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Order-disorder kinetics in orthopyroxene with exsolution products
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ABSTRACT

The equilibrium behavior and kinetics of the Fe-Mg intracrystalline exchange reaction in an
orthopyroxene sample containing exsolution products were studied by X-ray diffraction (XRD). Iso-
thermal annealing experiments were performed on an orthopyroxene crystal from the Johnstown
diogenite, which shows coherent (100) augite lamellae and Guinier-Preston zones. The kinetic ex-
periments were carried out at 700, 800, and°&Qntil Fe-Mg exchange equilibrium was reached.
Oxygen fugacity was controlled by the WI buffer. Equilibrium conditions were also confirmed by
“reversal” experiments. After each annealing run single-crystal XRD data were collected, and the
orthopyroxene phasé&bca was refined after subtraction of the contribution of the exsoG&d
phase to the observed structure factors. The fraction of augite was ~2%. The low values of the disor-
dering rate constant§', calculated using Mueller’s equation, and the surprisingly high value of the
activation energy (102.3 kcal/mol) for the Fe-Mg disordering reaction are ascribed to the presence of
exsolution products in the orthopyroxene. Exsolution products seem not to affect the equilibrium
behavior.

INTRODUCTION 1971; Seifert 1983; Molin et al. 1991; Yang and Ghose 1994).

In orthopyroxene, Peand Mg fractionate between the twoEMpirical equations that express the equilibrium distribution
non-equivalent crystallographic sites M1 and M2 witi+ EecoefficientKp as a function of temperature were developed to
preferring the M2 site and Mg the M1 site. This non-convef/low the calculation of the closure temperatures for the Fe-
gent ordering-disordering process can be described by the 4@ exchange from the quenched ordering state of an
lowing chemical exchange reaction: orthopyroxene crystal (Ganguly and Domeneghetti 1996; Kroll

! . et al. 1997). Recently Stimpfl et al. (1999) obtained the fol-
Fe"(M2) + Mg(Ml)D@E‘%@E@%Fé*(Ml) +Mg(M2) (1) lowing equation:

. ST In Kp = —2557£49)/T + 0.547£0.048) 2)
Tgfa;ingséfmdlso::gggon Is strongly dependent on tem\7vhere temperatur€ is in Kelvin, by statistical regression of
P . P o . L |I? Kp vs. Xge andT data selected from the literature according

Interest in both the equilibrium behavior and the kinetics 2

the exchange process Is mainly due to the possibility of usu? the criteria suggested by Kroll et al. (1997). This equation is

orthopyroxenes as indicators of the thermal history of igneoVsIId |n_ the c_omposmonal rgngegs Fs (Fs is Ferrosilite), .
and metamorphic rocks (Ganguly 1982). A geospeedome us reinforcing the conclusion of Ganguly and Domeneghetti
P guly - A geosp 596) that there is no significant compositional dependence
based on the Fe-Mg exchange in orthopyroxene was rece -
; . . . b over a wideXg range.
applied to meteorites as well (Ganguly et al. 1994; Molin et al. Determination of closure temperatures fromKaevalues
1994; Zema et al. 1996; Kroll et al. 1997; Zema et al. 1997), to.

. : ; L -_’'using the above expression represents an important step in con-
constrain their evolutionary histories through the calculation of _.~. . . .
. . Straining the thermal history of a crystal because it can give an
their cooling rates. LS :
A initial indication of the rate of the cooling process. More spe-
The temperature dependence of the equilibrium Fe-Mg frac

tionation has been the subject of various studies carried outféf}lc information, however, comes from the kinetic study of

- e Fe-Mg exchange reaction, which can give a quantitative
both natural and synthetic orthopyroxenes (Saxena and th\slgluation of the cooling rate. For this purpose, Mueller’s (1967,
1969) approach, as developed by Ganguly (1982), turned out
to be very useful. Mueller treated the Fe-Mg exchange in
orthopyroxene as a homogeneous chemical reaction following
‘Present address: Centro Grandi Strumenti, Universita di Pawiacond-order kinetics and developed a simple expression, which
Via Bassi 21, 27100 Pavia, Italy is valid for a binary system, to describe the variation with time

TE-mail: Domeneghetti@crystal.unipv.it of the ordering degree under isothermal conditions.
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Based on this theory, the kinetics of the cation disorderird, 1999). Like JS16, crystal JS15 showed sonk§ (eflec-
in orthopyroxene was studied both by Mdssbauer spectroscaions withk =2n + 1 andi= 4n + 2 which violate the extinction
(Besancon 1981; Anovitz et al. 1988) and by single-crystal XRionditions of thePbcaspace group of the orthopyroxene, but
(Saxena et al. 1987; Saxena et al. 1989; Skogby 1992; Sylka® consistent with an exsolved augite phase (Domeneghetti et
Nord and Molin 1993). All these experimental studies confirmeal. 1995).
Mueller’'s assumption that the kinetics of the exchange process ) )
follows a second-order rate law. By least squares fitting of'nealing experiments
selected set of data taken from the literature, Ganguly andA series of isothermal heating runs were performed at 700,
Tazzoli (1994) obtained an optimized expression for the dis@&00, and 850C until equilibrium was reached at each tem-
dering rate constamt'(min™) as a function of temperature andperature. Equilibrium conditions at 700, 750, and 8D@vere
Xee, as follows: confirmed by reversal experiments, i.e., crystal JS15 was dis-
In K* = (26.2 + 6.0%0) — 62767/(R) (3) ordered at 700C until equilibrium was attained, then disor-

derfed at 800C and re-ordered at 70U. Finally, it was

where .R i§ the gas constant, thus finding an averaged Valu‘aigordered at 850C and re-ordered at 800 and at 780 The
the activation energy of the exchange process of 622(743) sequence of the heating runs is reported in Table 1. The data

kcal/mol within the co_mposmor_1a_l rang. = 0.10-0.50. Kroll obtained from crystal JS16 (Zema et al. 1999) were used for
et al. (1997) also derived coefficients for the dependenké of . .
the disordering process at 7%0.

onT andXg. from published and their own data. They obtained ’ . . .
The annealing experiments were performed in a vertical,

the following equation from 27 rate constants measured ) o ) )
orthopyroxenes with composition 0%, < 0.55: Pé]mperature controlled[3 °C, Pt/(Pt-Rh) thermocouple] fur

nace. The experiments were carried out in silica tubes that were
In K* =28.12(80) — [32241(752) — 6012(6X7)/(RT). (4)  sealed after a preliminary alternate flushing with Ar and evacu-
This equation, applied to a sample wiXhk, = 0.255 as in ation to reduce the oxygen concentration. A wistite-iron (WI)
Johnstown orthopyroxene, yields an activation energy of 638ffer was used in addition to control theg The crystal and
kcal/mol, very close to the value of Equation 3. the buffer were put into the tubes in two separate small Pt cru-
All the experimental data used in the above studies wetidles so as to avoid contact. The presence of both iron and
obtained from samples in which the presence of exsolution pradistite, in a different ratio compared to that in the original
ucts had not been revealed. Such products, however, are cpawder, was verified at the end of each run by X-ray powder
monly present in orthopyroxenes which contain some Ca agiiffraction. The crystal was quenched by dropping the tubes
which have undergone very slow cooling. The aim here is iftto cold water.
investigate whether these exsolution products actually af'f%é:_t inal tal diffracti
the kinetics and/or the equilibrium behavior of the Fe-Mg ex- ray singie crysta difiraction
change reaction in orthopyroxene. An orthopyroxene single The quenched Fe-Mg ordering degrees of both the untreated
crystal (JS15) from the Johnstown diogenite, containing bc¥d the annealed crystal were determined from single-crystal
(100) exsolved augite lamellae and Guinier-Preston (GP) zorRD. Intensity data were collected on a Philips PW 1100 four-
was isothermally heated at different temperatures between Fgle automated diffractometer with graphite monochromated
and 850°C. To constrain the activation energy and the equili4oKa radiation & = 0.71073 A, 60 kV, 25 mA). The unit-cell
rium conditions, data obtained on another single crystal (JSP@yameters were determined using a locally improved version
from the same Johnstown fragment (Zema et al. 1999) wékeannillo et al. 1983) of the Philips LAT routine on 50-60 re-

also used in the calculations. flections and are reported in Table 2. Net X-ray diffraction in-
tensities were obtained by measuring step-scan profiles and
EXPERIMENTAL METHODS analyzing them by the Lehman and Larsen (1874) method,
Sample as modified by Blessing et al. (1974). The equivalent pirs

The Johnstown diogenite is a brecciated orthopyroxenite cdHl were measured up @= 30" using thew-scan mode. The
taining coarse-grained clasts of cumulate origin. Olivind)tensities were corrected for absorption using ghecan
chromite, plagioclase, troilite, silica, and metals are also presgHthod of North etal. (1968). _ _
as minor phases (Floran et al. 1981). The orthopyroxene fromStr_ucture refinements were carried out using the procedure
the Johnstown diogenite has a very homogeneous major elerfiégeribed by Domeneghetti et al. (1996) which allows the re-
composition, WeEn;,Fs,, which is very close to the mean com jlnemen.t of ancaphgse coexisting with@2/c exsolveq phase.
position of meteoritic diogenites (Fredriksson 1976; Mittlefehicthe estimated fraction of th@2/c phase measured in the un-
1994). It contains ~100 A thick coherent augite lamellae and
Guinier-Preston zones (Mori and Takeda 1981), which shouldlg e 1. Sequence of annealing experiments carried out on

indicate rapid cooling at high magmatic temperatures and slow sample JS15

cooling at very low temperatures (Molin et al. 1991). Process (°C) Total time No. of steps
The experimental work was carried out on the orthopyroxepgordering at 700 500 h 5
single crystal JS15, measuring 0.33 mM36 mmx 0.40 mm. Disordering at 800 2h 6
Under crossed polarizers it appeared to be homogeneous Qiggring at 700 (reversal) 500 !
n . - p . .pp - g 59 dering at 850 80 min 7
free of inclusions. The diffraction profiles were narrow and th@rdering at 800 (reversal) 2h 1
1

cell parameters very similar to those of sample JS16 (Zem&&dering at 750 (reversal) 24h
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treated crystal JS15 and after each heating run is reportedrnisotropic displacement parameters and site occupancies of
Table 2. It is worth noting that this fraction (about 2.0%) réM1 and M2 sites were refined, varying all parameters simulta-
mained practically constant over all the annealing experimemsously. No correlation >0.60 was observed, and the final dif-
This value is in perfect agreement with that estimated by TEfrence-Fourier maps were featureless. For all runs the number
analysis on sample JS16 (Camara, personal communicatiaf}otal and unique reflectiong, andl, respectively, was ~2800
The observed structure factors, “cleaned up” from the contend ~1235. Theonventional discrepancy indicBg based on
bution of the monoclinic phase, were used for further refin€2 > 25(F2) andR,;, based on all the?, as well as the goodness
ment of thePbcaphase. This last refinement, basedgnwas of fit (S) and refinement data are reported in Table 2. Inter-
carried out by full-matrix least-squares using SHELXL-9&tomic distances, final atomic parameters and observed and
(Sheldrick 1993). The values of equivalent pairs were averagelculated structure factors are available from the authors.

and the resulting discrepancy factgg = Z|F02 -F2|/ s Fzare Site populations were calculated using the refined structural
reported in Table R, decreased by about 0.5 after subtracparameters and the results of electron microprobe analysis. To pre-
ing the contribution of the exsolved phase. No chemical coserve it for further studies, chemical analysis was not performed
straints were used in the refinements. The atomic scattermgthe crystal JS15, but are from similar samples (Table 3). The
curves were taken from theternational Tables for X-ray Crys- refined structural parameters and the microprobe data were treated
tallography (Ibers and Hamilton 1974) and from Tokonamby a minimization program based on the MINUIT library (James
(1965). Complete ionization for Mg and Fe in M1 and M2 siteend Roos 1975). Procedural details are in Zema et al. (1997).
was adopted following Rossi et al. (1983),"Zdr Si in SIA Here, the sum of the mean atomic numbers of M1 and M2, aver-
and SiB sites and 1.3or O. The extinction correction of aged on all runs, was introduced as a further constraint in the
Coppens and Hamilton (1970) was applied. In addition to scaténimization. The atomic fractions of Fe and Mg, which define
factor and isotropic extinction coefficient, 30 atomic positionshe ordering state of the crystal, are reported in Table 4.

TABLE 2a. Cell parameters and information on data collection and structure refinements before and after annealing runs at 700 °C

Annealing a(A) b (A) c(A) V(A Rint Fraction of R, Rai S m.a.n* man* man*
time C2/c phase (%) (%) (%) (M1) (M2) (M1 +M2)
Untreated  18.280(5) 8.864(2) 5.204(2) 8432 2.93 15 2.13 3.35 1210  12.74(3) 18.90(3) 31.64(4)
15h 18.287(4) 8.868(2) 5.205(2) 844.1 2.71 1.9 2.98 3.88 1.185  12.90(5) 18.67(5) 31.57(7)
60h 18.288(4) 8.869(2) 5.206(2) 844.5 1.98 1.8 2.14 3.23 1.192  13.25(3) 18.30(4) 31.55(5)
120h 18.290(6) 8.869(2) 5.207(3) 844.6 1.82 1.9 2.62 3.70 1217  13.36(4) 18.26(5) 31.62(6)
250h 18.289(5) 8.868(2) 5.206(2) 844.4 2.33 1.4 2.33 3.72 1.263  13.42(4) 18.23(5) 31.65(7)
500h 18.285(7) 8.866(3) 5.203(3) 843.5 2.93 1.7 2.36 3.81 1.280  13.39(4) 18.17(4) 31.56(6)
Reversalt  18.282(5) 8.865(2) 5.204(2) 843.5 2.00 2.2 2.49 3.71 1.264  13.45(4) 18.18(5) 31.63(6)

Note: Standard deviations are given in parentheses; R, =X |FZ- Fi(mean)|/ Z[F2; Ri=Z||F|-|Fll/ Z|F|; S=[Z[W(F2- F2)?/(n- p)l°5 where
nis the number of reflections and p is the total number of parameters refined.

“m.a.n. is the mean atomic number.

T Starting point: equilibrium condition at 800 °C; annealing time: 500h.

TABLE 2b. Cell parameters and information on data collection and structure refinements after annealing runs at 800 °C and after the
reversal experiment at 750 °C

Annealing a(A) b (A) c(A) VA Rin Fraction of R, Rai S m.a.n* man* man*
time C2/c phase (%) (%) (%) (M1) (M2) (M1 + M2)
7 min 18.280(5) 8.865(2) 5.204(2) 8432 2.41 1.9 2.50 3.58 1212 13.48(4) 18.13(4) 31.61(6)
20 min 18.286(5) 8.867(3) 5.206(3) 844.0 2.48 2.0 2.36 3.38 1.186  13.63(4) 18.06(4) 31.69(6)
31 min 18.281(4) 8.864(2) 5.202(2) 842.9 2.16 1.9 2.24 3.86 1176  13.53(4) 18.00(4) 31.53(6)
40 min 18.287(8) 8.869(3) 5.206(2) 844.2 2.15 1.9 2.61 3.61 1.231  13.62(4) 18.00(4) 31.62(6)
121 min 18.284(8) 8.867(2) 5.204(2) 843.7 2.90 2.2 2.67 3.96 1311  13.64(5) 17.98(5) 31.62(7)
Reversal*  18.286(4) 8.867(2) 5.205(2) 843.9 2.30 17 2.11 3.69 1199  13.65(3) 17.94(4) 31.59(5)
at 750 °Ct 18.288(4) 8.870(2) 5.206(1) 844.5 1.86 2.1 2.36 3.19 1.216  13.46(4) 18.02(4) 31.48(6)

* Starting point: equilibrium condition at 850 °C; annealing time: 120 min.
T Starting point: equilibrium condition at 800 °C reached after the reversal experiment; annealing time: 1440 min.

TABLE 2c. Cell parameters and information on data collection and structure refinements after annealing runs at 850 °C
Annealing a(h) b(R) c(A) V(A3) Rt Fraction of R R S m.an* man* man*

1
time C2/c phase (%) (%) (%) (M1) (M2) (M1 +M2)
1 min 18.290(4) 8.869(2) 5.206(2) 844.6 1.80 2.1 2.36 3.09 1.201 13.54(4) 18.02(4) 31.56(6)
3 min 18.290(4) 8.869(2) 5.206(1) 844.4 2.43 15 211 3.50 1.321 13.58(4) 17.94(4) 31.52(6)
6 min 18.290(4) 8.870(2) 5.206(1) 844.7 1.97 2.1 2.36 3.29 1.204 13.62(4) 17.91(4) 31.53(6)
15 min 18.293(5) 8.873(2) 5.207(2) 845.2 1.91 2.2 2.32 3.15 1.247 13.72(4) 17.86(4) 31.58(6)
25 min 18.289(6) 8.870(3) 5.206(2) 844.5 2.10 1.9 2.14 2.84 1.192 13.65(4) 17.80(4) 31.45(6)
35 min 18.286(5) 8.867(3) 5.205(2) 844.0 2.01 2.0 2.47 3.46 1.262 13.70(4) 17.85(4) 31.55(6)

80 min 18.287(5) 8.868(2) 5.205(2) 844.1 2.25 1.6 2.23 3.55 1.172 13.70(3) 17.83(4) 31.53(5)
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TABLE 3. Chemical composition of the orthopyroxene from 1.8 1
Johnstown diogenite :

Oxide (wt%) Atoms per formula unit*
Sio, 54.13(15) Si 1.963(3)
AlLO, 1.09(4) Al 0.046(3)
FeO 15.10(11) Fe? 0.458(6)
MgO 26.60(12) Mg 1.437(4)
MnO 0.47(2) Mn 0.014(1)
Tio, 0.10(1) Ti 0.003(1)
Cr,0, 0.82(3) cr 0.024(1)
CaO 1.40(7) Ca 0.054(3) A
Na,O 0.01(1) Na 0.001(1) :
Sumn 99.48 Sum 4,000 0.85 0.90 0.95 , 1.00 1.05
Notes: Standard deviations are given in parentheses; average of 200 10°/T (1/K)

electron microprobe spot analyses of several crystals (Zema et al. 1997).
* Based on six O atoms. FIGURE 1. The InK, vs. 1T(K) plot for the orthopyroxene from

Johnstown (thicker solid line). Empty squares refer to disordering and
filled diamonds to ordering experiments. Dashed line is the calibration

of Stimpfl et al. (1999).

RESULTS AND DISCUSSION

The equilibrium conditions reached at each temperature
were defined using the equilibrium distribution coefficikpt

X (1 Xp2) In Ko = —2766¢210)T + 0.669¢0.20) & = 0.97)  (6)

X,;Mez(l— Xé/lel) (5)

° where temperaturg@ is Kelvin. This regression straight line

(Fig. 1) is in good agreement with that of Stimpfl et al. (1999),
whereXM! is the atomic fraction of Fei.e., F&/(F€ + Mg) at the differences being within the standard deviations, thus con-
the M1 site, and similarly fox¥2 with F€ = Fe* + Mn. The firming that the equilibrium behavior of orthopyroxene is not
values for sample JS15 are in Table 4. These data have baffected by the presence of exsolution products.
treated together with those obtained on sample JS16 (Zema eThe analysis of the kinetic data was performed using
al. 1999). The least squares fit of the two data sets yields Mueller’s (1969) equation

TABLE 4a. Atomic fractions in M1 and M2 sites and K}, values be fore and after annealing runs at 700 °C

Mg(M1) Fe*(M1) XM Mg(M2) Fe'(M2) XMz Ko
Untreated 0.9372(23) 0.0291 0.0301 0.4840(23) 0.4615 0.4881 0.0326(29)
15h 0.9251(36) 0.0413 0.0427 0.4998(38) 0.4458 0.4714 0.0501(49)
60h 0.8994(25) 0.0668 0.0691 0.5258(26) 0.4198 0.4440 0.0930(41)
120h 0.8929(32) 0.0734 0.0760 0.5304(33) 0.4152 0.4391 0.1050(55)
250h 0.8890(32) 0.0773 0.0800 0.5333(34) 0.4123 0.4360 0.1125(56)
500h 0.8899(30) 0.0764 0.0791 0.5353(30) 0.4103 0.4339 0.1120(53)
Reversal 0.8866(31) 0.0797 0.0825 0.5364(33) 0.4092 0.4327 0.1178(56)
Note: Standard deviations are in parentheses; Fe'=Fe + Mn.
v (FE) w_  (F€) X (- xp?)
XM= sy e .y =

* T (re +Mg) T T (Fe +Mg),," 0 XEE(L- )

M2

TABLE 4b. Atomic fractions in M1 and M2 sites and K; values after annealing runs at 800 °C and after the reversal experiment at 750 °C

Mg(M1) Fe*(M1) X Mg(M2) Fe'(M2) Xp2 Ko
7 min 0.8843(31) 0.0820 0.0849 0.5390(32) 0.4615 0.4299 0.1230(56)
20 min 0.8750(28) 0.0913 0.0945 0.5455(30) 0.4458 0.4231 0.1423(54)
31 min 0.8793(30) 0.0870 0.0900 0.5469(30) 0.4198 0.4216 0.1357(57)
40 min 0.8745(30) 0.0918 0.0950 0.5485(32) 0.4152 0.4199 0.1450(59)
121 min 0.8734(35) 0.0929 0.0961 0.5502(36) 0.4123 0.4181 0.1480(69)
Reversal 0.8713(25) 0.0950 0.0983 0.5524(26) 0.4092 0.4158 0.1532(50)
Reversal at 750 °C  0.8829(28) 0.0833 0.0862 0.5447(29) 0.4009 0.4240 0.1282(52)

TABLE 4c. Atomic fractions in M1 and M2 sites and K; values after annealing runs at 850 °C

Mg(M1) Fe*(M1) XM Mg(M2) Fe'(M2) X Ko
1 min 0.8787(28) 0.0876 0.0907 0.5461(29) 0.3995 0.4225 0.1363(53)
3 min 0.8752(28) 0.0912 0.0944 0.5511(28) 0.3944 0.4171 0.1456(55)
6 min 0.8728(29) 0.0935 0.0968 0.5534(30) 0.3923 0.4148 0.1511(58)
15 min 0.8665(26) 0.0997 0.1032 0.5579(29) 0.3878 0.4101 0.1655(60)
25 min 0.8687(26) 0.0977 0.1011 0.5599(27) 0.3856 0.4078 0.1633(55)
35 min 0.8675(32) 0.0988 0.1022 0.5580(27) 0.3876 0.4099 0.1640(66)
80 min 0.8671(25) 0.0992 0.1027 0.5591(26) 0.3866 0.4087 0.1655(53)
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—C.K*At = 1 |r‘|(b2 - 461(:)1’2 —[zaxénez + b]|X‘M*2“) The Arrhenius relation
0 - (bz —4ac)”2 '|(b2 —4ac)”2 +[2aX|’:V‘ez + b] . In K* = In Ky — Q/(RT)
xﬂ(;o)) =43.9£2.3) —102.3£2.4)/(RT)(R? = 0.996) 9)

. plotted in Figure 4 shows that, in the range of the temperatures
wherea, b, andc depend on the composition of the crystal anl estigated, the disordering rate constants of the Fe-Mg ex-
on the equilibrium distribution coefficiei, (see Table 4Co  change reaction are always lower than those predicted by Equa-
is the total number of sites involved in the exchange proceRsys 3 and 4 and the activation energy is much larger (102.3
and it is usually included in the disordering rate cons&nt yc5\/mol rather than ~63 kcal/mol). Such a large activation
The atomic fractionki was then chosen to define the Fe-Mqnqrqy for the exchange reaction has not been measured in the
ordering degree of the crystal. If Equation 7 is applicable, thga\jous kinetic studies, performed on orthopyroxene crystals
plot of the quantity in which the presence of exsolution products had not been re-

vealed. Because in XRD analysis the presence of (100) exsolved

augite lamellae in a crystal is immediately shown by violations
(8) of Pbcaextinction conditions, even if a preliminary check by

TEM is not carried out, one can reasonably presume that

Xpe(t
b2 - 4ac)’? ~[2ax 2 +b][ ©

b2 - 4ac)’% +[2aX 2 + b]|Xyez(t0)

L=In|(
I

vs. At gives a straight line with slopeCK*(b>~4ac)*? from
which the disordering rate const&K* at a fixed temperature
can be determined.

Very good linear fits of. vs. At were obtained for all tem-
peratures (Fig. 2). The relevant disordering rate constgiits 047 |
as well as details of the calculations are reported in Table

The close fit between the theoretical curves calculated u§-0_45 |
ing theseC,K* values in Mueller’'s equation and the experix<
mental data points (Fig. 3) confirms that the Fe-Mg exchange, ,; |
reaction in orthopyroxene actually follows second-order kinet-
ics and that the measured ordering states are highly reliable. , ,, EF

0

49 3

-

HOpH

5000 10000 15000 20000 25000 30000 35000

t (min)
TaBLE 5. Disordering rate constants and details of the calculations
T (°C) CoK* R? test No. of points in 044 4
the regression
700 1.38:10*/min 0.9990 2 —_
750* 1.16-10%min 0.996 5 g 043
800 0.0160/min 0.990 4 =
850 0.1505/min 0.94 2 8 ]
* From Zema et al. (1999). 042 | ?
0414 . - . . . . -
0.0 — 0 25 50 75 100 125 150 175
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05 4 700°C * 044
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FIGURE 2. ThelL vs.At plot for the calculation of the disordering ~ FIGURE 3. Experimental points superimposed on the theoretical
rate constant€,K* at each temperature. The line for disorderingurves calculated by Mueller's equation. Empty symbols represent
experiments at 758C is from Zema et al. (1999). The point after thgeversal experimentslop = 700°C annealingmiddle = 800°C;
break on the axis pertains to the 70C series. bottom = 850°C.
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