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f 
A STUDY OF THE ZIRCONIA-HAFNIA SYSTEM 

ABSTRACT 

A definitive study of phase relationships in the ZrO?-HfO- system was 
conducted in this the fourth year of work on metal- oxyger systems. Mctal- 
lographic, X-ray, differential-thermal, and microprobe analyses were ap¬ 
plied to annealed and quenched specimens of arc-melted compositions. The 
system forms a continuous series of solid solutions inthe low-temperature 
monoclinic structure as well as the high-temperature tetragonal structure. 
There is a relatively small intervening monoclinic plus tetragonal two-phase 
solid solution field. This field lies approximately on a straight line connect¬ 
ing the inversion temperatures of the two oxides. The melting points of 
Zr.®2"HfC2 compositions likewise lie roughtly on a line connecting the melting 
point of each oxide. There are no intervening complex oxides. 

r ' .s 
As a facet of thir program, additional effect w=\s directed toward a 

better definition oi the lugh-temperature, high-hafnium region of the Hf-O 
system. This study was brought to a conclusion and a final Hf-O diagram is 
presented. 

Finally, tasks of a service nature were conducted for cognizant per¬ 
sonnel at ARL. 

I 
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A STUDY OF THE ZIRCONIA-HAFNIA SYSTEM 

i. INTRODUCTION 

»u Tl\ls 18 the twenty-third report issued on the subject contract, and the 
sixth and final report on the study of phase relationships in the zirconia- 
hafnia l / y \ ^ ., _ rr»_i « 
, r . . ~ ^ * . -7 — r**-*''- * ah MIC Äircoma- 

afma (Zr02-HfO,) system. Earlier efforts were concentrated on an exam¬ 
ination of the 'n-Zr-O system and on a delineation of the Hf-O binary diagram 
N fV; Yl U/Oflr or» ►»-» o ^ .. ^ a__ «... . - 9 ® Some work on the Hf-O system was done during the period covered by this 
report. The new investigation covered by this report is a logical extension 
o metal oxide studies. In this instance, the phase relationships in the 

r02"Hf02 vertlcal section of the Zr-Hf-O system have been investigated. 

II. MATERIALS AND EXPERIMENTAL PROCEDURES 

The oxides employed in this study were available from earlier work on 
the subject contract. Additional quantitites of ZrO, and HfO, were obtained 
from the previous sources in order to insure an adequate supply of materials 
of uniform composition and purity. The oxide powders were cold-compacted 
into wafers, segmented, and stored for use. Table I lisis the suppliers and 
purity of the several oxides used in this work. 

All compositions used for experimental work were arepared by convcn- 
tioa?odahi!rTorlt!|n? t*chn^ue8- A modified approach to arc melting was inves 
tigated but found to be of no advantage. This point is discussed further in 

« Thfi princ[Pal ‘«chnique employed for delineating phase boundaries was 
he metallographic analysis of heat-treated and quenched specimens. Heat 
treatments discussed in this report were performed in one of two ways 
Specimens annealed at temperatures up to iOOO'C were sealed in evacuated 
Vycor bulbs, held for an appropriate time at a given temperature to within 
Lh.JI- raPldly Îu<ïnched at the conclusion of the anneal by breaking the 
i?nn.^d water- Specimens treated at temperatures between 1000* and 
emnlovedearredPar<tCV8e<Íln & 8Ímilar, manne^. except that quartz bulbs were 
e ployed ard a reduced pressure of argon was admitted to the bulb before 
sealing. In all cases, individual specimens were wrapped in tantalum foil to 

Mod'eYzOiÍand ldenUty' For treatments at 1400*C and higher, an NRC 
Hr,.r \ i ,--. V.lurudce was useo, or a pla¬ 
tinum (air) furnace which was employed for several of the ZrO,-HfO, anneals 

4 ¿ 
In order to effect a better quench for samples annealed in the NRC high 

temperature resistance furnace, a liquid tin quenching bath was designed 8 
constructed, and adapted to the furnace. The furnace with quench b^ih is 
shown in Figure 1. Specimens are annealed by suspending them within the 
nhom"8 enclosed by the water-cooled copper chamber visible in the 
photo. At the conclusion of the anneal, the bottom lid is swung open, auto¬ 
matically releasing the specimen suspension wire permitting the specimen 
to drop ,nto the liquid tin bath. The tin. toeoowhiie. ha. b«„ heated"of".. 
abo\e Us melting point (232’C) by an externally mounted resistance heater. 

1 - 
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^P1*9 Plu?ge th« bath, the power to the heater iB turned 
?hiî wav íhJÍ 4°8 C several turns of copper tubing is turned on. lu 
this way, the specimens are rapidly cooled from, say, 2150* to 232'C and 
hen cooled at * somewhat slower rate to room temperature. 

ber proPer h^8 cooled to a safe temperature, the cham- 
reínov.H u ’ ^ T?h'*tcà to its melting point, and the specimens are 

H y9 exPected that tftere would be no noticeable effect on micro- 
fiî düe, ^ cory,Paratlvoly slow cool from 232'C to room temperature 

bath b' need reheat the specimens in order to remove them from the quench 

lndividually wrapped in tantalum packets, each packet 
tho id*nHrttlflf d Wïh * There have been no problems in establishing 
the identity of each packet after removal from the molten tin; it has been 
possible to process eight or ten samples at a time without difficulty. 

The melting point vs. composition studies described in this report were 
conducted using a furnace designed and constructed specifically for this pur¬ 
pose. After a reassessment of the equipment available for melting point 
in n1 nd a fonslderation of the requirements for work of this nature 

Z °4uHfC^2u8y9tc[n• u was deemed advisable to construct a new device 
lor this wotk. The design requirements include the following: 

2. 
3. 
4. 
5. 
6. 

Expendable heating element since the molten specimens inevitably 
attack the element. 7 

Easily controlled heating and cooling rates. 

Provisions for optical temperature measurement. 

Ability to operate in vacuum or inert atmosphere. 

High-temperature capability up to 3000'C. 

Simple design. 

The furnace designed and built to fulfill these requirements is shown in 
Figure 2. It requires only vacuum and electrical connections (no water), has 
an expendable tungsten wire basket as a heater, and can be used for either 
vacuum or inert gas determinations. 

nr^fn^erftUna8ten WÍre, baskets used to support and contain the specimen are 
preformed and are available commercially from E. Fuilam. Inc.. Schenectady, 

ba8kets are relatively inexpensive (about 30 cents each) and are 
discarded after each run. Inasmuch as the specimen wets the tungsten after 
melting, it is of course impossible to reuse the baskets. 

A small sample is placed within the conical basket, the cover is placed 
on antí the unit is evacuated. Power is supplied to the heater (basket) through 

Un^00.led copPfr P081,9 in the chamber. The posts pass into the chamber 
through electrically insulated and vacuum-tight feed-troughs. The variable 
transformer seen at the left in the top photo of Figure 2 is connected to a 
step-down transformer, which is turn delivers power to the heater at 0-20 

- 4 - 
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Fig. 2 - Two Views of the Melting Point Furnace 
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500 T>’e "■"p"“-' 
Thus, the basket and samnl* .TA lP j f m the variable transformer, 
observed through a JLee«S ind NoT ^ desired rate- The sample is 
measurements1 ar^ taike^w^tlf t^rt^UP i°PtÍCa^ pyrorneter'- Temperature 
adjacent to the specimen Indirat°P lCaf pyrometer on the tungsten wire 
together wlth temperTtures 0”" OÍ meltin8 are manually recorded 

obser^s^te^e^ature^^ead tn^hVt treatcd in th* following manner. The 
"true" temperatura h tunS8ten w»re basket are converted to 
availableTn tíí mercure 0nT?T18SlVlty C°rreCtÍOn9 f^r tungsten readily 
of the emissivity of the allovT correctlon then does not require a knowledge 
rately l0y SPecimen- °ften not available or else not accu? 

III. RESULTS AND DISCUSSION 

prepared°ior ule^n"msT^v^T0311^ VaryÍng fr0m Zr°2 t0 ^°2 were 
prepared in the intar.7 Vf îl' °f the In8ots were preliminary melts 
melting procedure might be beneücÏÏ8 “ * m°dlfÍed aPProa^ to the arc- 

Hf02 (O.'ltr 36^63°? and W°nS C,0,?tainin« °* 25' 50- 75, and 100 w/o 
calculated amounts^of the^orelsad were, 9flected- F°r the first set, 
and arc-melted togetheî For tht 7 °í tWO °XÍde8 Wf,ie wei8bed 
loose powders wefe weighed bland 7 ’ hC aPProPriate amounts of 
(several tablet, were prSÛcid Ôî aaaï4 ComPact7 into asPirin size tablet, 
wrapped in tantalum tubes and sintered at^TooV 7" V T1?eSe tablets were then 
tablets were then arc melted A id ° 9/°r tW° hours- The Entered 
the first. ComparTsonTof ease Ò ’'n** °f ^ ComP°9Íti°- the same as ï »“■.scxr.'.'.s 

.im.ríd'3*arc“ ï 'h' “'-»'“«'i «"d th. pr„sed. 
in fact detrimental Metal ohaqe ( , ? 1Ca,e. t^îat t^e smtering operation was 
in cc rtain ofth«*fngot^ D^reoaír^d* f 90lUdtÍOn’ Zr-H£-0) was evident 
was seen in the conventionally arc-melted “materlair^WaiBhTl metal 
considerably greater in the sintered and mïïted Ws The 1, 

iu"v and *h“ t.ur0d( '0oo' ,rt;re"ts «i'ÄtiripU. 

U- in .xp.pwpSä^ 

i»2 w/addition to the ingots prepared with the reactor grade of HfO, 

of Hf02 containtng on°y8180 pp^ZrO?ltCThemse V"8 spectro8raPhic grade c s «««y mu ppm z,ru2. These four compositions were 

------ . 
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prepared in order tr «tudy an effect observed in the X-rav patterns of r.r 
tam compositions it the HfOj-rich region of the system. 

study Table U .ummeriee. the composition, of all ingot, prepared for thi. 

tore. wereVema^rkahlv l^rnfl*8 m"»1108raphioally: the .troc- 

riVnr\r TdUVeTh * OÍ SOli,i Typical "/trÍcLee lre-Íhown2 

depletion of'eTtîîr .ircotium’ôrhâfSôm ^"»'„"area^Th” twóm^a"' "°¡ ‘ 

7:™.n:bz?;.T”"v dl,,ribu,ed'as wo“id be L 

,800..¾8 °608o'.e;ndd ,C8O0m0Î?8UiT°;8 lh'n » «00-. 100U-. 
V * j # And 1800 C. These annealed specimens were sub- 

jeçted to X-ray and metallographic study. 

,oluhimyeb"îweë°8”eP“Co8oadde 8 8 Th'’.«"’ ^ C°,nCept '»"'P1'" tnutual i- a 7 “lc two oxioes. There was no discernible 

ateuTesCn ïven Spec.imens or specimens annealed at any of the temper- 
fetr^Vòn.fT en 8amples were quenched from above the monoclinicTo 

annealecTbelow^in°th^monoc 1 inic fi^drÂn^ea^raTEher 

^Udm^tion^ ,'heVôoiVhc typ° of 8'tructp” S‘*ny dèyTopèrdSr^r.8 cation and the cool to room temperature within the arc-melting fuinace. 

soecime^f9 5°,PJ5d that/ metall°graphic study of annealed and quenched 
annexed inX fefra^onal90"16 Un«5uivocal siSn ^ a given sample had been 
Such evidence wt s no, ide^tif °ed! ' ^ monoclini' P‘“s tetragonal field. 

in fb.ï‘rayhuPr.OCedU,re8 Were aPPliefi to annealed and quenched specimens 
n the hope that powder patterns might provide evidence for delineat ^ ^ 

two-phase field. It was hoped that some criterion woufd be evident fõf 
termining whether a specimen had been annealed above, below or within 

the monoclinic to tetragonal region. This was not the r»’ ™ thln 
all displayed lines corresponding to the monoclinic structure Tb 8Peclrnen8 

ITooothi‘rïïôUio:j,iry8tal 

g?ä ‘d'°^rTa* :-d—- - gonal to monoclinic inversion during the quench. * 

lid / F°r the X-ray analysis work powder patterns were prepared usine a 
114.6 mm camera and cooper K -ru j rr F^cpareo using a 

=^d^ÄdvK^~2S“ 
oxides as well as annealed and quenched specimens of various composTtions. 



TABLE II 

SUMMARY OF ZTR CONLA-HAFNLA COMPOSITIONS+ 

Alloy Code 
No. 

Z-OH 

Z-5H 

Z-10H 

Z-15H 

Z-20H 

Z-25H 

Z-30H 

Z-35H 

Z-40H 

Z-45H 
(*) 

(*) 

Z-50H 

Z-55H 

Z-60H 

Z-65H 

Z-70H 

Z-75H 

Z-80H 

Z-85H 

Z-gOH*** 

Z-95H 

Z-100H(*) 

Weight Per Cent 
Hafnia 

{w/o_HfQ2) 

0 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

70 

75 

80 

85 

90 

95 

100 

Mole Per Cent 
Hafnia 

(m/o HfQ2) 

0 

3. 0 

6. 1 

9.4 

12. 8 

16. 3 

20. 0 

24. 0 

28. 1 

32. 4 

36.9 

41. 7 

46.7 

52. 1 

57. 7 

63. 7 

69.8 

76.8 

84. 0 

91. 7 

100 

f“ ^PO,l!Í°n8 Were PrePared with reactor grade HfO* 
In addition, the compositions marked (*) were also Drenará 
with spectrographic grade HfOjj. ° PrePared 

9 - 
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TYI*«. -‘v tu^U!Jati0n OÎ 8flected results is presented in Table III. AH soeci- 
experimental* & mon°cl.imc Pattern; d-spacings varied within the range of 
received*Z^O at^.a«» in;erestin« to note that in the case of the as- 
present whS2wa ' !" 'i*® corre9Ponding to a cubic structure was 
composition. in any arC'melted Zr02 as rich 

’•extra'^Une^d-ïîIetna ofU?eo^a8 nbn?rVed ln 8°me X'ray Pattems. An . d spacing of 2. 92 + 0. 01 A was evident in nearly all the 
speciments containing more than 50 w/o HfO (36 9 m/ol Thi= n observer) Iri-e/.. . 1JD- “ rn/o). This line was 
The d lrrc8Pe^tiv« of the temperature at 4hich the sample was annealed 
T « presence 01 the line was composition-sensitive, and can be attributed to 

A, or„8„7ef PUrity °‘ 'he roactor-grade HfO, employed for the.e meU. 
As proof, four compositions at 50, 70, 90, aná 100 w/o HfO 136 9 67 7 
84.0 and 100 m/o) were prepared using he .pectrograSgraie of Hfo' 

svstem Inrfr/ffer V? wfunC thC monoclinic Pljs tetragonal phase field in this 

of Zrol + 50 w/o ¿ÍO (3?% m/'V™ T" ^ logical 8teP- °n“ samPle 

ri*ed il ?JbÍeerVÍPm/nt availablc there-° The resuks^t'thiï sVudy are^mma- 

cooling. The values deter min^dh’, """ 

‘and HfO* t0 tetra«onal inversion temperature for ZrO tTlOO^C) 
^ ?¿,("70í‘C • ^dditional differential thermal analysis work Cas then 
conducted at this laboratory, and these data are likewise7presented fn Table 

Thus, all experimental evidence indicates that the two oxides form a 

structures "ííic'r. «»' monoclinic as wcllV. .bt t.tr.™oral 
h There must be a small monoclinic plus tetragonal two-phaseK 

“■»<»«*• "-i-iMlity. A continuous 
E. Curtis etal. (1) solid solutions in this system was, in fact, suggested by C. 

furnace^eTSbeîîn a"® poir.tvs- comP<>9ition studies were conducted. The 
uirnace described in an earlier section of this report was used for this work 
HfO mC ing P0.lnts and HfO y were measured as were data for ZrO 
HfO compositions at 10 w% HfO? increments. In the treatment of tL 

basJ11*111?8 ?°lntS of Zr02 and and 29003 C) were accepted as ’ 
base points from which thí observe¾ melting points of the ZrO -HfO romo 
suions were corrected. The results are shown in TaMe y ^hereÀ thTP 

must hl^'bothÍoHd bÍna71°XÍd?8 are fixed> the tern«y 9°lid solutions 
turr for = b h 3ohdu8 and iiqoidus points. The observed melting temyera- 

these two pgorntns.COmP081tÍOn ^ as8Umed to somewhere between 

nr; 
3C7El9l4,rt458-465M- D°ney and J‘ R‘ Joh—• J- Am. Ceram. Soc., 
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TABLE IV 

MARY OF DTA WORK ON ZxO^-HfO^ COMPOSITIONS 

Composition 

Zr02 + 15 w/o H£02 

(9.4 m/o Hf02) 

Cycle 

Heating 

Heating 

__Transformation. ’C 
„Initiation ~ Peak ¿o'mpktion ' 

Zr02 + 25 w/o Ki02 Heating 

(16. 3 m/o Hf02) 

Zr02 + 50 w/o Hi02* Heating 

(36. 9 m/o Hf02) 

Cooling 

1130 

1210 

1240 

1385 

1397 

1320 

1306 

1180 

1270 

1300 

1405 

1406 

1307 

1293 

1210 

1330 

1330 

1420 

1423 

This specimen run at ARL. Other DTA work was performed 

Irt-L fl 0 W/, Htfl hUo.T',^' 

Cc/ci' 

ISoO 

f S (0 

nos 

IVrv 

'^5 

ism 

i slto 

I SMS 

! 

' Viu 

1284 

1280 

at IITRI. 

I S SO 

ISio 

n/i 

'3 i T. -rSo(? -1-3.¾ > 



TABLE V 

SUMMARY OF MELTING POINT DATA 

ON ZrO2-HfQ? COMPOSITIONS 

Composition_ 

Zr02 

Zr02 + 10 w/o Hf02 

Zr02 + 20 w/o H#02 

Zr02 + 30 w/o Hi02 

Zr02 + 40 w/o Hf02 

Zr02 + 50 w/o H£02 

Zr02 + 60 w/o Hf02 

Zr02 + 70 w/o H£02 

Zr02 + Ö0 w/o HfO¿ 

Zr02 + 90 w/o H£02 

H£02 

Avg Corrected 
Melting Point, 

•C _ 

2680 

2730 

2745 

2735 

2750 

2780 

2790 

2810 

' 2825 

2860 

2900 

■ ■ --- :l, ... 



of the ZrO -rHf0lt88v08Vehm in™atiJ*tion are summarized in Figure 7, a plot 
V , ¿ H systern< The diagram is characterized by its simolicitv 

C?n“nuou1" monoclinic as well as tetragonal one-phas^ fields with an 

i ^rrow ,g."n* V« 0?Jh,fe £leld' rhe P01"' “"ewl« iñdicat" 
a narrow range of liquid plus solid. No evidence of a cubic phase field was 

ZrÔ Î ,tm 'n“iy.t.,1r“fTCh a5.the '’“»«"dr oí , cubic modification of 
«. i v! " 11 f fluX and since a cubic modification of HfO has 
point. reP°rted- the d^a8ram shown here makes no referenced This 

IV. OTHER WORK 

A. Hf-O System 

do„d„c,fdTiÓ«r„m."“dhd.atino»l5aYíÔ'rSt «“oy. were 

in Figures ^ a^^^e^eSveiy^ïh^0^ ZOOO-^^Zl^^rf shown 

uacd tq0 d.U„..^h.Tbh"„ed“id,r;S:w„P!Y?iegnur. i0m“arily tr'a"d' 

in the hfgh-YemperaTurVTlfbest aPProximatiun of phase relationships 

S.nr.detearri0bn- tL, ~”^“¿n 
Hf02 aro ahown iP„ “gura i'r" PS OVer ‘he enUre dia6ram ifom Hito 

Thia workTaf doñó'in thYi11' melti,,8 PO¡"‘-dompoaition data ia in order, 

a. doacribod in an'.aHUr aocîY'o'/Th',''ronYrt ”'°r thU P“rp0a' 

Ôb.a.r“"8dS,eîbYrr'aw manir" "'Tf 8 íaÍ'ly 
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Neg. No. 26197 X500 
Fig. 8 

Hf + 6. 3 a/o O (0. 6 w/o) alloy 
quenched from 2000* C. Iso¬ 
thermal alpha. 

Neg. No. 26196 X500 
Fig. 9 

+ 6. 3 a/o O (0. 6 w/o) alloy 
quenched from 2150* C. Iso¬ 
thermal alpha plus transformed 
beta. 
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B. Service Taska 

services taskfs were^urtued forIdt7 numbcr o£ research 
Laboratories. Such work included arc melt Ruh,OÍ ‘í,® ‘Aero8Pace Research 
and microprobe analyses of soee- melting of oxide-metal compositions 
-ere mailed to Dr R^h The arc-melted ingots 
been detailed in separate corre^nonS“1 °£ ï* rf1icroPr°be analyses have 

parate correspondence and will not be repeated here. 
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