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By means of differential scanning calorimetry the effects of minor additions of silicon on the crystallization
kinetics of Cuss.xHf45Six (x = 0, 0.5, 1.0 and 2.0 at.%) alloys were studied. In the non-isothermal crystallization
mode, the Kissinger method was used to obtaining the apparent activation energies of glass transition and
crystallization. The highest E;, E, and E, experimental values were found at 0.5 at.% of silicon i.e.
E; = 897.20 kJ/mol, E, = 516.41 kJ/mol and E;, = 490.22 kJ/mol. In the isothermal mode, the Johnson-Mehl-

Avrami model was employed in order to determine the crystallization kinetics, whilst the activation energies
were analyzed with the Arrhenius equation. The results showed that addition of Si affect the relative amount of
the crystallized phases. For the sample with 0.5 at.% Si content the ternary HfCuSi crystalline phase was pre-
dominant whilst for the samples with more Si, binary Cu;oHf, and Hf Si phases were more abundant.

1. Introduction

Cu-based metallic glasses are materials that present many unique
properties compared with crystallized counterparts because of the lack
of long-range order in the atomic structure. In specific, binary Cu-based
metallic glasses do not follow the empirical rules for glass formation [1]
because they are composed of only two constituent elements, therefore,
the potential for dense random packing of atoms is lower than that
achieved for multicomponent alloys. However, several binary and
ternary compositions have been studied and characterized in order to
understand the glass formation [2-4], crystallization kinetics [5-10]
and mechanical properties [11,12] of these alloys. On the other hand,
microalloying (usually < 2 at.%) has demonstrated to have substantial
effects on the glass forming ability of a number of glassy alloys [13-15].
In particularly, small substitutions of silicon (Si) in the ternary
CussHf,5Tipo alloy increased the glass forming ability, GFA (up to
Si = 0.5 at.%) but then tends to decrease at Si = 0.7, 1.0 and 2.0 at.%
(d. = 6 mm, 4 mm and 1 mm, respectively). Nevertheless, these results
showed that the parameters obtained from thermal analysis, such as the
supercooled liquid region, ATy, and the reduced glass transition tem-
perature, T,g, generally did not correlate well with GFA [16]. Besides,
with the addition of 1 at.% Si, the super-cooled liquid region range
increased from 30K to 60 K, while maintaining the same critical glassy
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diameter, d. (4 mm) [17]. Due to the above, the study of the effect of Si
on the crystallization kinetics of metallic glasses is very important, as
the microadditions of Si did enhanced the glass forming ability and
thermal stability of several bulk metallic glasses. In order to study a
possible correlation between the minor additions of Si and crystal-
lization kinetics of Cuss_Hf45Si, (where x = 0.5, 1 and 2 at.%) glassy
alloy, in the present work, the crystallization kinetics were investigated
by continuous and isothermal analysis by differential scanning calori-
metry (DSC) to measure the kinetics parameters. Apparent activation
energies of glass transition, Eg, onset and peak of crystallization, E, and
Ep, were calculated by means of the Kissinger’s model [18]. In case of
the isothermal heating, a Johnson-Mehl-Avrami model was [19] ap-
plied in order to understand the thermal stability and nucleation and
growth behavior as a function of the small amounts of Si.

2. Experimental procedures

Cuss.Hf45Six (x = 0, 0.5, 1.0 and 2.0 at.%) alloy ingots were pre-
pared by arc melting mixtures of Cu (99.99% pure), Hf (99.8% pure)
and Si (99.9998% pure). Arc melting was performed in a Ti-gettered
“Compact Arc Melter MAM-1, Edmund Biihler” under a high purity
argon atmosphere. In order to obtain good chemical homogeneity, each
ingot was re-melted at least six times. The alloy compositions represents
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Fig. 1. a) XRD patterns of the ternary Cuss yHf4sSiy (x = 0, 0.5, 1.0 and 2.0 at.%) alloys series, b) TEM diffraction patternd for the alloy CussHfss and c¢) TEM diffraction pattern for the

Cus3Hf,sSi; glassy alloy.
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Fig. 2. DSC curves at continuous heating (20 K/min) for the investigated glassy alloys (a) and comparison between Tg, Ty, Tr,, T and AT, as a function of%Si (b).

nominal values thought the weight losses during melting were negli-
gible (< 0.1%). Ribbon glassy samples were produced by chill-block
melt spinning (Melt Spinner SC, Edmund Biihler) in a controlled helium
atmosphere with an injection pressure of 0.4 bar, a nozzle orifice dia-
meter of 0.8 mm and a tangential roll speed of 25 m/s. The gap between
the crucible and the copper wheel was approximately 5 mm. The glass
transition (Tg), the onset (Ty) and peak (T,) temperatures of crystal-
lization, solidus (T,,) and liquidus (T;) temperatures (at a heating rate of
20 K/min) and the crystallization kinetics of the glassy samples were
characterized by continuous and isothermal heating in a TA SDT Q600
calorimeter. Alumina sample holders and a constant flow of high purity
Ar was used. The sample masses were approximately 60 mg.

In order to ensure the reliability of the data in the experiments, the
SDT Q600 was calibrated, at the respective heating rates, using an in-
dium standard specimen (T, = 429.7 K) and zinc standard specimen
(T = 692.6 K) giving an accuracy of = 0.2K and = 0.02mW. Dry N,

and Ar were used as purge gases at a flow rate of 100 ml/min.

For the continuous heating, the heating rates applied were 5, 10, 20,
30 and 40 K/min up to 973 K. The isothermal crystallization experi-
ments were performed in the super-cooled liquid region (AT, = T, —
Tg). Each sample was heated up to the annealing temperature at a
heating rate of 20 K/min, then the samples were kept at the annealing
temperature for a period of time until the crystallization is completed,
after that, the samples were cooled down to room temperature. The
DSC measurements were calibrated using a fresh zinc standard, giving
an accuracy of = 0.2K and = 0.02 mW. Additionally, in order to know
which phases are formed when crystallization occurs, ribbons were cut
and encapsulated in quartz under an Ar atmosphere. After this, they
were subjected to an isothermal heat-treatment (within the ATx region)
until the crystallization occurs. Structural characterization was ex-
amined by X-ray diffraction (XRD) using Co radiation (A = 1.78897 A)
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Fig. 3. Characteristic XRD from studied alloys a) whole pattern of Cuss.xHf4sSix (where
x = 0.5, 1.0 and 2.0 at.%) b) zoom from (002) Hf Cu Si phase, ¢) zoom from (313) and
(133) Cuyo Hf; d) zoom from (111) Hf Si.

in a SIEMENS D-5000 diffractometer.
3. Results and discussion

The melt spun ribbons for the Cuss xHf45Six (x = 0, 0.5, 1.0 and 2.0
at.%) alloys showed high metallic luster. The produced ribbon thickness
was 28 um =+ 3, corresponding to the wheel speed of 25 m/s and could
be easily bent through 180° without fracture. Fig. 1a shows the XRD
patterns taken from the four glassy samples. These patterns showed
rather wide peaks, indicating a fully glassy phase. On the other hand,
Fig. 1b and c shows the electron diffraction pattern for the alloys
CussHfss and CussHfysSis, respectively. The XRD and TEM patterns
demonstrated the glassy nature of the alloys studied.

Fig. 2 shows the DSC curves for the glassy samples at a heating rate
of 20K/min, indicating the crystallization peaks and temperature
transitions. It can be noted that all DSC curves followed a typical be-
havior associated to metallic glasses: first, a glass transition point (Ty),
followed by the AT, zone and finally, the presence of the crystallization
phenomena associated to the onset (Ty) and the peak (T,) of the ex-
hotermic curve. Additionally, the solidus (T,,) and liquidus (T;) tem-
peratures are also shown. On the other hand, a comparison between Ty,
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Tx, Tp, Tm, T1 and AT as a function of% Si are presented in Fig. 2b (all of
these values were defined as the onset of endothermic and exothermic
events). As observed in Fig. 2a, the addition of Si did not change the
crystallization mode (showing one peak in DSC curve yet), however, it
might either induce the formation of extra new phases for the final
crystallization product or be preferentially dissolved in certain phases
[14]. Based on the DSC scans, it can be seen that with the increment of
the amount of Si microadditions, the super-cooled liquid region, ATy, (a
measure of glass thermal stability which is defined as the resistance of
glasses towards devitrification upon reheating above T,) increased, i.e.
from 39K to 58 K (Si = 0.0 and 2.0 at.%, respectively). This behavior is
similar to previous reports in Cu-Hf-Ti system [16,17] where at Si = 0,
0.5, 1 and 2 at.%, the AT, values were 25K, 34K, 53K and 75K, re-
spectively. According to ref. [14] with the additions of Si, the liquid like
structure is stabilized in the undercooled state due to that the small
atoms can occupy interstitial spaces among the major constituent
atoms, and this results in the increment of the packing density of the
liquids.

The magnitude of T, and Ty tended to increase as a function of Si
content, from 769 K to 783 K for CussHf,5 and from 808 K to 835K for
Cus3Hf4sSis. Therefore, the small additions of Si shifted the glass
transition and crystallization events to higher temperatures, thus en-
larging the super-cooled liquid region. It is important to note that the
variations in the magnitude of Ty are higher than those for T,.

The variation in T, values could be explained in terms of the for-
mation of new phases with the presence of Si (maintaining the same
crystallization mode) or the change in the amount of such phases. From
the XRD analysis (Fig. 3) of the heat-treated samples, it can be observed
that the latter argument is the most plausible, as for the alloy with 0.5
at.% Si the main phase was HfCuSi. However, when the amount of Si
increases the formation of different phases did increase i.e. Cu;oHf; and
Hf Si. It is important to note that the phase formed in the alloy with 0.5
is a ternary one, which in principle is more difficult to nucleate, ex-
plaining the reported glass formation of this alloy.

The parallel increase of Ty and T, temperatures suggest that the
amount of Si added to the binary alloy did move these points at higher
temperatures, keeping the shape of the exothermic peak constant.
Finally, it can be seen that the T, and T, values are almost constant,
which implies that the small additions of Si did not affect these thermal
parameters.

3.1. Non-isothermal crystallization analysis

Fig. 4 shows the DSC curves at heating rates of 5k/min, 10 K/min,
20 K/min, 30 K/min and 40 K/min for a) CussHf,s, b) Cus4 sHf45Sig 5, €)
Cus4Hf45Si; and d) CussHf,45Si, metallic glasses. It can be seen that all
characteristic temperatures of the glassy alloys are shifted as the
heating rate increases. This implies that T, Ty and T, are dependent on
the heating rate [20,21]. As can be seen, Ty is displaced to higher
temperatures than Tg, this is because the crystallization involves dif-
fusional processes over a longer range. On the other hand, these Cu-
based metallic glasses showed one single stage of crystallization (one
exothermic peak during DSC analysis). The values of Tg, Ty, T, and ATy
as a function of heating rate are listed in Table 1.

From the DSC results, the apparent activation energy of the glass
transition, crystallization and peak temperatures can be obtained, at
different heating rates, using the Kissinger’s equation [18]:

T2
Ln [—)
B
where f is the heating rate, R is the ideal gas constant and T is the
specific temperature (T, Ty or Tp), E, is the effective activation energy
for glass transition and crystallization temperatures (T4, Ty and T) and

C is a constant. A plot of Ln(T?/B) vs 1000/T yields approximate
straight lines, as shown in Fig. 5. From the slopes of these lines the

E,
=—=+C
RT

®
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Fig. 4. DSC curves at heating rate of 5K/min, 10 K/min, 20 K/min, 30 K/min and 40 K/min for a) CussHf,s, b) Cuss sHf45Sio s, ¢) CussHf45Si; and d) CuszHf4sSi, glassy alloys.

Table 1
Values of Tg, Ty, Ty, ATy, Eg, Ey and E;, of glassy alloys studied.

Composition Heating rate (K/min) Ty (K) Ty (K) T, (K) AT, (K) Eg (kJ/mol) E, (kJ/mol) E, (kJ/mol)
CussHfss 5 761 793 795 32 707.7 453.7 430.4
10 765 800 803 35
20 769 808 812 39
30 773 813 817 40
40 775 817 820 42
Clis sHf45Si0 5 5 765 801 806 36 879.2 516.4 490.2
10 768 808 814 40
20 772 816 821 44
30 775 820 826 45
40 776 823 829 47
Cus4Hf45Si; 5 771 812 817 41 835.4 490.5 474.6
10 774 821 825 47
20 779 828 832 49
30 781 832 837 51
40 783 836 842 53
CuszHf45Si, 5 774 824 823 47 811.5 483.9 459.8
10 779 828 831 49
20 783 835 838 52
30 785 841 844 56
40 787 845 849 58

activation energies were calculated.

Fig. 6 shows the obtained values of E,, E, and Ej, as a function of %
Si. For the CussHf,s glassy alloy, the values of Eg, Ex and E, were
707.7 kJ/mol, 453.7 kJ/mol and 430.4 kJ/mol, respectively. This re-
sults were very close to those we have previously reported [9], showing

a rather good reproducibility. The value of E, is higher than those for Ex
and E,, this behavior is the same in the four studied compositions,
suggesting that the energetic barrier required for crystallization is less
than that required for the glass transition. This implies that the atomic
diffusion requires higher amounts of energy in glass transition than in
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the crystallization process to overcome the energy barrier and that the
transformation takes place. On the other hand, the nucleation and grain
growth are related to E, and E, [22], respectively. Therefore, the

120

nucleation requires higher amount of energy than the grain growth
process, as shown in Fig. 6. The values of Eg as a function of the at.% of
Si were 707.7 kJ/mol, 879.2kJ/mol, 835.4kJ/mol and 811.5kJ/mol
for 0 at.%, 0.5 at.%, 1 at.% and 2 at.%, respectively. It can be seen that
these values reached the maximum at 0.5 at.% Si and then went down
to 2 at.% Si. The same behavior was also observed for E,
(Ex = 516.4kJ/mol at 0.5 at.% Si) and E,, (E, = 490.2kJ/mol at 0.5 at.
% Si). Since there is no correlation between ATy (Fig. 2b) and the ac-
tivation energies (Fig. 5); the magnitude of T, (T, = Tg/T)) parameter
was calculated for each alloy i.e., Try = 0.591, 0.594, 0.599 and 0.602
for x =0, 0.5, 1 and 2, respectively. It is also worth mentioning that
this semi-empiric parameter did not show a good correlation with the
obtained apparent activation energies.

In the previous studies [16,17], the correlation between the small
amounts of Si and GFA for CussHf,5Ti,o metallic glass was studied. The
results shows that the critical glassy diameters, d., obtained were 4 mm,
7mm, 4mm and 1mm for CussHfssTizy, Cusss HfysTi20Sig s,
Cus4Hf45Tin0Si; and CussHfysTisgSis, respectively. However, these d.
values did not correlate with “post-mortem” parameters obtained from
thermal analysis (such as ATy and T,,), thus these parameters are un-
reliable indicators of GFA for, at least, these metallic glasses. Com-
paring the effect of Si on the GFA of the ternary CussHf25Tiso, and on
the apparent activation energies of binary CussHf,ss glassy alloys, a
good correlation can be observed between the d. and Eg, Ey and E,
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values, in the range of x = 0 to 1. This could be explained due to the
fact that the maximum values of d. and energies corresponded to 0.5 at.
% Si addition, and decreasing with higher amounts of such minor al-
loying element. Thus, the apparent activation energies could be used as
a parameter of the GFA in binary Cu-Hf (and ternary Cu-Hf-Ti) metallic
glasses.

3.2. Isothermal crystallization analysis

The isothermal analysis of CussHfss with small amounts of Si was
carried out in the super-cooled liquid region, ATy, at different annealing
temperatures. It is noted that all the DSC curves (in isothermal an-
nealing) exhibited a single exothermic peak after a certain incubation
time, 7. This parameter is expressed as the time between the beginning
of the crystallization and the required to reach the chosen annealing
temperature. It can be seen that the crystallization is via “nucleation
and growth” due to the fact that if higher annealing temperature is
needed, the annealing time will be lower [23], as shown in Fig. 7.

To obtain the crystallized volume fraction as a function of annealing
time, the following equation was used [24]:

A

a(t) = "

(2

where A.. is the total area of the exothermic peak and A(t) is the
partial area of the exothermic peak between the onset crystallization
time and the chosen time. It can be noted that when increasing the
annealing temperature (between T, and T,) the crystallization process

is much faster. This could be attributed to the fact that at higher an-
nealing temperatures, the atomic mobility is much higher. This beha-
vior was the same for the four alloys studied (Fig. 8). Therefore, the
minor additions of Si did not change the typical sigmoidal dependence
with time, in these vitreous materials.

To study the isothermal crystallization kinetics of Cuss.HfsSix
(where x = 0, 0.5, 1 and 2), the Johnson-Melh-Avrami equation (JMA)
[19,25] was used:

a() =1 - exp{-[K(t - D)"]} 3

where n is the Avrami exponent, which is related to the character-
istics of nucleation and growth during crystallization, 7 is the incuba-
tion time and K is a reaction rate constant, related to the activation
energy for the process. The values of K and n can be determined using
the following relationship:

In[-lIn(Q —a@®))| =nnK + nln(t — 1) (€)]

When plotting the In[—In(1 — a(t))] vs In(t — 7) for different tem-
peratures, the JMA plots can be obtained and the Avrami exponent n
and the reaction rate constant K can be calculated from the slope and
intercept of the curves. Fig. 9 shows, for the crystallized fraction be-
tween 0.1 and 0.9, the JMA plots at the chosen annealing temperatures.

The average values were n = 2.60 for CussHfys, n = 2.58 for
CU54'5Hf458i0'5, n = 2.44 for Cu54Hf45$i1 and n = 2.3 for CUSng455i2
glassy alloys. It can be noted that when increasing the amount of Si, the
average value of n tends to decrease. These results are given in Table 2.
It can be seen that when temperatures are close to T, the values of n
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also drops. A plausible explanation of this can be given in terms of the
annealing temperatures, since at lower annealing temperatures (near to
T,), the atomic diffusion is retarded, affecting the nucleation and
growth (reducing the nucleation rate). Moreover, when the annealing
temperature is near to Ty, the mobility of the atoms is relatively easy,
promoting the increment of the nucleation rate.

It is known that the values of Avrami exponents are related to dif-
ferent crystallization transformation mechanism [26,27]: n = 3 implies
a volume nucleation and two dimensional growth, with n = 2 there is a
bulk nucleation and one dimensional growth. However, even though
the obtained Avrami exponent’s values have a tendency to increase as a
function of at.% of Si, it is not possible to confirm that there is a change
in the nucleation mechanism, since the variations in the average values
on n values are less than 0.3. Therefore, additions of Si above 0.5 might
change the crystallization kinetics (because at 0.5 at.% of Si, the
maximum activation energies values were found).

The activation energy can be obtained by means of Arrhenius
equation for the isothermal crystallization process using the relation
between the time required, t(a), for a given crystallized fraction, a, and
the annealing temperature [19]:

t(a) = tyex [i]
= P R 5)

where t, is a constant. Fig. 10 shows the approximate straight lines
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obtained by fitting the experimental values using the Arrhenius equa-
tion as a function of crystalline volume fractions (o = 0.1, 0.2, 0.3, 0.4,
0.5, 0.6, 0.7, 0.8 and 0.9). According to the slope of the straight lines,
the average values of activation energy were 433 kJ/mol, 535 kJ/mol,
495kJ/mol and 479kJ/mol for the CussHfys, CusssHf4sSigs,
Cus4Hf45Si; and CussHfysSi, glassy alloys, respectively. These values
are very close to those obtained by means of continuous heating, im-
plying that the crystallization follows a very similar phase transfor-
mation mechanism in isothermal and non-isothermal heating [28].
From this, the highest value of activation energy corresponds to 0.5 at.
% Si and then tends to decrease as a function of the increment of Si in
the alloys. It is important to point out that these values are higher than
those for the binary CussHf4s glassy alloy.

The activation energy as a function of crystallization volume frac-
tion is shown in Fig. 11. For the studied alloys, the local activation
energy decreased as the crystallized fraction increased, this is due to the
fact that the activation energy consist in two main components: nu-
cleation (related to T,) and grain growth (relate to Tp). Initially, the
activation energy values suggested the presence of a high-energy bar-
rier. As the crystallization process takes place, the energy necessary for
the nucleation decreases; therefore, the total value of the activation
energy is low. However, as can be seen in Fig. 11, the local activation
energies are high with the addition of 0.5 at.% Si and then tends to
decrease to 2.0 at.% Si. This confirms that the activation energies
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Fig. 9. JMA plots of the studied metallic glasses.
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Table 2
Kinetic parameters for the glassy alloys studied.
Composition Annealing Incubation Avrami Reaction rate
temperature (K) time, t (min) exponent, n Constant, K
CussHfys 771 13.77 2.84 0.33
776 7.87 3.01 0.49
781 4.92 2.82 0.79
786 3.14 2.59 1.04
791 1.42 1.72 1.77
Cusg sHf4sSips 781 13.88 3.07 0.31
786 8.44 2.98 0.60
791 5.24 2.6 1.06
796 3.13 2.12 1.74
801 1.6 2.09 2.14
Cus4Hf45Si; 791 11.54 2.92 0.39
796 7.02 2.94 0.666
801 4.24 2.56 1.17
806 2.9 1.96 1.79
811 1.75 1.83 2.04
CussHf4sSis 796 21.91 3.06 0.48
801 14.1 2.96 0.76
806 7.91 2.31 1.51
811 4.91 1.61 2.10
816 3.22 1.59 2.32
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showed a good correlation with the GFA of the investigated Cu-based
metallic glasses.

4. Conclusions

The CryStalliZatiOn kinetics of CU55Hf45, CUS4'5Hf4ssi0.5, Cu54Hf4SSi1
and Cus3Hf4sSi, glassy alloys and the effects of microaditions of Si were
studied by means of differential scanning calorimetry under isothermal
and continuous heating. Under continuous heating the obtained acti-
vation energies were determinate according to the Kissinger’s model. In
case of the CussHf,s alloy, the obtained values were E; = 707.18 kJ/
mol, Ey = 453.70kJ/mol and E, = 430.44 kJ/mol, according to our
previous report. On the other hand, the highest E,, E, and E, values
were obtained at 0.5 at.% of Si, ie. E;=897.20kJ/mol,
Ex = 516.41kJ/mol and E, = 490.22kJ/mol. The lowest activation
energies values were found with the addition of 2.0 at.% of Si
(E; = 811 kJ/mol, E, = 483kJ/mol and E, = 459 kJ/mol). These re-
sults indicated that the alloy with 0.5 at.% of Si has the highest thermal
stability, and the alloy with 2.0 at.% of Si the easiest to vitrify. The
activation energy reached its maximum values at 0.5 at.% of Si and
then tended to drop. The average values of the obtained Avrami ex-
ponents, under isothermal conditions, were n = 2.60, n = 2.58,
n = 2.44 and n = 2.3 for the Cu55Hf45, CUS4'5Hf4ssio'5, CUS4Hf4ssi1 and
Cus3Hf45Si, alloys, respectively. It was found that the crystallization
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Fig. 10. Determination of the activation energy as a function of the different crystalline volume fractions, a, for the studied alloys.
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studied metallic glasses.

did change with Si additions above 0.5 at.%. The ternary HfCuSi
crystalline phase was predominant for the alloy with 0.5 at.% Si, while
the binary Cu;oHf, and Hf Si phases were mainly detected for the alloys
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with 1 and 2 at.% Si.
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