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CO~CLUSlOKS 
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EL:\STIC PROPERTIES OF FI.(JORAP.-\TITE 
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ABSTRACT 

The elastic cons tants of Durango fluorapatite have heen detcrmined u, ing thc ultra­
~"nic pulse superposilion method. Room-temperature adiahatic s til1'nesscs arc 'II 1.-13-1, 
' ." \.805, c" 0.-115, c" O.-l-ki , C' 3 0.575, CG. 0.495 megahar3. Comparison is made wilh measure­
men ts on bones and teelh. 

Apatite occurs extensively in igneous rocks and is the most abundant 
phosphate mineral. I t is also an important consti tuen t of tect h and bones, 
';0 that its mechani cal properties are of considerable medical interest. The 
l' las tic constants previously reported by 13him asenachar ( 19-1-5) have 
iJeen questioned by Chung and BUl'ssem (1967) \vho note a substantial 
de viation from th e shear anisotrop" curve obe,'ed b,' most hexLl"onal 
crystals. Because of their biologicai significanc~ , we 'have re-m ea;ured 
Ihe adiabatic stiffness coef1icients of apatite b~' thc ultrasonic pulse super­
position technique. 

(;em-quality yellow apatite from Durango, .\[exico, was used in the 
li lt rasonic experiments. Flawless, rectangular prisms about 1 cm:! in 
""lu ll1e were cut from two lar~e hexa!:!:onal cn'suds after orientin" the 

I " " . ~ 

pecimens from back-rctlection Laue photographs. Scraps from Ihe two 
\ rys tals were used for the chemical analyses given in Table 1. Th(: two 
Irl' nearly identical in composition, and compared to other tluorapatit es 
Ilen, Howie and Zuss man, 1(62) show unusually large silica and rare 

\·:trt h concentrations, but very little ~[nO. Densities were determined by 
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the hydrostatic weighing method (Smakula and Sils, 1955) with distill ed 
water as the immersion liquid. Both specimens were again identi cal 
within experimental error and a val uc of 3.2147 ± .OOO.! g/ cc was used in 
computing elastic constants. 

In the pulsc superposition method (l\1cSkimin and Andreatch, 1962, 
and ::\lcSkimin, 1965) a high-frcquency quartz transducer is cemented to 
the specimen and an electrical signal is applied to the transducer, which 
in turn initiates an acoustic pulse in the sample. :\£tcr traveling through 
the crystal, the acousti c pulse is reflected from th e opposite face a nd re­
turns to the transdu cer as an echo. There it excites an electric signal 
which is detected and displayed on an oscilloscope. Ultrasonic velocities 
are calculated from the delay time and specimen length with small cor­
rections for the bonding material ; sa lol (phenyl salicylate, m.p. 'B°C). 
A short series of pulses spaced by the round-trip delay time are applied to 
enhance the echo by multiple reft.ection. X- and rlC- cut quartz piates 
with resonant frequencies ncar 20 ::\IHz are used to generate longitudinal 
and transverse pulses, respectively. 

Apatite belongs to crystal class 6/ m for which there arc five indepen­
dent stiffness coetlicients relating stress to strain . 

r
Cll C12 C13 0 0 0 

I
C

12 
Cll C13 0 0 0 

C1 3 C13 C33 0 0 0 
(CiJ 

10 0 0 0 0 CH 

l ~ 0 0 0 CH 0 

0 0 0 0 C66 

where (66= 1/ 2 (cn-cd . ::\Ieasurements are referred to right-handed 
orthogonal axes Xl, '\2, .\3 parallel to crystallo'Traphic directions [lOOI . 
[120] and [OO l] . H exagonal matcrials are transversely degenerate so 
that all directions in (00.1 ) are equivalent. 

Pure Illode directions for the hexagonal system have been derived hy 
Brugger (1<)65). Three coellicient s arc determined from the density p . 

and the lonrrituciinal and two transverse wave velocities along Xl: pi'f. 
=C11, pl'}=C66 and Pt'~ =C~I' ::\Ieasurcmcnts along .\"3 give Pd= C33 and 
Pl'~ = P'l'~ = C44. A specimcn cut at -I5° to.\3 givcs onc purc modc Pl'~ = 1 2 
(CH+C66), and two mixed modes from which the rcmaining constant ( 11 

is obtained. 

C13 = [(Cll + (14 - 2pl,2)(C33 + c" - 2p'l' ~)11 / 2 - ClIo 

Table 2 gives the cxperimental sound wave velocities from which th,' 
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T"u LF~ 1. CHEMICAL ANALYSIS OF Two CRYSTALS OF DlJRAXGO APATITE 

Wet Chemical Analysis 
\\'tee 

Spectrographic Analysis 
\\'t% 
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elastic constants in Table 3 are computed. The eight indepcndent ve­
locity measurements provide cross-checks on CH, C66 and C13, dilTering by 
only 0.1, OA and 3.0 percent, respectively. The re-determined constants 
dilTer significantly from the values reported by Bhimasenachar (1945) 
and give shear and compression anisotropies satisfying the relations 
uggested by Chung and Buessem (1967). Bhimasenachar's measure­

ments were also on yellow Durango apatite (p=,3.218), but he used a 
variable-frequency resonance technique and much thinner specimens. 

It is interesting to compare the elastic properties of fluorapatite with 

T.\BI.E 2. ULTRASO:-lIC VELOCITIES t'OR TRA'>;SVERSE AXD LOXGITl' DINAL \\' .. \yES IN 

FLUORAI' ATlTI::. DIR ECTIONS REFER TO ORTIIOGO SAL AXES Xl, X2, X, 

Propagation Direction 

Xl 

~5° to Xl & X, 

Displacement Directiun 

",450 to Xl & X3 
X, 

...... 450 to Xl & -.Y3 

Velocity (km/sec) 

l'I.=6 .u80± .005 
vT=3.922 ± .003 
t', =3.590± .003 

VL= 7 .493 ± .002 
t'T=3.593± .001 

v =6 .Ru7± .004 
vT=3. iu5 ± .002 
v =3.982± .003 
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T AB LE 3. RO(HI-TE~IP~: R \ TL' R E EL.·\ ST IC CO :-' ST.\ :-; TS O F FLl' ORAI'ATITE . STI F F:-;ESS 

C OEFF ICIE NTS Cij ,\RE GI VE :-I IX ;\I E GAB .\ RS (10'" 0\'XI::5 / 0 1") AXO ELASTI C 

C() ~!PLIA :-;CES Sij IX R EC IPR OCA L :--[ E GA BAR S 

----.-~-=="-= -- - .- --=--::.:-:::....::-=-==.=::.:.---'-=--=-=-=-=-=-=-=--=-=='--=::.: 
Present Work Bhimasenachar (19-15) 

1.434 (2) 1.667 
1. 805 (1 ) 1.396 
0 .-115 ( I j .663 
0 .-l-l5 (3) .131 
0.575 (17) .655 
0.495 (2) .76" 
0 .836 (5) . 748" 
0 .688 (10 \ 1.088 
2.411 (3) 1.508 

-0.175 (5) .097" 
-0.210 (10) - .397 

2 .022 (8) 1.302 

• Corrected for conversion errors pointed out hy Hearmon (1956). 

bone, which can be crudely approximated as a two-phase composite o[ 
hydroxyap a tite and collagen. The apatite cryst a ls in bon e are s mall 
fib ers a bout .. W A ac ross and 600 A lon g ( Engstrom , 1960) , sometil1ll" 
showing preferred orientation. Bones with a specifi c g ra vity of U l con­
tain about 30% hydroxya pa tite by volum e ( Robinson , 1960). :\leasurcel 
values of Young' s modulu s (I~) for simila r b ones range b etween 0.16 anel 
0.22 Il' egaba rs (Smith a nd Keiper, 1965) . Tooth cusp enamel is much Ie~, 
campi ian t , 1-:........,0.5 Ill cgaha s (Stanford ; et ai , 1(58) and con ta i ns abolll 

80% apatite . 
Assuming equal strains, the la w of mixtures applies to a two-pha ,;l' 

composit e, so that F." = I:'"Y,, +E,.V. , where I:'. is Young's modulus, V th e 
volume iranion , and subsc ript s a, b , c refer to a pa tite , bone , a nd col · 
Iage n , respec tively . Using the Voi~t-l~eu ss-Hill a \'eraging procedurl' 
( Hill , 1<)52) wili{'h is a pproxima tcly correct for p olycrys tallin c so li d, 
without voids, the new dasti c constants in T a ble .) f! i\'c F a = 1.1!J III C;":: 1 

ba rs. :\It'asu re llll:nt s of r;,. ha\'e not been report ed. but Youn g 's modu li 
for similar materials arc at least an order of magnitude small er t hall 
apatite, so that l~,,»E< and I~ ,,"'-' i:'." Va. This equatiol1 predi cts \'a lu l"~ 

for /.;" about twice th e measured values for tee th and b ones. There :lIT 

several possible reason s for the discrepancy. The law of mixtures is p ro\. 
ably in acc urat e, since it is unlikely that a patite and collagcll st rai ll I 

eq ually . Bone is much mort' co mplica t ed than the two-phase Ill od d a­
suml's: th e interspersed pore spacl', wat er and li\'in g ti ssue undoub t l'dl ~ 

weaken it ml'chanicall~' . Single c rystal Ilu orapatite is probably s ti ti" r 
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ELASTI C COl\STANTS U f FLt.:O RAI'Al'ITE . STI FF:-':ESS 
::-.: 1:-1 ~I EGAllARS (10" OY:-':ES/ CM' ) A:-':O EL.\STlC 
:5 S ;j I); RECII'ROCAL ~I EGAB .\RS 

)resent \\"ork 

1.-1.3-1. (2) 
1.805 (1 ) 

0.-1.15 (1) 
0 . .J..J.5 (3) 
o .5i5 (17) 
0.-1.95 (2) 
0.836 (5) 
0 .688 ( 10) 

2.411 (3) 
-0 . 175(5) 
-0.210 (10) 

2.022 (8) 

Bhimasenachar (19-1.5 ) 
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1.396 
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Drs pointed out hy Hearmon (1956). 

\. approximated as a two-phase composit e oi 
:en. The apatite crystals in bone arc sma ll 
'nd 600 A long (Engstrom, 1960), someti 11lt' ~ 
ion. Bones with a specific gravity of 1.8 ( Oll ­

)atit e b,· volum e (R obinson , 1960) . :\I easu rt·d 
(I~) fo; similar b ones range between 0.16 and 

l1'. eip<:r, 1965) . T ooth cusp enall'el is ~11uc h le:,~ 
Irs (Stanford; cl ai, 1958) and conUtins aboU I 

I the law of mi xtur.cs :lpplie,s to a two-p~ :l:,r 
\ . +1: \ : \VllCre I~ IS \ oun '" s modulus, I Illl 

I , 

I 
l 

I 
i 

I 
a .... c C, b 

cript s a , b, c refer to apatite, b one, and c,,1 
I' the Yoi<rt-Rcuss-Hill a\'cragin g prOl:ed lll'l · 
,'r O \imalel~ con'ec l for polycrys ta llin c !,'I liti, 

s li c const~~l1t s in Table.) give ~':" = 1.19 IllL·!.!;I, t 
ha \'e 110t been report ed, but Young 's Ill tldU II I 

al least an order of magnituck s mallt:r th: ll
l 

. . 

r d I : "' ,; t .' 1'his C(tuation predi cts \, ;lllIl" ltl __ h=L:.{\ r lI O ~ 

asured valucs for tecth and bon es. Thcrt: a rt' 
r thc discrepancy. The law of mixtures is pr()~\ ' 

t
is unlikely tha t apatit e and collagen sn all 1 

. 

IT cO ll1pli~atcd than th e two-ph ase l11o(\t-1 ,I ' 

rc space, wate r and li\'in g tissLle undot1u t~·~ I I~ 
SilWlc cr.,·s tal flllorapatite is probably Sti li I 

<'> 

.lfINERALOG/C1L NOTl~'S 1197 

than the hydroxyapatite found in bones , much of which appears am or­
phous (T ermin e and Posner, 1966). All these factors tend to lower the 
predictions for Eh , bringing them closer to experiment. 
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