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The isothermal crystallization of amorphous alloys of the type (Pd100_xNix)83Si17 
has been investigated by DEC. The character of the transformation depends upon the con- 
tent of Ni. If x > 30, material crystallizes probably without nucleation in a very narrow 
temperature range. If x ~< 30, the crystallization process is controlled by a nucleation- 
growth mechanism. The initial stages of transformation are characterized by a relatively 
short incubation period with an Arrhenius temperature-dependence. Afterwards, the 
time-dependence of the degree of conversion is sigmoidal. If e<0 .1 ,  then p ~  1 
characterizes a homogeneous nucleation. If 0.1 < e < 0.9 than the Avrami exponent is 
p(~) ~ 3-4. At e > 0.9 so-called tails are observed. 

Two kincls of unseparable non-stationarities of the nucleation-growth process at the 
beginning of crystallization of the amorphous material are discussed. 

In previous papers [ 1 - 4 ]  the crystall ization of amorphous binary and ternary 
(Ni, Co, Fe) alloys of the Pd-Si  system has been studied. The kinetic parameters 

of  crystall ization were investigated. Our study was mainly concerned wi th the activa- 
t ion energy of  crystall ization, which (similarly as for  other amorphous alloys) has an 
anomalously high absolute value [5] and in the case of the Pd-Si  system exhibits a 
strong temperature-dependence [6]. We believe that the transport in these alloys 
wi th in the temperature range of crystall ization of  the amorphous material can not  be 
performed by long-range diffusion. A cooperative mot ion o f  larger regions of  volume 

is considered here. 
The aim of this work is to determine the isothermal kinetic parameters of  crystal- 

l ization of  amorphous alloys in the P d - N i - S i  system by DSC methods. 

Experimental 

On the basis of  our  previous results [4], three amorphous metal l ic materials were 

chosen: (Pd90Ni10)s3Si17, as a material wi th  an unambiguous model course of  the 
non-isothermal crystall ization exotherm and the corresponding Piloyan dependence; 
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(Pd85Ni15)83Si17, as a comparison material; and (Pd60Ni40)83Si17, as a material 
representing the group of over-critical amorphous metallic materials. The amorphous 
alloys were 20/Jm thick, prepared by the roller-quenching technique and tested by 
X-ray diffraction and electron microscopy. 

Amorphous foils cut into small slices (total weight 5 - 1 3  mg) were calorimetrically 
studied, using a Perkin-Elmer DSC-1B apparatus in a nitrogen atmosphere. The 
reference aluminium pan was empty. 

Results and discussion 

Analysis o f  (Pd9oNil 0)83Sil 7 and (Pd85Ni 15)83Sil 7 amorphous al/oys 

The samples were annealed at temperature T a within the interval 13-24 K below 
the spontaneous crystallization temperature maximum T M. In all cases the crystal- 
lization was observable after an incubation period T. The exponential temperature- 
dependence of the incubation period 

T = T O exp [(~E~T)/(RT) ] (1) 

determined the temperature coefficients A E ~ ,  representing the earliest stages of the 
transform ation. 

The extent of crystallization e increased with time sigmoidally. The dependences 

- In (1 - e )  = (Kt)P (2) 

for all temperatures T a for a (Pd90Ni10)83Si17 samples are shown in Fig. 1. For 
0.1 < e < 0.9, a linear least-squares f i t  was used, which provided the Avrami exponent 
p((x) and the integral rate constant K(cz). Deviations from linearity for ~ < < 0 . 1  are 
probably caused by the sensitivity threshold of the employed apparatus and by the 
method of mathematical evaluation. Afterwards, the exponent, p ~ 1 characterizes the 
homogeneous nucleation; it gradually increases up to the value p ~" 4. At  e > 0.9, 
so-called tails are observed, i.e. the slope of the logarithm of the investigated depen- 
dence (2) declines. Such an effect is typical for amorphous metallic materials [7], and 
for Pd-Si alloys it is especially marked [8]. At this stage nucleation is probably 
finished and volume crystallization dies away. 

The rate constant K for both materials increases with temperature according to 
the Arrhenius law and determines the temperature coefficient AE~K. In the case 
of the exponent p no temperature-deper~dence was observed and average values 
7 = 4.23+-0.096 for (PdgoNi10)83Si17 and 7 = 4.45+0.075 for (Pd85Ni15)83Si 17 
were found. However, when a larger temperature interval is taken into account 
(using the electrical resistivity method [9, 10]), the Avrami exponent decreases to 
/~= 3.5+-0.14 with the decrease of temperature T a to ~" 660 K for (PdgoNilo)83Si17. 

At  every annealing temperature T a interpolation was used to determine the time of 
50% and 100% crystallization of the materials to. 5 and 0. From the experimental 
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Fig. 1 Avrami dependences of isothermal crystallization of amorphous alloy (Pd90Nil 0) 83 Si 1 "/for 
> 0.1 for various temperatures 

temperature-dependences of to. 5 (T a) and 0(Ta), the temperature coefficients ~E~0.5 
and ~EJo  were determined. These coefficients represent the complex activation 
energy of crystallization ~E~(~) [5]. 

Annealing temperatures T a, experimental incubation periods T(Ta), time values 
to.5(T a) and 0(Ta), and parameters p(T a) and K(Ta) for the amorphous metallic 

materials (Pd90Nilo)83Si17 and (Pd85Ni15)83Si17 are listed in Table 1. The 
magnitudes of the crystallization activation energies determined by isothermal 
methods of kinetic analysis are given in Table 2. 

D i s c u s s i o n  

If the start of nucleation<Jrowth transformation t = 0 is taken at the beginning of 
annealing instead of the end of the incubation period ~" in the kinetic analysis of is�9 
thermal crystallization of amorphous metallic material, a smaller error (r '2 ~" 0.99) 
but an inconsistently large Avrami exponent p '  (for (Pd90Nilo)83Si17, P '~ '4 .55 )  
will be obtained. For example, the value p'  "~ 11 from [8] is criticized in [7]. Our 
approach is supported by the fact that, after preheating of samples at T <  T a, 
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p ~ (3-4). The preheating is equivalent to substracting the duration of the incubation 
period ~. 

The incubation period is a common characteristic of an isothermal phase transfor- 
mation and may be conceived as the time required for the creation of a uniform 
statistical distribution of the sizes and concentrations of the subcritical nuclei corre- 
sponding to the annealing temperature Ta. The incubation period represents the 
transition effect of the nucleation rate I t ,  i.e. the period of its increase from I t = 0 

to the steady value I t  = I0  [5]. Incubation periods serve as a measure of the stability 
of amorphous metallic materials in practice too. 

On the other hand, the classical definition gives the induction or incubation period 
as the duration of non-sensitivity of the experimental equipment, i.e. the time during 
which the smallest detectable amount of new phase is created. In this case, however, 
the induction period is already a part of the transformation. 

The real reason for a non-steady nucleation-growth process at the beginning of 
isothermal crystallization of amorphous metallic material is not known. In Pd-Si 
materials, incubation periods for the same temperature difference ( T  M - T  a) are 
shorter than in other common amorphous alloys [8] and they have little influence on 
the magnitude of the Avrami exponent p. The magnitudes of the activation energies 
are more favourable in the event of inclusion of the incubation period. 

Therefore, it is probable that the real transition effect at the beginning of iso- 
thermal crystallization of the investigated amorphous metallic materials of the Pd--Si 
system consists of both mentioned incubation processes. It was not possible either to 
separate them or to determine their ratio. Thus, we assume that the real absolute 
values of parameters p "  and /kE,~" lie between the determined values p and p',  and 
~E~ and ~E~', respectively. The behaviour does not change with varying 3d metal 
content. 

Ana lys i s  o f  over -c r i t i ca l  a m o r p h o u s  a l l o y  (Pd60Ni4o)83Si 17 

Over-critical amorphous samples (more than 30% Ni [3]) were investigated iso- 
thermally in the same way as the subcritical materials. Although we enlarged the range 
of annealing temperatures to 3 K < T M - T a < 38 K, and the observation time t a up 
to 60 minutes, no thermal effect of the low-temperature stage of crystallization trans- 
formation (which was realized during the experiment) was observed. 

The samples annealed at temperature T a <677  K for time t a further exhibited 
crystallization transformation, the enthalpy of which quantified the non-crystallized 
fraction. It seems that the amorphous alloy (Pd6oNi40)83Si 17 is stable below 677 K, 
or in the cycle of linear heating of the sample following immediately after the iso- 
thermal treatment the temperature of the beginning of the first non-isothermal crystal- 
lization exotherm, T x l  , falls, and the temperature of its maximum, TM1,  rises. 

The isothermal crystallization of this amorphous material is observable only at 
the temperature T a ~ 677 K, and it probably occurs with a velocity such that the 

13" J. TherrnalAnal. 28, 1983 
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transformation is completed after a time interval shorter than the dead-time of the 
calorimeter, t ~ 16 s. 

Conclusion 

Due to the limited stability of the calorimeter, the kinetics of crystallization of 
amorphous Pd-Ni-Si  alloys has been studied isothermally only within a narrow 
temperature range. Electron microscopy and diffraction patterns of samples obtained 
at these temperatures at various times [9] have shown that, in the case of subcritical 
samples, the dynamic DSC exotherm and also the isothermal crystallization anomaly 
represent the crystallization of amorphous matrix into supersaturated solid Ni-con- 
taminated PdSi solution, which gradually becomes ordered in a fcc Pd-like crystalline 
phase, identified as M 1 superlattice. For over-critical samples, the low-temperature 
DSC exotherm corresponds to the primary crystallization of the PdNi phase, while 
the high-temperature exotherm corresponds to the crystallization of remaining 
amorphous matrix. 

Within the experimental errors, the value of the Avrami exponent of subcritical 
amorphous metallic materials is p ~ 4 (in a larger temperature range p ~ 3-4). This 
value is consistent with the results of similar kinetic analyses of rapidly-cooled 
amorphous metallic materials. This value may represent either three-dimensional 
growth of crystallites with a decreasing nucleation rate controlled by reaction at the 
phase boundary crystal undercooled liquid, or diffusion-limited cellular growth of 
crystalline product [11]. Long-range diffusion is hardly probable in amorphous 
materials [6]. In the case of Pd-Si materials, cellular decomposition was observed by 
electron microscope in advanced stages of recrystallization of the metaphase [12]. 
In both subcritical materials, the observed growth of parameter p with temperature 
T a indicates that the fall of the nucleation rate decreases during transformation. 

When the critical concentration of the third atom is reached (e.g. 
(Pd60Ni40)83Si17), the new Ni-rich surroundings attain the critical nucleus dimen- 
sions and begin to serve as the nucleation centres for the new PdNi phase. 

J. Thermal Anal. 28, 1983 
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Zusamm~fassun9 -- Die isotherma Kristallisation amorpher Legierungen des Types 
(Pd]OO_xNix)83Sil,7 wurda durch DSC untersucht. Der Charakter der Umwandlung h~ngt yore 
Nickelgehalt ab. let x > 30, so kristallisiert die Substanz wahrscheinlich ohna Keimbildung in 
einem sehr engen Temperaturbereich. Ist x ~ 30, so ist der Kristallisationsprozess durch einen 
Keimwachstumsmechanismus bestimmt. Die Anfangsstadien der Umformung sind durch eine 
relativ kurze Inkubationsperiode gekennzeichnet und weisen eine Arrhenius-Abh~ngigkeit von der 
Temparatur auf. Sp~ter ist die Zeitanh~ngigkeit des Konversionsgrades sigmoidal. Wenn ~ < 0.1, 
dann charakterisiert p ~ 1 eine homogene Keimbildung. Gilt  0.1 < a < 0.9, so ist der Avrami- 
Exponent p(~) ~ 3--4. Bei r > 0.9 warden sogenannte Schweife beobachtet. 

Zwei nicht separierbare Arran der Nicht-Stationarit~t des Keimwachstumsprozesses zu Beginn 
der Kristallisation des amorphen Materials warden diskutiert. 

Pe310Ma - MeTO/tOM ~CK H3yqeHa H3OTepMHq~CK8R KpHcTannH3au, HR aMopdpHJ.ex cnnaBoa THna 
(Pd100_xNix)83Si]7. XapaKTep npeepauleHH~ 3aBHCHT OT Co~lep>KaHHR HI4Ke]IR. I-IpH Co/lep)Ka- 
HHH HHKeJRR X ~> 30, cnnaB KpHcTaJlttHSyeTCR B OqeHb y3KOM TeMnepaTypHOM HHTepBane H, 

nOBHAHMOMy, 563 oSpa3OBaHHR U, aHTpOB Kp,AcTaflflH3atlHH. npH X ~ 30, npo~ecc Kpl4CTal3RH- 

3au, HH onpe,o, ynRaTCR npou, eccoM 06pa30BaHHe U, aHTpOB KpHcTaJlnH3aU, HH-pOCT. Haqa/lbHble 

CTaAHH npeapauleHHR xapaKTepH3y~TCR OTHOCHTenbHO KOpOllKHM HHKy~aLLHOHHblM nepHoAoM c 

appeHHyCOBCKO~ TeMnepaTypHo~ 3aBHCHMOCTbtO. BnocneAcTBHH, speMeHHan 3alBHCHMOCTb CTe- 

neHH npeepauJ, eHHn ((~) CTaHOBHTCR CHFMOH~IlanbHOI4. EcnH (~ ~ 0.1, Tor/la p ~ 1 xapaKTepH3yeT 

FOMOFeHHOa 06pa30eaHHe U, eHTpOB Kpl4CTannH3aU, HH. I-IpH 0.1 < 0t ~ 0.9 3KCnOHeHTa ABpaMH 

CTaHOBHTCR paBHOH P(M ~ 3--4. I'lpH <~ > 0.9 HaSnlo/laJ1HCb TaK Ha3blBaeMble "XeOCTbl". 06" 

Cy)K~0,eHbl Aaa THna Hepa3/lanbHblX HeCTaU, HOHapHblX npOU, eCCOB o~pa30eaHHe U.eHTpOB KpHcTa]I- 

JlH3aU, HH-pOCT B Haqane KpHcTaJlRH3aU, HH aMopdpHoro cnnasa. 
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