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INFLUENCE OF IMPURITIES ON THE SOLID·SOLID PHASE 
TRANSITIONS IN ZIRCONIUM 

P. A. Rigg* ,C. W. Greefft , M. D. Knudson** and G, T, Gray, Ilr!: 

' Los Alamos National Laboratory, PO Box 1663, MS P952, Los Alamos, NM 87545 
t Los Alamos National Laboratory, PO Box 1663, MS B22 /, Los Alamos, NM 87545 

"Sandia National Laboratories, New Mexico, PO Box 5800, Albuquerqlle. NM 871 85-1195 
~ Los Alamos National Laboratory, PO Box 1663, MS C755, Los Alamos, NM 87545 

Abstract. In an effort to better understand the infl uence of impuri ties on the solid-solid phase transitions 
in Group [Vb metal s, experiments have been carried out on polycrystall im: zirconium amples us ing plate 
impacL nd isentropic loading techniques. Samples with three levels of impurities were shock-loaded using 
both gas and powder-driven guns and isentropically loaded using magnetic drive (Sandia 's Z -M achine) to 
determ ine the propert ies and characteristics of both the a --> wand (j) --> {3 transitions. 

Keywords: zirconi um, phase transitions, plate impact, isentropic compression 
PACS: 47.40 .Nm, 62.50.Ef. 64.70.K. SI.70.Bt 

INTRODUCTION 

Zircon ium can exsist in three solio phases com­
monl y referred to as Ct (hcp), {3 (bcc), and w (hex-
3). hgurc I shows the calculated phase diagram for 
Zr 1 [ I for the three solid phases with an overplol 
of the experimentally determined Hugoniot [2-41. 
As inJicated in the figure, both high-pressure solid 
phases are accessible th rough shock compression ex­
periments. T he isentrope wi ll l ie below the Hugoniot 
in thi s figure and therefore . we expected to be able 
to access the transitions through isentropic compres­
sion experiments as well. The purpose of this stud~ 
is to investigate how the a --> wand w --> [3 phase 
boundaries change with added impurities and what 
effects - if any - the) have on the kinetics of this 
phase change. 

EXPERIMENTAL METHOD 

To in ~es t i gale the infl uence of impurities on the 
a --> 0) and w --> {3 phase transisions in zirconium, 

both shock and isentropic compression cX[lc riments 
were performed on sampl es with three different im-
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FIGURE 1. Calculated zirconium Hugoni ot and phase 
diagram. 



'fADLE 1. ImpLlrity levels (ppm) for tile three types 
of Zr samples used in these experi ments. 

S:llIlple 0 Hf F~ N C 

Zro <50 , 50 <50 < 20 22 
Zrr 390 350 125 15 70 
Zrrl 1,200 14.000 2,400 80 270 

purity levels . T he r 'cent paper by Cerreta, el. ai. 151 
argued that the presence of oxygen - which occu­
pies interstitial sites within the zirconium lattice -
has the largest i nft ucncc on the a --; co phase tran­
~ ition . In that study, samples lVith three distinct lev­
els of oxygen were e,'(amined using shock and quasi­
static compression experiments. It was found that a 
re latively small amo unt of oxygen cOLlld raise the 
transition stress significantly under shock compres­
sion experiments and that larger amounts of oxygen 
seemed to inhi bit the transition completely. Here, we 
extend the shock compression work presented ear­
lier [51 to higher stresses to look for the a -, co tran­
sition in the least pure sample as well as the (r) -, f3 
transition in the tlVO least [HUe materials. The sam­
ples studied here originated from the same large plate 
materi al s used previously [51. A summary of of the 
main im purit ies in each material is sLlmmari <::ed in 
Tabl I. Throughout the remainder of the text, we 
will ret'er to the materials as they are labeled in this 
table with Zra representing high purity crystal-barZr. 

Shock compress ion ex periments were performed 
at Los Alamos National Labomtory using a gas­
driven 50 mm gun and a 40 mm powder-driven 
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FIGURE 2. Experimental configurations used for (a) 
shocK compress ion and (b) Isentropic compress ion experi­
ments. 

gLln. All samples were prepared as d isks 3R mm 
and 32 mm in diameter for the gas- and powucr­
gun experiments, respcctively. The samplcs - 3 to 
6 mm thick and backed by 19 mm thick sapphi re 
or LiF windows - were impacted with various ma­
terials to produce peak stresses up to 4 1 GPa . T hi s 
is shown schematically in Fig. 2(a) . Isentropic load­
ing experiments to roughly 47 GPa peak stres were 
performed at Sandia National Laboratory Llsing the 
Z-Machine 16 , 7 1 with samples roLlghly 0.5 mm 
thick and 10 mm in diamt:ler anu backed by ) mm 
thi ck Lif or sapphirc windows as shown in Fi g 2(b). 
V ISAR 181 was useu in all experiment to meaSLlre 
thc particle vcloci ty at the sample/wi ndow interface. 

RESULTS 

Figurc 3 shows direct com parison of the wave 
profil es obtained for the thrcc ty pes of samples when 
shock-compressed above the 0. --> U) phase transi tion 
stress. Because both I ,i f and sapphire wi ndows were 
used in these experiments , the particle veloc ity uata 
obtained Llsing VISAR were converted to stress data 
using a simple impedance matching calculation to 
com part: the wave profiles more readily. In these ex­
periments, multipl e wave structu re is seen in all three 
materials. T he first, low amplitude , wave is the: clas­
tic precursor which is similar for all th ree materia ls . 
T he Anal two waves are commonly referred to as tile 
P I and P2 waves represent ing shock prupagation in 
the parent and daughter phases, respectivel y. scan 
be seen in the fi gure , the transition in the Zr, mate­
rial is almost J GPa higher than the transition in the 
Zro materi al, while the tmnsition in the Zrll mate rial 
is ovcr 4 GPo higher still. T he wave profile from the 
Zrll experiment is also very different from that ob­
served for the other two materi als. Despite the fact 
that the Zrll sample was t ~ icc the thickncss of the 
Zra and Zrl samples, no clear separa tion hetween the 
P I and P2 waves was observed . The only vidence 
that the phase transformation has occ urr~ is a tran­
sition from a square wave profile bel ow the phase 
lranst'ormation to a more rounded prollk ahove th t: 
transformation. Fu rthe rmore , the P2 wavc was casily 
overdriven just a k w G Pa higher, in contl1lst to the 
Zro and Zrl cx perimcnts. 

'fhe resul ts of lhe quasi-i sentropic experiments 
performed on Sandia's Z-machine at -J.O GPa are 
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FIGURE J . Partlcal velocity wave profiles [converted to 
stress) from shoek compression expcriments performed on 
the thrce types of Zr :It peak stresses above the a -> (0 

phase transition. 

shown in Fig. 4. Three distinct k inks are observable 
in each o i" the pronles. Again , the velocity data were 
conve rt d to st ress using impedance matching. The 
nrst ki nk ncar the boLtom of eaeh record is due to 
the , h3 pe of the current pul se used in the Z-Machine 
to generate the ram p waves in each sample, but also 
shows evidence of thc elastic precursor. The second 
ki nk is attributed to the a -', w phase transition. Al­
thou gh the transition stresses for each material seem 
to be highe r' in the isentropic compression experi­
ments than in the sho k compression experiments, 
similar di ffe rences in the transition stress between 
the th ree materials arc o bserved in both cases . How­
eve r, in stark contrast to the gun experiments, the 
transition is much more pronounced in the Zrl[ mate­
ri al than in the other two materials. At this time , it is 
not understood why this di fference is observed, but in 
gene ral. it suggests tha t the large amount of oxygen 
p rese nt in the Zro material is significantly changing 
the ki ne tics of the a -t (I) transition and could also be 
affect ing Lhe equation of state of this material. Fur­
thermore , i ~~ntrQpic compression experiments per­
form ed at a lower peak stress resulted in lower tran­
sition slresse fo r each matcrial. We bel ieve this is 
also due to the k inetics of this transition. Further de­
tails about the a. --" w transition e xperiments can be 
found elsewhere [9 / incl udi ng compa rison of expe ri ­
mental resu lts to calculations lIsing the kinetic model 
deve loped by Greeff 11 /. The third kink seen in the 
data shown in Fig. 4 is attributed to the OJ ~, f3 tran-
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FIGURE 4. Partical velocity \ ave profit -s (converted 
to stress) from isentropic compression experiments per­
formed on the Sandia Z-Machine at peak stresses above 
the (j) -+ f3 transition. 

sition, but unlike the a. -+ (I) transi tion, the OJ -t f3 
transition stress does not secm to be infl uenced by 
impurity concentration. 

Based 0 11 Fig. I, we expected to see mldti- wave 
structure due to the OJ -t f3 trans it ion in shock com­
pression ex periments to occur somewhere between 
22 and 24 GPa. As expected . ex periments conducted 
on Zrl and Zrl[ samples showed no ev ioence of a 
phase transition below 22 GPa . Hoy ev r, experi­
ments cond ucteo between 22 and 41 GPa also failed 
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FIGURE 5. Partical velocity wave profiics (converted to 
stress) for shock compression experi mcnts perl'ormed on 
2 ft (solid lines) and Zrll (dashed lines) sam ples between 
26 and 41 GPa. 



to reveal multi-wave structure indicative of a phase 
transition. Fig. 5 :;;hO\\iS the wave profiles obtained 
from experiments with peak stresses between 26 and 
-I I Gra. The two lowest stres, expe riments in this 
fi gure show I~v ide nce of a slight overshoot followed 
by relaxation that may be an indicator that the phase 
transition is occurri ng , but the feature disappears at 
stresses just a few GPa higher. 

CONCLUSIONS 

Shod and quasi-isentropic compression exper­
iments were perl'ormed on Zr samples containing 
th ree different leveL of impurities. These experi­
ments revealed the ("I. .--. (II transiton in aU three ma­
terials under shock and ise ntropic compression and 
demonstrated that the add ition of small amounts of 
impurities in the Zr res ulted in dramatic di fferences 
in hoth the transition stress and kinetics of the ex ----> 

w phase transformation. Furthermore, this transition 
occurs mueh hi gh r than the calculated equilibrium 
trans ition stress shown in Fig. I for all three materi­
als and both loading techniques. A kinetic model that 
descri bes this behavior in zirconium has been devel­
oped by Greeft' I II with comparisons of wave pro­
fi les calculated using thi s model to experimental data 
can be found in the manuscript by Rigg, el. at. 191. 
In addition. the OJ - -0. f3 tran. ition was observed in 
the isentropic compression experiments at approxi­
mately 30 Pa for all three materials indicating that 
the presence of impurities in zirconium has no effect 
on transformation to the (3 phase . Th is transition was 
not observed in the shock compression experiments 
pe rformed in a stress range spanning both below and 
a bove this st ress and fu rtht: r experiments are needed 
to determi ne wh re the transition oecurs under shock 
loadi ng. This work has demonstrated that perform­
ing both shock and isentropic compression experi­
men ts can provide information that neither teehniClue 
can provide alone and wi ll lead to a better under­
standing of the equation of state of materials that 
undergo solid-solid phase transform ations under dy­
namic loading conditions. 
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