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Chapterr  6 

Thermodynamicc properties and thermal 

expansionn of some alloys based on Fe-Pt 

InIn this chapter, we have studied the thermal properties of 

thethe alloys Fe60Pt40, Fe59.7Pt39.8Nb0.5 and Fe59.s5Pt39.9Alo.25-

TheThe thermodynamic behaviour of the fcc-fct structural phase 

transitiontransition was analysed by means of differential-scanning-

calorimetrycalorimetry measurements. We have also studied the thermal 

expansionexpansion and the Invar effect of these alloys. 

6.11 Introductio n 

Thee fcc-fct structural phase transition in Fe-Pt alloys plays an important role in the 

enhancementt of the hard-magnetic properties of these alloys [1]. This transition, 

however,, cannot clearly be observed by magnetic measurements. Therefore, we studied 

thee kinetics of the fcc-fct transformation in Fe60Pt4o, Fe59.7Pt39.8Nbo.5 and 

Fe59.85Pt39.9Alo.255 by means of differential scanning calorimetry (DSC). In the DSC 

tracess we observe, besides the magnetic-ordering transition around 350 °C, also the 

fcc-fctt transition between 500 °C and 700 °C. The thermodynamic properties were 

analysedd by applying the Johnson-Mehl-Avrami (JMA) theory [2] to data obtained 

withh different heating rates. The activation energies for the fcc-fct transformation in 

thesee alloys are between 200 and 350 kJ/mol. Additionally, we observed differences in 

thee kinetics of the transformation process in the three alloys, which can be correlated to 

studiess of the micro structure. By using transmission electron microscopy (TEM) 

wee found that the samples differ in the degree of fct phase nucleation {see Sections 4.3 

http://Fe59.s5Pt39.9Alo.25
http://Fe59.85Pt39.9Alo.25
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andand 5.3). Besides, we also studied the fcc-fct structural phase-transition and the Invar 

effectt of these alloys by means of thermal-expansion measurements. 

6.22 Differential scanning calorimetry measurement 

6.2.16.2.1 Theoretical outline 

DSCC measurements have been widely used to study the crystallisation behaviour in 

glassess and amorphous materials [3-5]. In DSC measurements one can obtain the 

thermodynamicc parameters of the material studied, such as transition temperature, 

activationn energy and reaction rate. In the literature, the quantitative analysis of DSC 

dataa is frequently based on the JMA phase-transition equation [2]. 

Forr isothermal crystallisation, the JMA equation can be written as follows: 

X\l)X\l)  Y — € (fi, ]\ 

wheree x is the fraction of transformed material, / the time, K the reaction-rate constant 

andd n the Avrami coefficient. In general, the constant K depends on the temperature T, 

thee nucleation frequency and the crystal-growth rate as K = K0e~E" /RT. Here K0 is 

thee frequency factor, Ea the activation energy and R the ideal-gas constant. 

Everyy reaction in chemistry or transformation in physics requires a certain 

minimumm energy for the reaction or transformation to occur. This is called the 

activationn energy Ea {Ea > 0). 

Thee value of the coefficient n and the concomitant evolution of the 

transformationn as a function of time depend on the process that governs the transition, 

whichh can be either nucleation or grain growth. According to Avrami [2], the value of 

nn is typically between 1 and 4. For the range 0 < n < 2, time-dependent nucleation is 

dominant.. The transition is governed by growth when 2 < n < 4. Christian [6] has 

proposedd that, when 3 < n < 4, a three-dimensional nucleation and growth process 

prevails.. This general expression remains in the case of 2 < n < 3 for two-dimensional 

andd in the case of 1 < n < 2 for one-dimensional processes. 
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Thee phase-transition rate dx(t)ldt of the isothermal phase transition can be 

determinedd from Eq. (6.1) by differentiation with respect to time and substitution of 

thee expression forx(t) (Eq. (6.1)): 

n-\ n-\ 

—— = nK{ln(\-x)[-\n{\-x)} " (6-2) 
dt dt 

orr  ̂ = nKu"f(x) (6-3) 

dt dt 

wheree the function f(x) is represented by 

n-\ n-\ 
f(x)f(x) = (\-x)[-m-x)]n (6.4) 

Eq.. (6.2) was developed by Johnson, Mehl and Avrami under the following 

assumptionss [7]: 

isothermall  phase transition, 

spatiallyy random nucleation, 

growthh rate of the new phase depends only on temperature and not on time. 

Inn the recent literature [8-12], the JMA equation is applied in the case of 

aa non-isothermal phase transition in which the transition rate dx/dt depends only on the 

statee variables x and T. Several studies have been made to derive thermodynamic 

propertiess from DSC data. These studies can be divided into single-scan and multiple-

scann analysis techniques [8]. 

6.2.1.16.2.1.1 Single-scan DSC 

Too obtain the thermodynamic properties of a solid-state transition, one only needs a 

singlee DSC scan at a single heating rate. In Fig. 6.1, we draw a DSC trace in which the 

exothermicc peak corresponds to a transformation. From this peak, 

thee fraction of transformed material x at any temperature T can be determined as 

xx = —?- . Here A is the total area of the peak between the temperature T-t, where the 
A A 

transitionn starts and the temperature 7}, where the transition is terminated. ATi&  the area 

betweenn the temperature Tt and T shown by the hatched portion in Fig. 6.1. 
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Fig.Fig. 6.1 Schematic exotherm. 

Forr a transformation in which EJRT » 1 [9] (usually EJRT > 25 [10]), 

onee can transform Eq. (6.2) into: 

\n[-ln(l-x)]-2nlnT\n[-ln(l-x)]-2nlnT = --  ̂ + nlnnRK° " (6.5) 
RTRT pE 

wheree {3 = dTldt is the heating rate. In fact, over a temperature range of 100 K, 

thee contribution of T, and therefore -2nln7, can be neglected [11] with acceptable error 

inn the calculation of the activation energy. Thus, the plot of the DSC results on 

aa double logarithmic scale versus \/T gives the value of Ea, if n is known. 

Fromm Eq. (6.2), taking the logarithm, one obtains: 

l n f—1== — ^ + ln[ ƒ (JC)] + I nCn^ ") (6.6) 
(̂ ^ dt j nRT ° 

Inn the range 0.25 < x < 0.55, the function fix) almost does not change, for example for 

thee Fe6oPt4o alloy the variation ln[/(1-=055)]-ln[/'(v=o.25)] equals 0.38xlO"3. Therefore, 

thee plot of \n(dx/dt) versus 1/T presents a straight line whose slope gives the value of 

EJnR.EJnR. In combination with Eq. (6.5), the value of n can be derived. 

6.2.1.26.2.1.2 Multiple-scan DSC 

Thee difference between the multiple-scan and the single-scan technique is that in the 

formerr we use DSC measurements at several different heating rates in the analysis. 
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Thee advantage of multiple DSC scans is that the analysis does not depend on the x 

dependencee of dxldt. For a transition in which the products and the mechanism do not 

changee with temperature [9, 12], Eq. (6.1) can be written as 

In n 
(j(j  2 ^ 

p p 

nRT„ nRT„ 
- I n n 

ff  D \ 

nt\nt\ i/„ 

E„ E„ 

++ 2^r(l-4̂  (6.7) ) 

wheree Tp is the peak temperature of the considered transition. For common heating 

rates,, /?< 100 K/min, with n > 1 and EJRTP > 25, the last term of the right-hand side of 

Eq.. (6.7) can be ignored within acceptable error. Hence, one can determine the value of 

EJnREJnR from the slope of the straight line in a plot of \n(Tp
2//3) versus \/Tp. 

Withh the assumption of 2RTp/Ea « 1, the activation energy can be derived 

fromm the value of (dxldt) at the temperature Tp as follows [10]: 

fdx^ fdx^ 
E„E„  = RT„ 

dt dt 
(0.37/?)" " (6.8) ) 

A> > 

6.2.26.2.2 Experimental 

Wee prepared the alloys Fe60Pt4o, Fe59.7Pt39.8Nbo.5 and Fe59.g5Pt39.9Alo. 25 by arc-melting 

appropriatee amounts of the pure elements (3N) under a purified-argon atmosphere. For 

thee DSC measurements, the alloys were cast into a cylinder with 

aa diameter of 1.5 mm and then cut into flat disk-shaped samples with a diameter of 

1.55 mm and a height 0.5 mm. All samples were annealed at 1325 °C for 1 h under 

argonn atmosphere and quenched in water (as-quenched sample). 

Thee DSC measurements in this thesis, were carried out in a Perkin-Elmer 

DSC77 in a purified-argon flux to protect the sample against oxidation. The measuring 

temperaturee ranged from room temperature up to 700 °C and the heating rate varied 

betweenn 5 °C/min to 150 °C/min. The results will be presented in the 

followingg sections. 

http://Fe59.g5Pt39.9Alo
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6.2.36.2.3 Results and discussion 

6.2.3.16.2.3.1 Fe60Pt40 

X-rayy diffraction on an as-quenched Fe^Pt̂  sample and a sample aged at 

6000 °C for 1 h, shows a change in the crystallographic structure {see Section 4.3.1). 

Besidee this, a hysteresis-loop measurement indicates that the magnetic properties are 

improvedd after the ageing process. These alterations are caused by the fcc-fct structural 

phase-transitionn in this alloy. The transition, however, was not clearly observed in 

thee magnetic measurements. 

Inn Fig. 6.2, we present DSC scans of as-quenched Fe60Pt40 measured at 

differentt heating rates ranging from 20 °C/min to 150 °C/min. In all DSC traces, we 

seee two exothermic peaks. The first peak at the lower temperature (denoted by Tc), 

aroundd 370 °C, reflects the magnetic-ordering transition. The fcc-fct structural phase 

transitionn is observed by the presence of the second peak at higher temperatures 

betweenn 600 °C and 650 °C (marked by Tp). One can see that Tc is practically 

independentt of the heating rate. However, Tp increases with increasing heating rate. 

Thiss shift of Tp is a consequence of the phase transition being a thermally activated 

process. . 

Wee will now derive the thermodynamic properties of Fe^Pt̂  from the DSC 

scans.. We introduce the transformed fraction of material x, which is the ratio of 

thee fractional area under the second peak at a certain temperature and the total area of 

thiss peak. By taking into account the DSC scans at each heating rate, we can obtain 

thee temperature dependence of the transformed fractions x for different heating rates as 

displayedd in Fig. 6.3. 

Too obtain further information on the fcc-fct structural phase transition, firstly, 

wee apply Eqs. (6.5) and (6.6) to the above obtained data of a single DSC scan. 

Inn Figs. 6.4 and 6.5 we present the dependencies of ln[-ln(l-;c)] and \n(dx/dt) on \IT, 

respectively,, for the representative heating rate J3 = 30 °C/min. It is worth to note here 

againn that only part of the data, for transformed material in the range 0.25 < x < 0.55, 

wass used in further analyses (see Section 6.2.1.1). 
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Fig.Fig. 6.2 DSC scans of as-quenched Fe60Pt4o at different heating rates. 
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Fig.Fig. 6.3 Temperature dependence of the fraction 
ofof transformed material x in Fe60Pt40 at different heating rates. 

Thee selected data were used to obtain the linear fits represented by the solid 

liness in these figures. From these results, by means of Eqs. (6.5) and (6.6), 

thee activation energy Ea! and the Avrami coefficient «; of Fe60Pt40 were calculated, 
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respectively.. The detailed values of the thermodynamic properties are listed in 

Tablee 6.1 below for heating rates 20 < /? < 50 °C/min. 
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Fig.Fig. 6.4 Variation ofln[-ln(l-x)]  with 1/7'for Fef,(tPt4U 

atat a heating rate /J= 30 °C/min. The solid line represents a linear fit. 
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Fig.Fig. 6.5 Phase-transition rate \n{dx/dt) as a function of 1/Tfor Fe60Pt40 

atat a heating rate /? = 30 °C/min. The solid line represents a linear fit. 

Onn the other hand, Eqs. (6.7) and (6.8) of the multiple DSC scans can now 

alsoo be used to analyse the thermodynamic properties of Fe60Pt4o. From the DSC scans 

12 2 1.1200 1.128 1.136 6 1.144 4 1.152 2 

107T(Kr r 

JJ  L 
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att various heating rates, we can obtain the values of Tp and the corresponding values of 

(dx/dt)(dx/dt)TpTp. . 

Tablee 6.1 Thermodynamic properties derived from single DSC scans of Fe60Pt40. T, and 7}  are 

thee temperatures corresponding to the start and the end of the phase transition. 

p p 
(°C/min ) ) 

20 0 

30 0 

40 0 

50 0 

r-interva ll  (°C ) 

T, T, 

528 8 

562 2 

571 1 

580 0 

Tf Tf 

624 4 

672 2 

682 2 

692 2 

EEaal l 

(kJ/mol ) ) 

362 2 

342 2 

388 8 

350 0 

EJn, EJn, 

(kJ/mol ) ) 

124 4 

121 1 

125 5 

127 7 

»/ / 

2. 9 9 

2. 8 8 

3. 1 1 

2. 8 8 

7.0 0 

6.5 5 

5.55 -

5 00 I , 1 , 1 , 1 , 

1.0755 1.100 1.125 1.150 1.175 

103/Tp(K"1) ) 

Fig.Fig. 6.6 Variation ofln(Tp //?) with l/Tpfor Fe60Pt40.The solid line represents a linear fit. 

Thee graph of ln(Tp
2//3) is plotted versus \ITP in Fig. 6.6 together with the linear 

fitfit  shown by the solid line. Based on Eq. (6.7), the ratio between the activation energy 

andd the Avrami coefficient Ea2/n2 was derived to be equal to 121 kJ/mol. 

Inn combination with Eq. (6.8), values for Ea2 and n2 for Fe60Pt4o were obtained as 

presentedd in Table 6.2. The values of Ea2 and n2 are comparable to the results listed in 

Tablee 6.1, obtained by analysing the single DSC scans. 



114 4 ChapterChapter 6 

Tablee 6.2. Thermodynamic properties of Fe^Pt̂  derived from multiple DSC scans. 

p p 
(°CC /min) 

20 0 

30 0 

40 0 

50 0 

T T 
11p p 

(°C) ) 

598 8 

625 5 

627 7 

643 3 

\tf(dx/dt)\tf(dx/dt)Tp Tp 

(s-1) ) 

7.0 0 

8.3 3 

11.3 3 

13.4 4 

Ea2 Ea2 

(kJ/mol) ) 

358 8 

300 0 

309 9 

303 3 

EJnEJn2 2 

(kJ/mol) ) 

121 1 

«2 2 

3.0 0 

2.5 5 

2.6 6 

2.5 5 

Forr FeéoPtw, the Avrami coefficient has average values of n] = 2.9  0.1 and 

nn22 - 2.7  0.2 (the mean value is n ~ 2.8  0.2). This large value, near 3, indicates that, 

inn Fe6()Pt4o, the growth process is dominant during the transition. This means that 

thee transition mainly proceeds by growth of the quenched-in fct nucleation sites. 

Thiss is also in agreement with the X-ray and magnetic measurements, which show 

smalll  amounts of the fct phase to be present already in the as-quenched state. The 

averagee activation energies are Ëü] = 361  15 kJ/mol and Eu2 =318 + 21 kJ/mol. 

Bothh values are higher than the usual activation energy for crystallisation in glassy or 

amorphouss materials. 

6.2.3.26.2.3.2 Fe59.7Pt398Nb0.5 

Ass described in the previous chapter (see Section 5.3.1), the alloys Fe59 7Pt39 8Nb0.5 and 

Fe59.H5Pt399Alo.255 show the best magnetic properties and therefore were used for further 

studyy of the thermodynamic properties. 

Firstly,, for as-quenched Fes^Pt^.gNb0.5, DSC scans at different heating rates 

fromm 5 °C/min to 30 °C/min are presented in Fig. 6.7. During the heating process, we 

againn observe two exothermic peaks, the same as for Fe6oPt40. Around 350 °C the first 

peakk appears which is due to the magnetic-ordering transition (Tc). The fcc-fct 

structurall  phase transition gives rise to the second peak at higher temperatures between 

5500 °C and 650 °C (Tp). 

http://Fe59.H5Pt399Alo.25
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Fig.Fig. 6.7 DSC scans ofFeS9jPt39SNb0j at different heating rates. 
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Fig.Fig. 6.8 Temperature dependence of the fraction 
ofof transformed material x in Fe597Pt}g)fNbo_5 at different heating rates. 

Too obtain quantitative information on the fcc-fct phase transition, 

thee thermodynamic properties of the Fe59.7Pt39.8Nbo.5 alloy were again analysed by 

usingg the JMA model. From single DSC scans at each heating rate, we determined 

thee transformed fractions x as displayed in Fig. 6.8. 
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1.13 3 1.14 4 1.15 5 

103/T(K'1) ) 

1.16 6 1.17 7 

Fig.Fig. 6.9 Variation ofln[-ln(l-x)]  with 1/Tfor Fesg7PtJ9SNb05 

atat a heating rate fi= 20 °Clmin. The solid line represents a linear fit. 

1.133 1.14 1.15 1.16 

103/T(K1) ) 

1.17 7 

Fig.Fig. 6.10 Phase-transition rate ln(dx/dt) as a function of 1/Tfor Fe597Pt3ggNhn5 

atat a heating rate [5=  20 °C/min. The solid line represents a linear fit. 

Inn accordance with Eqs. (6.5) and (6.6), the values of ln[-ln(l-x)] and \n(dx/dt) 

aree plotted versus 1/T in Figs. 6.9 and 6.10, respectively, for /? = 20 °C/min. The solid 

liness in these figures represent linear fits. From the fitting results, we obtained values 

forr the activation energy Ea! and the Avrami coefficient «/ of Fe59 7Pt39 8Nbo.5 as listed 

inn Table 6.3. 
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Tablee 6.3 Thermodynamic properties of Fe59 7Pt39 8Nb0.5 derived from single DSC scans. T, and 

TTff represent the temperatures corresponding to the start and the end of phase transition. 

p p 
(°C/min ) ) 

5 5 

10 0 

20 0 

30 0 

r-interva ll  (°C ) 

T T 

454 4 

474 4 

518 8 

549 9 

Tf Tf 

605 5 

625 5 

662 2 

698 8 

(kJ/mol ) ) 

191 1 

198 8 

204 204 

225 5 

EEaa,/n, ,/n, 

(kJ/mol ) ) 

91 1 

101 1 

90 0 

105 5 

n, n, 

2. 1 1 

2. 0 0 

2. 3 3 

2. 1 1 

8.0 0 

7.6 6 

7.2 2 

SS 6.8 

•££ 6.4 

6.0 0 

5.6 6 

1.088 1.10 1.12 1.14 1.16 1.18 1.20 1.22 1.24 

103/Tp(K"1) ) 

Fig.Fig. 6.11 Variation of ln(Tp
2/p) with l/TpforFe597Pt39SNb05. 

TheThe solid line represents a linear fit. 

Thee thermodynamic properties of Fe59.7Pt39.8Nb0.5 alloy were also derived by 

usingg multiple DSC scans at all above-mentioned heating rates. In Fig. 6.11, we show 

plotss of \n{Tp
2/p) versus l/Tp for this alloy (the linear fit  is shown by the solid line). 

Byy using Eq. (6.7), the ratio Ea2/n2 was calculated to be equal to 119 kJ/mol. The value 

off  Ea2 can be obtained by means of Eq. (6.8) so that the value of n2 could be 

determined.. The obtained results are presented in Table 6.4. They are within the range 

off  the results obtained from single DSC scans {see Table 6.3). 

'' • ' i I i L 
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Tablee 6.4 Thermodynamic properties of Fe59 7Pt39 8Nb0,5 derived from multiple DSC scans. 

P P 
(°CC /min) 

5 5 

10 0 

20 0 

30 0 

T T 
11 p 

(°C) ) 

547 7 

575 5 

617 7 

623 3 

\0\dx/dt)\0\dx/dt)Tp Tp 

(s-1) ) 

1.0 0 

2.0 0 

4.0 0 

6.8 8 

Ea2 Ea2 

(kj/mol) ) 

180 0 

196 6 

213 3 

246 6 

EJnEJn2 2 

(kJ/mol) ) 

119 9 

«2 2 

1.5 5 

1.7 7 

1.8 8 

2.1 1 

Inn general, both the values of the activation energy and of the Avrami 

coefficientt of Fe59.7Pt39.8Nbo.5 alloy are smaller than for Fe60Pt4o. This indicates that 

thee dynamics and the energy balance of the transformation are affected by the small 

additionn of Nb. 

6.2.36.2.3 J Fe59.s5Pt39.9Alo.25 

InIn Fig. 6.12, we show the DSC scans of as-quenched Fe59 g5Pt39 9A10 25 samples at 

differentt heating rates from 10 °C/min to 40 °C/min. Two exothermic peaks were also 

seenn with increasing temperature. These are marked as Tc at around 360 °C for the 

magnetic-orderingg transition and Tp in the temperature range between 575 °C and 

6500 °C for the fcc-fct structural phase transition. 

Thee same analysis procedure as followed for the other two alloys was carried 

outt for the DSC data of Fe59.g5Pt39.9Alo.25- From single DSC scans, the transformed 

fractionss x in Fe59.g5Pt39.9Alo.25 alloys were determined as shown in Fig. 6.13. 

Inn Figs. 6.14 and 6.15, we have plotted the values of ln[-ln(l-jc)] and \n(dx/dt) 

versuss 1/T, respectively, for a heating rate /J = 20 °C/min. These data were linearly fit 

byy the solid lines in these figures. Based on Eqs. (6.5) and (6.6), we obtained values for 

thee activation energy Eal and the Avrami coefficient «7 of Fe59.g5Pt39 9A10.25 as presented 

inn Table 6.5. 

Again,, we also used multiple DSC scans to analyse the thermodynamic 

propertiess of Fe59.g5Pt39.9Alo.25- In Fig. 6.16, we present the graph of \n{Tp
2/p) versus 

l/Tl/Tpp for this alloy. From the linear fit  represented as a solid line in this figure 

http://Fe59.s5Pt39.9Alo.25
http://Fe59.g5Pt39.9Alo.25
http://Fe59.g5Pt39.9Alo.25
http://Fe59.g5Pt39.9Alo.25
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andd Eq. (6.7), the ratio Ea2/n2 was derived to be 110 kJ/mol. In combination with 

Eq.. (6.8) the values for Ea2 and then n2 are obtained as given in Table 6.6. Comparing 

thesee values with the results derived from the single DSC scans (see Table 6.5), we see 

thatt these values are rather similar. 
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Fig.Fig. 6.12 DSC scans of Fe59ssPt399Al025 at different heating rates. 
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Fig.Fig. 6.13. Temperature dependence of the fraction 
ofof transformed material x in Fe59HSPt399Al0.2s at different heating rates. 
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Fig.Fig. 6.14 Variation ofln[-ln(]-x)]  with 1/Tfor Fe59SSPt399Al0.25 

atat a heating rate fi= 20 "C/min. The solid line represents a linear fit. 
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1.13 3 1.14 4 1.155 1.16 

103/T(K"1) ) 

1.17 7 1.18 8 

Fig.Fig. 6.15 Phase transition rate ln(dx/dt) as a function of 1/Tfor FeS9S5Pti99Al025 

atat a heating rate f5= 20 °C/min. The solid line represents a linear fit. 
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Tablee 6.5. Thermodynamic properties of Fe5985Pt39 9Alo.25 derived from single DSC scans alloy. 

TiTi and 7}present the temperatures corresponding to the start and the end of phase transition. 

p p 
(°C/min) ) 

10 0 

20 0 

30 0 

40 0 

^-intervall  (°C) 

Ti Ti 

491 1 

527 7 

535 5 

556 6 

Tf Tf 

656 6 

662 2 

613 3 

675 5 

Eal Eal 

(kJ/mol) ) 

242 2 

249 9 

259 9 

279 9 

EJnEJnl l 

(kJ/mol) ) 

109 9 

93 3 

95 5 

105 5 

«/ / 

2.2 2 

2.7 7 

2.7 7 

2.7 7 

8.4 4 

8.0 0 

7.6 6 

^^  7.2 

t >> 6.8 

6.4 4 

6.0 0 

5.6 6 
1.066 1.08 1.10 1.12 1.14 1.16 1.18 1.20 

103/Tp(K" 1) ) 

Fig.Fig. 6.16 Variation ofln(Tp
2//5) with 1/Tp. The solid line indicates linear fitting. 

Tablee 6.6. Thermodynamic properties of Fe59 85Pt39 9A10 25 derived from multiple DSC scans. 

p p 
(°CC /min) 

10 0 

20 0 

30 0 

40 0 

TTP P 

(°C) ) 

577 7 

607 7 

620 0 

651 1 

\Q\dxldt)\Q\dxldt)Tp Tp 

Cs'1) ) 

2.5 5 

4.9 9 

7.5 5 

8.0 0 

EEaa2 2 

(kJ/mol) ) 

230 0 

256 6 

270 0 

245 5 

EEa2a2/n/n2 2 

(kJ/mol) ) 

110 0 

nn2 2 

2.1 1 

2.3 3 

2.6 6 

2.2 2 
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Thee average activation energies are £ = 205  11 kJ/mol and 

EEa2a2 = 209  21 kJ/mol for Fe59.7Pt39.8Nb0.5 and £Q! = 257  12 kJ/mol and 

EEa2a2 = 250 3 kJ/mol for Fe59.s5Pt39.9Alo.25. For the former alloy, the values of the 

Avramii  coefficient are nx =2.1 1 and n2 = 1.8  0.2, with a mean value of 

nn = 1.95. This value is smaller than the mean value for the latter alloy which is close to 

nn = 2.5 («, = 2.6  0.2 and n2 = 2.3 + 0.2). The larger value of the Avrami coefficient 

forr Fe59.g5Pt39.9Alo.25 indicates that the fcc-fct transition is mainly controlled by growth 

off  the nucleated fct sites, which is the same situation as in FeeoPt.̂ Apparently, 

thiss transition is controlled both by nucleation and growth processes in the case of 

Fe59.7Pt39.8Nbo.5. . 

6.2.46.2.4 Conclusions 

Firstly,, the difference between the thermodynamic properties of Fe6oPt4o, 

Fe599 7Pt39 gNbo.5 and Fe59.g5Pt399Alo.25 can be understood by taking into account 

thee microstructure of the corresponding as-quenched samples as observed by means of 

transmissionn electron microscopy (see Sections 4.3 and 5.3). In the TEM selected area 

diffractionn pattern (SADP) image of the as-quenched Fe59 7Pt39 8Nb0.5 alloy, we 

observedd only very weak superstructure spots. In the TEM dark-field (DF) image, 

thee number of fct particles is small and the particle size is below 1 nm. However, more 

completee atomic ordering occurs in the as-quenched Fe59.g5Pt39.9Alo.25 and Fe^Pt̂  

alloyss and we observed more fct particles with a larger particle size, of 2 and 3 nm, 

respectively.. Therefore, upon ageing of as-quenched Fe59.7Pt39.gNb0.s alloy, first the fct 

phasee nucleates in the fee matrix, which is then followed by the growth of these fct 

particles.. However, a considerable amount of fct particles are already present in as-

quenchedd Fe59.85Pt39 9AI0.25 and Fe60Pt40 and immediately start to grow under the heat 

treatment. . 

Thee average activation energies of both Fe59 7Pt39 gNb0 5 and Fe59 85Pt39 9AI0.25 

aree smaller than for Fe6oPt4o- We will now investigate the origin of the effect of 

thee additional elements Nb and Al on the thermodynamic properties of Fe-Pt alloys. 

http://Fe59.s5Pt39.9Alo.25
http://Fe59.g5Pt39.9Alo.25
http://Fe59.g5Pt399Alo.25
http://Fe59.g5Pt39.9Alo.25
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Inn Table 6.7, we have listed the enthalpy of formation of some binary alloys based on 

Fe,, Pt, Nb and Al elements [13]. FePt is considered to have the disordered fee 

structure.. For equiatomic alloys, we can arrange these values in the following 

sequence: : 

A//or(PtNb)) < Atf^PtAl ) < A^or(FeAl) < A//or(FeNb) < A//or(FePt). 

Thiss sequence implies that, in general, the Nb and Al ions will substitute for Fe/Pt-ions 

att crystallographic lattice sites and prefer to occupy sites with many Pt nearest 

neighbourss rather than Fe nearest neighbours. Furthermore, for Nb this tendency will 

bee stronger than for Al. This has as a consequence that in the disordered fee structure 

theree are more Pt atoms close to Nb atoms in Fe59.7Pt39 8Nb0.5 than Pt atoms close to Al 

atomss in Fe59.85Pt39.9Alo.25. 

Tablee 6.7 Predicted enthalpy of formation &tfw (in kJ/mole atoms) of some binary compounds 

[13].. The enthalpy of formation of the disordered FePt alloy is -19 kJ/mol atoms. 

Elementt X 1 XA1 

Fe e 

Pt t 

-32 2 

-82 2 

XNb b 

-23 3 

-- 100 

X5AI I 

-- 15 

-33 3 

X5Nb b 

-- 11 

-42 2 

Inn the disordered fee FePt alloy each lattice site has 12 nearest-neighbour 

sites,, 50 % of which are occupied by Pt atoms. Hence, an X atom (here X = Fe or Pt) 

occupyingg such a site has an average of 6 nearest-neighbour Pt atoms. 

Byy contrast, if an M atom occupies a Fe site in the ordered fct structure, it has 

88 nearest-neighbour Pt atoms. We mentioned already that for M = Nb and Al a large 

numberr of Pt nearest-neighbours is energetically favourable. Hence, additions of Nb or 

All  to FePt are expected to lead to local atomic fct arrangements and similar 

arrangementss may be expected in FeöoPUo with Nb and Al additives. 

Iff  such a type of short-range ordering would exist in the as-quenched alloys, 

onee would expect that nucleation of the fct phase would be relatively easy and that 

thee fee to fct transformation would not be nucleation controlled as observed 

experimentally.. It is therefore more likely that, in the as-quenched alloys, clusters of 

http://Fe59.85Pt39.9Alo.25
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Pt|2Nbb exist, in which all 12 nearest-neighbour atoms of a Nb atom are Pt atoms. 

Inn that case there is a certain amount of Pt atom depletion around the Pt,2Nb clusters, 

whichh makes fct nucleation more difficult. In the case of Al such clusters are less likely 

(see(see Table 6.7). Because of this and because of the lower concentration of Al compared 

too Nb, regions with a Pt deficiency are less extended and consequently have less 

influencee on the fct nucleation. 

Thee fcc-fct structural phase transition, in fact, is a diffusion of Fe- and Pt-ions 

fromm one lattice site (layer) to another lattice site (layer) in order to have alternating 

layerss of Fe- and Pt-ions along the c-axis of the fct structure. Nb and Al have atomic 

volumess that are substantially larger than those of Fe and Pt (atomic radius 

rrNhNh = 2.08A, rA! = 1.82 A, rFe = 1.72 A and rPl = 1.83 A). This causes severe distortions 

aroundd the former atoms, which, in turn, enhances atomic mobility. This is probably 

thee reason why the activation energies for the alloys with Nb and Al are lower than that 

off  the parent alloy. 

Finally,, we recall that DSC measurements provide thermodynamic 

informationn concerning the phase transition that cannot be obtained from magnetic 

measurements.. It is a useful method to study the structural phase transition and 

thee thermodynamic properties in Fe-Pt alloys. 

6.33 Thermal-expansion measurements 

6.3.16.3.1 Theoretical outline 

6.3.1.16.3.1.1 Linear-expansion coefficient 

Wee consider a solid sample that has an initial volume V0 at a temperature TQ. When the 

temperaturee of the material increases to T = T0 + AT, in general the volume of the 

samplee increases as well to V(T) = V0 + AV . Assuming that the relative increase in 

thee volume is linear with the temperature, one has: 

—— = oAT (6.9) 

wheree co is the volume-expansion coefficient of the material. 
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Iff  the above-mentioned sample has a cubic shape with an initial length /0 in 

eachh direction, the initial volume is V0 ~ 1% and at increased temperature T, 

thee volume can be expressed as follows: 

V( r )) = ( /0+A/) 3 = V 0+3(A/) /2+3(A/)2/ 0+(A/) 3 (6.10) 

wheree A/ is the increase in length of the cube edge in each direction at the considered 

temperaturee T. Assuming that A/ « /0, then (A/)2 and (A/)3 are negligible. Then, one 

cann simplify Eq. (6.10) to: 

AV=V(T)-VAV=V(T)-V00=3(Al)l^=3(Al)l^  (6.H) 

Inn this case, Eq. (6.9) becomes: 

^^  = ^L^ aAT (6.12) 
3V00 /„ 

wheree a = —Q) is defined as the linear-expansion coefficient of the material. 
3 3 

Thee coefficient «itself can also depend on temperature: 

OCT)) = 1 ( ^ - 1 (6-13) 
ll 00{dT{dT J, 

AA cubic shape of the sample was considered for simplicity. In fact, Eqs. (6.12) 

andd (6.13) also hold for most other shapes, for example for cylindrical samples. 

Furthermore,, Eq. (6.12) is only valid if the thermal expansion of the sample does not 

showw anisotropic behaviour on a macroscopic scale. 

Inn general, it is not easy to measure volumes and changes in the volume for 

solidd materials. The derivations used above, however, offer a way to investigate 

volumee effects in which we only need to measure the length and the change in 

thee length of the sample studied. The linear-expansion coefficient is directly related to 

thee volume expansion coefficient, as long as the length changes are small. The total 

thermall  expansion of the sample can be measured with a dilatometer. 

6.3.1.26.3.1.2 The Invar effect 

Thee Invar effect was discovered by Charles-Edouard Guillaume in 1897 [14] during a 

studyy on Fe-Ni alloys. The most important property of an Invar system is 



126 6 ChapterChapter 6 

thee anomalously low thermal expansion over a considerable temperature range, i.e. its 

lengthh being /«variant with temperature. The Invar alloy Fe65Ni35 is well known as 

aa material with a very small thermal-expansion coefficient around room temperature, 

lesss than 2x10" K '. This is small compared to most metallic materials which have 

valuess of 10-20x10"6K_1. 

Inn addition to the thermal-expansion anomaly, other physical properties may 

alsoo show anomalous behaviour, such as a large negative pressure effect on 

thee magnetisation and on the Curie (or Néel) temperature, an anomalous temperature 

dependencee of the elastic modulus, a large forced volume magnetostriction, and 

anomaliess in the atomic volume and the heat capacity. Many other alloys and 

compoundss have now been found with a similar thermal-expansion anomaly, in various 

orderedd structures, in random alloys or even in amorphous materials. These Invar-type 

materialss have attracted much attention, particularly in the field of magnetism because 

thee origin of the thermal-expansion anomaly is related to the magnetism of metals. 

Ass an example, we will consider one of the anomalous properties of the Invar 

alloy.. A change in the volume of a material is not only due to a change in its 

temperaturee but can also be induced by a change in an applied magnetic field. 

Thiss phenomenon is characterised by the volume magnetostriction, which is defined as: 

"—— -— ' w n e re ^o is the volume of the material in zero field and 
vAdHvAdH l 

'dv\'dv\ . 
is s 

Ml Ml 
thee partial derivative of the volume with respect to the applied field at constant 

temperaturee T. 

Forr most solid materials, the volume magnetostriction varies between -1012 

andd 10"l2m/A, but for some alloys its value can be of the order of 10"9 m/A. When the 

volumee magnetostriction is large enough, a change in the volume-expansion coefficient 

(andd also in the linear-expansion coefficient) due to an applied magnetic field can be 

thee result. For more quantitative information, we consider a ferromagnetic metallic 

materiall  that has a linear-expansion coefficient aM in the non-magnetic state. As we 

knoww from ref. [15], the lattice contribution is the main contribution to aM. An external 

magneticc field is now applied to the sample, such that the magnetisation M of 

thee sample is saturated at a value Ms. When the sample is heated, the magnetisation 
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tendss to decrease and in order to keep it saturated the applied magnetic field needs to 

bee increased. This increase in magnetic field is represented by 
dT dT 

.. The linear-

i s s 

expansionexpansion coefficient is given by [16]: 

(6.14) ) 

Thee last factor in this equation is always positive and the volume 

magnetostrictionn is considered to be high, therefore a < aM, In the temperature range 

nearr the Curie temperature the magnetisation decreases rapidly. The applied magnetic 

field,field, necessary for the sample to retain its saturation magnetisation, will therefore 

increasee significantly. Consequently, a decreases abruptly at the Curie temperature. 

Duee to this Invar effect, a may even have negative values. 

Figuree 6.18 presents an overview of this effect. In this figure, 

thee contributions of the lattice and the volume magnetostriction to the thermal 

expansionn are represented by the dotted and dashed lines, respectively. The solid line 

indicatess the total thermal expansion. Figure 6.18 shows the particular case of 

aa thermal-expansion curve with negative slope in the temperature range around Tc, i.e. 

thatt the sample contracts with increasing temperature. This implies that the decrease of 

thee volume magnetostriction is larger than the increase of the lattice contribution. 

Negativee slopes in a thermal-expansion curve are rarely found. Only a few alloys with 

aa very specific composition show a strong anomaly as depicted in Fig. 6.18. 

6.3.26.3.2 Experimental results and discussion 

Wee investigated again FeeoPt,̂ Fe59.7Pt39.8Nbo.5 and Fe59.g5Pt399Alo.25 alloys prepared by 

arc-melting.. For the thermal-expansion measurements, the samples were first brought 

intoo cylindrical shape by means of spark cutting and cut into cylinder of length 

// = 8.6 mm and diameter d = 4.5 mm. The samples were then polished and the length 

wass reduced to 8.3 mm. Eventually, they were wrapped in Ta foil before they were 

sealedd into quartz tubes with a 100 mbar atmosphere of purified argon. These samples 

weree annealed for 3 h at 1250 °C and quenched in water (as-quenched sample). The 

http://Fe59.g5Pt399Alo.25
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reasonn why we used this lower homogenisation temperature is to protect the large 

quartzz tubes during the quenching. 

c c 
3 3 

CO O 

c c 
o o 
w w 
c c 
03 3 a a 
X X 
a> > 
15 5 
E E 
i_ _ a> > 

Temperaturee (arb. unit) 

Fig.Fig. 6.18 Thermal expansion vs. temperature for an imaginary Invar alloy. 

Thee thermal-expansion measurements were carried out in a home-made 

equipmentt in the temperature range from room temperature to 700 °C at a heating rate 

off  30 °C/h. The results will be presented in the following sections. 

Inn thermal-expansion measurements, the length increase or decrease of 

thee considered sample was measured as a function of temperature. The change in 

lengthh was not normalised to zero at T - 0 °C because we only need the slope of 

thee graphs to determine the linear-expansion coefficient as mentioned in Eq. (6.4). 

Inn Fig. 6.19, we present the change in the length of Fe60Pt40 as a function of 

temperature.. The change of temperature is controlled at a heating rate of 30 °C/h. 

Att temperatures below 200 °C, Fe60Pt4o is not yet in thermal equilibrium. Therefore, 

thee data in this temperature range should be neglected. When the temperature increases 

abovee 200 °C, we observed in general two anomalies in the measured curve. The first 

onee at low temperatures around 350 °C (marked by Tc), reflects the magnetic-ordering 

transition.. At higher temperature above 550 °C (marked by 7",), another anomaly occurs 

whichh is due to the fcc-fct structural phase-transition. 
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Fig.Fig. 6.19 Temperature dependence of the length change of Fe60Pt40. 

Thermal-expansionn measurements were also carried out on Fe59.7Pt39.8Nbo.5 

andd Fe59.g5Pt39.9Alo.25- The temperature dependencies of the change of the sample length 

aree shown in Figs. 6.20 and 6.21 for Fe59.7Pt39.8Nbo.5 and Fe59.g5Pt39.9Alo.25, respectively. 

Thee same heating rate of 30 °C/h was used in the measurements. 

Inn these measurements two anomalies were found similar as for Fe6oPt4o 

Too analyse the results in more detail, we now consider the data obtained on Fe60Pt4o as 

ann example. We define the values of slope before and after an anomaly at 

aa temperature Tas a(T' ) = 
11 f dl 

ll 00 \ dT jT-
andd a(T+ ) = É-)É-) where T"and T+ 

dTdT L 

aree temperatures at which the slope below and above the phase transition 

iss characteristic. 

Wee can see that the slopes of the curves at about 350 °C are slightly smaller 

thann at 200 °C and even continue to decrease up to the Curie temperature (Tc). 

Thee difference for Fe60Pt4o is largest, followed by Fe59.7Pt39.gNbo.5 and Fe59.g5Pt39.9Alo.25-

Att the Curie temperature, the slope suddenly increases. This local minimum in 

thee slopes of the curves is the result of the Invar effect. The Tc values of these samples 

http://Fe59.g5Pt39.9Alo.25
http://Fe59.g5Pt39.9Alo.25
http://Fe59.g5Pt39.9Alo.25
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aree determined from Figs. 6.19-6.21 as the jump in the II  versus T curves. 
AT AT 

Thee results are listed in Table 6.8 in which the values of the ratio a(T+)la{T~) , 

thee ratio of the linear-expansion coefficient just after and just before the magnetic 

phasee transition, are also given. One can compare the Invar effect for different samples 

usingg these values. 

00 100 200 300 400 500 600 700 800 

Temperaturee ) 

Fig.Fig. 6.20 Temperature dependence of the length change ofFeS97Pt39SNb0 

00 100 200 300 400 500 600 700 800 

Temperaturee ) 

Fig.Fig. 6.21 Temperature dependence of the length change ofFe^^Pt^gAl^ 
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Figuress 6.19-6.21 also show the fcc-fct transformation at the structural phase-

transitionn temperature Tt. At this temperature, the thermal expansion of the samples 

suddenlyy decreases due to the structural phase-transition. For F e ^ t^ and 

Fe59.7Pt39.gNbo,5,, the expansion even turns into a contraction. Again from the jump of 

thee I versus T curves, the phase-transition temperatures are derived as listed in 

Tablee 6.8. It is also found that the linear-expansion coefficients before and after 

thee phase-transition temperature are different, although the difference is quite small for 

Fe59.7Pt39.8Nbo.5-- In Table 6.8, this difference is denoted by the ratio a(Tt
+ ya{T~)

Thiss definition is similar to the definition of a(T* ya(T~) -

Tablee 6.8 Results of the thermal-expansion experiments. 

Sample e 

FeöoPt̂  ^ 

Fe59.7Pt39.8Nbo.5 5 

Fe59.g5Pt399Alo.25 5 

TTcc (°C) 

356 6 

387 7 

396 6 

a(T^ya(Ta(T^ya(Tcc-) -) 

3.5 5 

1.6 6 

1.4 4 

TTtt(°C) (°C) 

564 4 

658 8 

627 7 

a{T;ya{T~) a{T;ya{T~) 

1.9 9 

1.1 1 

1.5 5 

6.3.36.3.3 Conclusions 

Thee thermal expansion of Fe6oPt4o, Fe59.7Pt39.8Nb0.5 and Fe59g5Pt39.9Alo.25 has been 

analysed.. The results show a decrease in the linear-thermal-expansion coefficients 

aroundd 350-400 °C and 600-650 °C. These anomalies are associated with the Invar 

effectt near the Curie temperature and with the fcc-fct structural phase-transition in 

thesee alloys, respectively. The results are consistent with the work presented by 

KuBmannn [17]. 

Thee Curie temperatures of these alloys, as presented in Table 6.8, are about 

300 °C higher than the values obtained in the DSC experiments. Due to the absence of 

aa reference temperature in the thermal-expansion measurements, there can be 

ann experimental error of 20 °C. Besides, the lower homogenisation temperature 

12500 °C may also lead to a different fct/fcc phase ratio in the as-quenched samples 

http://Fe59.7Pt39.gNbo
http://Fe59.7Pt39.8Nbo.5
http://Fe59.g5Pt399Alo.25
http://Fe59g5Pt39.9Alo.25
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comparedd to those measured by DSC. These are possible reasons why the thermal -

expansionn measurement does not give the same result for the Curie temperature. 

Thee structural phase-transition temperatures Tt of these alloys are compared to 

thee temperature Tp obtained in the DSC experiment. Thus, the thermal-expansion 

resultss regarding the value of Tp are acceptable. 

Thee thermal-expansion results regarding the behaviour of the samples at 

thee structural phase transition can be compared to the XRD results. In the thermal-

expansionn experiments, the length of Fe60Pt40 and Fe59.7pt39.8Nb0.5 was reduced during 

thee phase transition. This phenomenon was also observed in the XRD in which 

thee unit-cell volume of the fct phase is found to be smaller than in the fee phase. 

Therefore,, thermal-expansion measurement is a complementary method to study 

thee structural transformation of solid materials. 
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