted stress profile . The elec­
t rical signals from the two gauges are recorded on 
s eparate oscilloscopes. The two Signals are also 
r ecorded on a dual - beam oscilloscope, and the dif­
ference in start times of the two signals is taken as 
the shock transit time through the sample from which 
the average shock velocity i s computed. Willi this 
melliod the accuracy of the shock- velocity measure­
ment is ± 1. 5%. 

The front gauge records are analyzed in the follow­
ing way : The s tress jump a t the impact surface 
alm.act i s calculated directly from llie piezoelectric 
response of llie gauge. 11 The particle vdocity in tlle 
guartz gauge U o is llien calculated fr om the r e lation 

(1) 

where Po and U 0 are llie known density and shock 
velocity of quartz, 11 respectively . If one llien as­
sumes continuity of mass ac r oss the impact surface, 
llie particle velocity in the sample u., is given by 

(2) 
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FIG. 1. Experimental assembly for 
measuring impact and transmitted 
stress-time profiles . The impact 
is accomplished with a projectile­
mounted quartz gauge which mea­
sures the impact-suliace slres s­
particle- velocity r esponse of the 
sample. After ihe stress wave 
traverses the Teflon sample, the 
back surface gauge records the in­
terface stre ss-time profile. The 
difference in sta rt times of the 
gauge signals provides a measure 
of shock-wave Yelocity. 

where Uo is the measured projectile velocity. In this 
manner one obtains the impact Hugoniot of the sam­
ple in the a, 1I plane. The measured impact stress 
and particle-velocity values are estimated to be 
accurate to 3% and 1%, respectively. If one also 
assumes that the stress at the impact surface is pro­
pagated into the specimen with a steady profile, the 
associated volume change can be calculated from the 
relation 

(3) 

where V is the specific volume of the material, and 
the subscripts 1 and 2 refer to conditions ahead of 
and behind the shock front, respectively. 

The stress·measured by the back gauge is the inter­
face stress produced when the shock wave propagat­
ing in the sample interacts with the sample-quartz 
interface. To interpret the data, an acoustic mis­
match calculation must be accomplished to obtain 
the incident stress in the sample which corresponds 
to the stress measured in the gauge . For a material 
whose Hu~oniot in the stress-particle velocity plane 
has considerable curvature, the usual linear mis­
match relation cannot be used. One possible proce­
dure for carrying out the calculation is that sug­
gesled uy Halpin and Graham12 and is illustrated in 
Fig. 2. The Hugoniot of the sample is first assumed 
to be a least-squares fit to the cr, 11 data obt:\ined 
from the impact-surface measurements descriued 
above. A computer program is then used to calculate 
a reflection of this curve which intersects the quartz 
Hugoniot at a point measured by the back gauge 
(point 1). This reflection intersects the impact 
Hugoniot at point 2. A straight line drawn from the 
origin wiUl stope PoU s will intersect the reflected 
Hugoniot at point 3 and thc impact Hu~oniot at point 
4. If points 2,3, and <1 coincide, Ule assumed 

Hugoniot is verified as correct for the transmitted 
wave profile . If the intersections do not coincide, an 
iterative procedure, in which successively different 
curves are assumed for the spec imen Hugoniot, can 
be used until convergence is obtained. 

Ill. RESULTS AND DISCUSSION 

Figure 3 shows a typical pair of quartz-gauge rec­
ords for an impact stress of 6.6 kbar . Figure 3(a) 
is the prOjectile gauge record and 3(b) is the back 
gauge record (time increases from left to right). 

A summary of the experimental data is givcn in 
Table I. In studying Table I, it should be emphasized 
that each experiment accomplishes three independent 
measurements of material response. The relation of 
impact-surface stress and particle-velocity is ob­
tained independently of the shock velocity and rear­
surface stress amplitude measurements . Figure 4 
shows the data from the impact-surface measure-

Vl 
Vl 

'" Ct: .... 
Vl 

"" U 
o 
::c 
Vl 

QUARTZ HUGONIOT 

REFLE CTED HUGONIOT 

PART ICU VELOCITY 

FIG. 2. Graphic al illustration of the analysis of back-sur­
face quartz gauge recot·ds. The analyticn l method depicted 
is undertaken to determine the incident stress umplituc\e 
from lhe qunrtz g:llIge signn l. 
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FIG. 3. Typical front and back quartz gauge current-vs­
time records . Impact stress is 6. 6 kbar while back- surfa ce 
stress in the gauge is 10. S kbar. (a) Shows the front gauge 
record and (b) shows the back gauge record. Time in­
creas es from left to light. Timing waves are 25 MHz. 

ments. The discontinuity which initiates at 5. 0 ± 0. 2 
kbar is believed to be the phase transition which has 
been observed at 5. 4 kbar hydrostatically. 2, 3 Above 
the transition region, the data point of Anderson and 
Fahrenback l3 at 17. 6 kbar is in good agreement with 
our clata, alld a parabolic fit to our data between 6.3 
and 24.2 kbar by the method of least squares extra­
polates into good agreement with their data point at 
33 . 5 kbar . Below the transition region, the data. can 
be represented by the relation u = 31. 04u + 39. 01112

, 

and above the transition, the data can be represented 
by u= 26 . 1011 + 55 . 99112 (u in kbar, II in mm/ Jlsec) . 
In Fig, 5, a plot of the measured shock velocity vs 
the particle velocity measured at the impact surface 
also shows a discontinuity. The point at II = 0 is tile 
longitudinal sound speed of 1. 40 mm/ Jl sec hleasured 
by Asay cl al . 14 for Teflon. Below and above the 
transition, least-squares fits to tile data give 

0. 0 0.1 Q2 O.l Q , o. ) 
PARTl Cl[ V(lOC ITY Irrr.;"de£:1 

FIG . 4. Shock stre s s-vs-pa rticle velocity for Teflon as de­
termined from impact-surface measure ments. The phase 
transition is indicated by the ch~mge in s lope begilUling at 
5 kba r. 

U=1.393+2 , 2171l and U=1.258+2.4341l, respec­
tively . 

Figure 6 shows impact stress vs compression Do V / Va 
calculated from Eq. (3). For stresses below the 
transition or far enough above the transition that it 
is overdriven, 15 111 and Pl in Eq. (3) are the specific 
volume and the density of the material at atmos­
pheriC pressure, and u1 and 1/1 are equal to zero. 
Before the transition is overdriven, "ll Pll u1 and 
u1 are the values associated with the transition. 
From the impact data of Fig. 4, a well-defined 
transition stress cannot be obtained; one ca n only 
conclude timt the transition appears to begin some­
what above the data point at 4. 8 kbar and below 5. 3 
kbar . The back-surface measurements also do not 
yield a well - defined transition stress . Therefore, 
for the purpose of converting the measured data of 
stress-vs -particle velocity to the stress- vs- volume 
plane, a transition stress of 5. 0 kbar was assumed 
with the corresponding values of 11= O. 137 mml Jlsec 
and DoV/Va = O. 0816 . It was further assumed that the 
critical transition stress is independent of applied 
shock stress . A straight line drawn from the origin 
to the point u = 5.0 kbar, 11= O. 137 mm/ Jl sec inter-

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.350.40 0.450.50 

PARTICLI VElOCITY Immlu,BC' 

FIG. 5. Measured shock velocity-\'s-particle velocity for 
Teflon . The point at ze l'O particle is fwm the ultrasonic 
measuremcnls of Asay l'/ al. mef. HI. 
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TABLE 1. Shock-compression data Teflon, po=2.175 gm/cm3. 

Impact- su rf:J.ce meas u remenl Transmitted profile 

• b c d • 
CTlrrooot up .c:.V/Vo S:1mple thickness US CT. CTs Attenuation 
(kbar) (mm/l1sec) 

2.5 0 . 074 0.048 
4 . 1 0.116 0.072 
4 . 6 0 .1 25 0. 073 
4.8 0 . 135 0 .082 
5.3 0.152 0.096 

5.6 0. 158 0.097 
6. 4 0 . 183 0.116 
6.6 0.184 0.113 
7. 5 0.207 0.124 
9. 5 0 . 233 0.125 

10. 8 0.260 0.136 
13. 8 0.313 0.154 
18.0 0.380 0.174 
23.2 g 0.456 0 .195 
24.3 g 0 . 463 0.192 

aFrom projectile gauge measurement. 
bCaleulated from 1'4s . (l) and (2l. 
cCalculated from Eq. (3) using impact data . 

(mm) 

6.965 
5. 080 
7.277 
5 . 085 
5.151 

4 . 925 
1. 290 
4.839 
4.935 
5.177 

5 . 187 
9. 550 
8 . 641 
5. 133 
5 .105 

dFrom transit time measured from the difference in start 

sects the curve at 7. 5 kbar . The transition is as-: 
sumed to be overdriven above this stress. The solid 
lines in Fig. 6 are parabolic least-squares fits to 
the data above and below the transition region . The 
results indicate a volume change of 2. 2 ± 0.2% in 
going through the transition. A volume change of 
approximately 2.3% was observed hydrostatically. 3,4 

The transmitted wave profiles suggest a viscoelastic 
behavior. The stress-time histories are qualitatively 
similar to those observed in polymethylmethacry­
late16 in Umt they show an initial rapid increase in 
stress followed by a more gradual approach to a 
maximum stress . A wave analysis based on theories 
of viscoelasticityl? is beyond the scope of this paper. 

Even though a phase transition would ordinarily 
cause a multiple wave front in the transmitted stress 
profile, 15 experiments just above the transition 
stress do not show a two-wave structure [see Fig. 
3(b)]. The rather small volume change associated 
with the tranSition, the fact. that under hydrostatic 
pressure the transition requires approximately 15 
min to go to completion at room temperature, 18 and 
the observation that the mixed-phase region is only 
approximately 2. 5 kbar wide lead one to conclude 
that a two-wave structu re is obscured by viscoelas­
tic or other time-dependent effects. 

The transmitted profiles indi cate some attenuation 
of the peak shock stress as the wave propagates 
through the specimen . In Table I, the peak stress 
from the back gauge is shown. For these str esses 
in the qua rtz, the peak stress in the Teflon samples 
was calculated 1:JY the procedure of Fig. 2 for the 
experiment at 2. 5-kbar impact stress and for ex-· 
periments above the transition region . These values 
are al so shown in Table 1. For samples 0.2 in. 

(mm/l1secl Ocbar) a, ba r) 

1. 54 3.95 2 . 28 
1. 64 6 . 5 
1. 69 7 . 4 
1. 63 8.2 
1. 65 8.9 

9 . 3 
11. 4 6.2 

1. 73 10. 8 6.0 

1. 81 14.9 8.2 

1. 87 16 . 8 9.4 
2.03 
2.19 
2. 40 
2.36 

times of front and back gauge records. 
'Peak stress in back quartz gauge. 

(SIc) 

8. 8 

3. 1 
8.5 

12 . 8 

13. 4 

!Peak stress in sample computed by the method of Fig. 2 . 
gProjectile gauge faced with sapphire <nef. 19) . 

thick, the attenuation increased from 8.5% at 6. 5 
kbar to 13. 4% at 10. 8 kbar . At 6. 5 kbar the attenua­
tion varied from 3.1 % to 8. 5% for samples 0.051-
0.20 .in. thick, respectively . 

IV. CONCLUSIONS 

Impact experiments on Teflon indicate that a transi­
tion takes place at 5.0 ± 0.2 kbar. This is believed 
to be the same structural transition which has been 
observed under hydrostatic pressure at 5.4 ± O. 1 
kbar . In hydrostatic experiments, the transition 
pressure was observed to decrease sli ghtly with 
increasing temperature. Therefore, it is reasonable 
that our value should be lower than the hydrostatiC 
value because of shock heating. The volume change 
of 2.2 ± 0. 2% which we observe is in good agreement 
with the volume change of 2.3% observed hydrostati­

cally. Transmitted shock-wave profiles suggest a 
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FIG. 6. Shock stress-vs-compression for Teflon ealcul:1led 
from impact- s urface me:1SlIrements . The volume change of 
2. 2 oL O. 2')1 is in good ngreement with that obse rved hydro­
s tntically <Re fs . 3 and 4) . 
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viscoelastic behavior for Teflon and show an attenua­
tion in peak shock stress as a wave propagates 
through a sample. 
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